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ABSTRACT 

When assessing the long-term safety related to direct disposal of spent nuclear fuel, 
understanding and describing the dissolution of spent nuclear fuel is pivotal. The aim of 
the three-year REDUPP project, the results of which are reported here, has been to 
reduce some uncertainties that are still left regarding the dissolution processes. The 
central issue relates to using laboratory experiments to describe expected processes in 
the real repository environment. Observation made from previous experiments have led 
to the hypothesis that dissolution rates in general tend to decrease as dissolution 
proceeds, due to the disappearance of so-called high-energy sites on the surface of the 
dissolving material. This would mean that the laboratory results indicate higher 
dissolution rates than we would expect for long-term dissolution in the repository. To 
investigate this, the research has been focused on the interactions between solid surface 
and fluid during the dissolution process. Different types of materials with the fluorite 
crystal structure, the same structure as nuclear fuel, have been used in dissolution 
experiments as well as in theoretical modelling. 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. Another uncertainty relating to using 
laboratory results to describe the real repository environment is if the more complex 
chemical composition of natural groundwater will affect the dissolution rate of UO2. 
This is tested by performing dissolution tests using three different natural groundwaters 
from Finland.  

The results of the experiments on CeO2 show fast initial leaching rates which are 
decreasing as dissolution proceeds. Dissolution of grain boundaries plays an important 
part in the initial dissolution, as has been observed on polycrystalline samples. A strong 
crystallographic control was observed, leading to faster dissolution for grain boundaries 
with high misorientation angle. For ThO2, with a very low solubility at the experimental 
conditions, it is clear that the dissolution rate is affected by pH and complexing ligands. 
Dissolution was observed to occur in conjunction with precipitation in the vessel, 
indicating the formation of an amorphous phase, and the importance of the initial 
surface properties. Reactions of fluorite surfaces with H2O have been described using 
Ab Initio Molecular Dynamics, combined with atomistic thermodynamics. This work 
predicts dissociative chemisorption of water, leading to a hydroxylated surface. The 
tests with UO2 have shown that using natural groundwater will slightly elevate the 
dissolution rate; the effect is most pronounced for fresh groundwater with a relatively 
high carbonate content. There is no observed correlation with dissolution rate and 
salinity of the groundwater. As with ThO2, dissolution occurs in conjunction with 
precipitation and/or sorption in the reaction vessel.  

Overall, the results show the effects of surface properties, especially grain boundaries 
and surface defects, on measured dissolution rates. Changes in the chemical 
composition of the fluid will affect the dissolution rate, as will the crystallographic 
structure of the exposed surfaces. The surface properties are expected to change over 
time, as could the fluid composition. Thus, these parameters need to be carefully 
considered when conducting laboratory experiments and when applying these 
dissolution rates to analyses that cover many thousands of years. 

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



 



 

REDUPP-projektin loppuraportti 

TIIVISTELMÄ 

Käytetyn ydinpolttoaineen liukoisuuden ymmärtäminen ja kuvaus ovat keskeisiä 
loppusijoituksen pitkäaikaisturvallisuuden arvioinnissa. Kolmivuotisen REDUPP-
projektin tarkoituksena oli vähentää vielä liukoisuusprosesseissa olevia epävarmuuksia. 
REDUPP-projektin tulokset on esitetty tässä raportissa. Keskeisenä asiana onkin, 
voivatko laboratoriokokeet kuvailla oletettuja prosesseja todellisessa 
loppusijoitustilassa. Aiempien tutkimusten havainnot johtavat olettamukseen, että 
liukoisuusnopeudet yleensä pienentyvät, kun liukeneminen etenee. Tämä johtuu 
liukoisen materiaalin niin sanottujen suurenergisten paikkojen häviämisestä. Tämä voisi 
tarkoittaa, että laboratoriotulokset ilmaisevat korkeampia liukoisuusnopeuksia kuin 
voidaan odottaa pitkänajan liukoisuudelta loppusijoitustilassa. Jotta tätä voitaisiin 
osoittaa, tutkimukset ovat keskittyneet kiinteän pinnan ja nesteen vuorovaikutuksiin 
liukenemisprosessin aikana. Erityyppisiä fluoriitti kiderakenteisia materiaaleja on 
käytetty liukoisuuskokeissa sekä teoreettisessa mallinnuksessa. Fluoriitilla on 
samanlainen kiderakenne kuin polttoaineella. Tavoite on käyttää kokeellisia tuloksia 
yhdessä perusmallinnuksen kanssa ja muodostaa malli kuvaamaan liukenevia fluoriitti 
tyyppisten materiaalien pintoja. Toinen epävarmuus, joka liittyy laboratorio tuloksiin 
kuvailemaan todellista loppusijoitusympäristöä, on luonnon pohjaveden 
kompleksisemman kemiallisen koostumuksen vaikutus UO2:n liukenemisnopeuteen. 
Tätä testattiin tekemällä liukenemiskokeita, joissa käytettiin kolmea erilaista luonnon 
pohjavettä Suomesta.  

CeO2:lla oli suuri alkuliukoisuus nopeus, joka pienenee kun liukeneminen jatkuu. 
Raerajojen liukoisuus on tärkeä osa alkuliukoisuutta ja sitä on havaittu polykiteisissä 
näytteissä. Kokeissa havaittiin voimakas kristallografinen kontrolli; mitä suurempi oli 
kulma raerajan muodostavien rakeiden kidetasojen välillä, sitä nopeampaa oli 
liukeneminen raerajalla. ThO2:lla on erittäin pieni liukoisuus koeolosuhteissa ja on 
selvää, että liukoisuusnopeus riippuu pH:sta ja kompleksoivista ligandeista. 
Liukenemisen havaittiin tapahtuvan yhdessä saostumisen kanssa. Tämä indikoi 
amorfisen faasin muodostusta ja alkuperäisen pinnan ominaisuuksien tärkeyttä. 
Fluoriitti pintojen reaktiot veden kanssa on kuvattu käyttämällä Ab Initio Molecular 
Dynamiikkaa yhdistettynä atomiseen termodynamiikkaan. Tämä työ ennakoi veden 
dissosioivan kemisorption johtavan hydroksyloivaan pintaan. Kokeet UO2 kanssa ovat 
osoittaneet, että luonnon pohjaveden käyttö nostaa liukoisuusnopeutta. Vaikutus on 
voimakkain makeassa pohjavedessä, jolla on korkea karbonaattipitoisuus. 
Liukenemisnopeuden ja pohjaveden suolaisuuden välillä ei ole havaittu yhteyttä. 
ThO2:n liukeneminen tapahtuu yhdessä saostumisen ja/tai sorption kanssa reaktio 
astiassa. 

Yleisesti tulokset osoittavat pintaominaisuuksien (raerajojen ja pintavirheiden) 
vaikutukset mitatuilla liukenemisnopeuksilla. Liuoksen kemialliset muutokset 
vaikuttavat liukenemisnopeuteen, kuten samoin pintojen kristallografinen muoto. 
Pintaominaisuuksien ja nesteen koostumuksen on oletettu muuttuvan ajan kuluessa. 
Laboratoriokokeissa näitä parametreja pitää vakavasti harkita myös, kun sovelletaan 
liukenemisnopeuksia monia tuhansia vuosia kattaviin analyyseihin.  

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 final results of the project.  

The contributors to this report are listed below 

University of Sheffield: Claire Corkhill, Martin Stennett, Neil Hyatt, Daniel Bailey, 
John Provis, Stephanie Thornber 

Uppsala University: Pablo Maldonado, Peter Oppeneer 

VTT: Emmi Myllykylä, Kaija Ollila, Tiina Lavonen, Merja Tanhua-Tyrkkö 

University of Strathclyde: Andrea Hamilton 

Posiva: Piia Juhola (Editor), Marjut Vähänen (Editor)  

SKB: Lena Zetterström Evins (Editor)  

 

We are grateful for helpful discussions with and reviews by the REDUPP Scientific 
Advisory Board: Virginia Oversby (VMO Konsult), Christopher Hall (University of 
Edinburgh) and Javier Giménez (Universitat Politècnica de Catalunya).  
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ABBREVIATONS 

 

AFM Atomic Force Microscopy 

BET Brunauer–Emmett–Teller  

BSE  Back Scattered Electron  

DFT Density Functional Theory 

EBSD Electron Backscatter Diffraction  

EDS Energy Dispersive Spectroscopy 

HR-ICP-MS High Resolution Inductively Coupled Plasma Mass Spectrometry 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

SA/V Surface Area to liquid Volume ratio  

SEM Scanning Electron Microscope 

SIMFUEL Simulated Spent Nuclear Fuel 

SNF Spent Nuclear Fuel 

TEM Transmission Electron Microscope 

WP1, W2… Work Package1, Work Package 2… 

VSI Vertical Scanning Interferometry 

VTT Technical Research Centre of Finland  

XANES X-ray Absorption Near Edge Spectroscopy 

XAS X-Ray Absorption Spectroscopy 

XPS X-ray Photoelectron Spectroscopy  

XRD X-ray diffraction 
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1 INTRODUCTION 

 

In a spent nuclear fuel repository, the engineered barriers are designed to protect 
humanity from the radiological risks associated with the waste for at least 100 000 
years. In Sweden and Finland, the spent fuel will be protected by copper canisters, 
bentonite clay and 500 meters of crystalline bedrock. Water is not expected to enter the 
canisters for a very long time; however, when it does, the spent nuclear fuel will start to 
dissolve, resulting in a release of the radioactivity into the surrounding environment. 
This is the reason why the dissolution of spent nuclear fuel is such a central process 
when assessing the long-term safety of direct disposal of spent nuclear fuel. The result 
of the safety assessment relies to a large extent on the low dissolution rate of spent 
nuclear fuel in the repository environment. It has been the aim of the three-year 
REDUPP project to reduce some remaining uncertainties regarding the dissolution 
processes expected to affect the spent fuel from the time of water contact. The current 
report summarizes the results from both experimental and theoretical investigations of 
the effect of surface characteristics on surface reactivity and dissolution.  

Much research concerning spent fuel dissolution has been performed over the years, 
resulting in a general agreement in the research community that the UO2 matrix is stable 
in the reducing environment expected in the Swedish and Finnish repositories (see e.g. 
Grambow et al, 2011). However, alpha radiolysis, expected to be the dominant type of 
water radiolysis at the time when water comes in contact with the fuel, will cause the 
formation of oxidants near the fuel surface. Therefore, experiments to determine 
dissolution rates have been performed using UO2 doped with 233U, an alpha-emitter (e.g. 
Ollila and Oversby, 2005). The experimental results are used to justify the dissolution 
rates used in the safety assessments.  

At the core of the issues investigated in the REDUPP project is the uncertainty involved 
when using laboratory experiments to describe expected processes in the real repository 
environment. For example, the real environment will involve natural groundwater 
chemistry, which is more complex with regards to composition than the solutions used 
in the experiments. The work performed at VTT (see chapter 5) has addressed this 
uncertainty by using natural groundwater in UO2 dissolution experiments.  

Unavoidably, laboratory experiments are of much shorter duration than the time 
analysed for the safety assessment of the repositories. Thus, using experimental results 
to describe the long-term dissolution rate involves an extrapolation far into the future, 
which is in itself connected with uncertainty. This uncertainty is expanded due to a 
confounding observation of a mismatch between mineral dissolution rates obtained 
from laboratory studies and studies of natural systems (e.g. White and Brantley, 2003). 
This leads to the hypothesis that dissolution in nature, which has been active for very 
long time, has removed the more reactive, high-energy sites on the surface, resulting in 
a decreasing dissolution rate over time. This hypothesis is tested in the REDUPP project 
by investigating how the surface of a dissolving solid changes during the course of 
dissolution. It is at the sold-fluid interface that dissolution takes place, and by using the 
experimental equipment available today, very fine details of the changing surface can be 
imaged and analysed. Importantly, the solid samples studied are synthesized to 
accurately mimic the microstructure of spent nuclear fuel, and the characteristics are 
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carefully documented prior to dissolution, as is described in Chapter 2. Coupling the 
analysis of the bulk solution with the studies of the surface, it is possible to identify 
which sites at the surface are most reactive during the dissolution process, and if a 
general decrease of dissolution rates can be coupled to the identified high-energy-sites. 
As is shown in the work performed at University of Sheffield and VTT (Chapters 3, 4 
and 6), defects and grain boundaries, as well as crystallographic orientation, influence 
the measured dissolution rates significantly.  

In conjunction with the experimental work, the characteristics of the different fluorite 
surfaces have been described theoretically in the work performed by Uppsala University 
(Chapter 7). First-principles simulations have been used to predict reactions with H2 and 
H2O on various surfaces of the fluorite structure for a range of environmental 
conditions.  

The work related to coordination and management, including outreach, training and 
dissemination, is described in Chapter 8.  

The goals of the REDUPP project has been twofold: 1) to improve the understanding of 
surface maturation and possible changes in reactivity and dissolution rate over time, and 
2) to investigate the effect of natural groundwater containing trace elements on the 
chemical reactions involved in the dissolution of aged spent nuclear fuel. The approach 
to reach the goals has been to combine experimental results and theoretical modelling. 
As a result, we have taken important steps further to strengthen the safety case of the 
planned spent nuclear fuel repositories in Sweden and Finland.  



9 

2  SYNTHESIS AND CHARACTERISATION OF CeO2 ThO2, 
AND CaF2 (WP 1) 

 

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

2.1 Introduction 

A detailed understanding of the behaviour of spent nuclear fuel under geological 
conditions is a key issue underpinning the safety case for long-term disposal. The use of 
UO2, the main component of spent nuclear fuel, in laboratory dissolution experiments is 
challenging due to issues surrounding radioactivity and redox sensitivity. Whilst 
uranium is stable in its U(IV) oxidation state as UO2 under reducing conditions (such as 
those in deep geological repositories), in the presence of oxygen, uranium oxidises to 
the readily soluble uranyl (UO2

2+) U(VI) form. In dissolution experiments with UO2, 
anoxic, reducing conditions must be maintained by the exclusion of oxygen from the air 
and extensive pre-treatment of the UO2 with leaching solutions to remove any oxidised 
material from the sample surfaces (Ollila and Oversby, 2005). The use of normal 
surface characterisation methods is complicated by the redox sensitivity of UO2; 
exposure of the sample to even trace amounts of oxygen will alter the sample surface. In 
order to gain a better understanding of the effect of sample surface on the dissolution 
rates of UO2 it is necessary to produce non-radioactive, non-redox sensitive analogues 
with microstructures and crystallography that closely resemble nuclear fuel. 

UO2 has the fluorite structure (face centred cubic, space group Fm-3m) which is also 
adopted by the f-block elements Ce, CeO2 (Atlas and Tel, 2001) and Th, ThO2. 
Analogues for UO2 fuel must similar microstructures such that the grains should be 
randomly orientated and have a specific size and porosity (Godhino et al., 2011). This is 
determined by the burn-up conditions of the fuel, for example, porosity increases with 
increasing burn-up (Romano et al. 2007). In this study, we detail the methodology used 
to prepare ceramics as analogues for UO2 and provide a detailed characterisation of the 
morphology, crystallography and chemistry of the surfaces of the samples. Calcination 
and sintering temperatures were optimised to yield particle size distributions and surface 
areas close to those used in UO2 manufacture. This work is described in full detail 
elsewhere (Godinho et al, 2011, Stennett et al., 2013).  

2.2 Methods 

 
CeO2 powders were prepared via thermal decomposition of cerium (IV) oxalate, 
Ce(C2O4)2.xH2O for one hour at 400 °C, 550 °C and 800 °C (5 °C min-1 ramp rate) to 
derive three CeO2 powders with different powder properties. ThO2 powder originated 
from BDH Laboratory Reagents Ltd., Lot No: G83757/541012. CaF2 (Sigma Aldrich) 
was dried at 350 °C overnight to remove any absorbed water and then stored in a 
vacuum desiccator.  
  
The composition of the powders was characterised using X-Ray Diffraction (XRD), the 
powder densities were measured using a pycnometer, surface area analysis was 
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conducting using the BET method, and the powder particle size was measured with a 
laser particle sizer. The powders were uniaxially pressed in a 10 mm diameter hardened 
stainless steel die and the densities of the green compacts were calculated from the 
pellet mass and geometry. Green pellets were then sintered in triplicate, for 4 hours, at 
temperatures between 1300 °C and 1750 °C, for CeO2 and ThO2, and between 900 °C 
and 1100 °C for CaF2, in a standard air atmosphere muffle furnace.  
 
Sintered densities were measured by both geometric and water immersion (Archimedes) 
methods. The microstructure of these pellets was analysed using Scanning Electron 
Microscopy (SEM). Once the optimised temperatures for decomposition (calcination) 
and sintering were determined, the optimised sintered pellets were subject to Electron 
Backscatter Diffraction (EBSD) analysis to determine the crystallographic orientation of 
the grains. 
 

2.3 Results 

2.3.1 CeO2 

X-ray diffraction analysis confirmed full decomposition of the cerium oxalate had 
occurred at each temperature forming fluorite structured CeO2 (Figure 2-1). 
 

 
Figure 2-1. XRD patterns for cerium dioxide powders formed from decomposition of 
cerium oxalate at 400 °C, 550 °C and 800 °C. All reflections observed were indexed 
based on cubic CeO2 with space group Fm-3m. 
 
The powder were characterised and the results are shown in Table 2-1. The reactivity of 
a powder is controlled by its surface area and it was therefore expected that the cerium 
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oxalate calcined at lower temperature would yield more reactive CeO2 powders, which 
would sinter to higher density at lower temperatures. The powder density of the CeO2 
powders was shown to increase with increasing calcination temperature (Table 2-1) 
reaching almost theoretical at 800 °C. This is consistent with the observed decrease in 
surface area. As it gave the largest particle size and the density closest to the theoretical 
value, the powder calcined at 800 °C was selected for the preparation of sintered CeO2 
pellets. Pellets were pressed and sintered at a range of temperatures to investigate the 
microstructure development. Scanning electron microscopy showed a reduction in 
porosity combined with an increase in the grain size with increasing sintering 
temperature, as shown in Figure 2-2. Optimum densities (> 96 % of theoretical) were 
achieved by sintering at 1700 °C (Stennett et al. 2013). 
 
 
Table 2-1. Summary of powder data for cerium oxalate and CeO2 powders 
(ρtheo = 7.215 g cm- 3). d90% value represents the particle size that 90% of the particles 
are less than. Values in parentheses are the estimated standard deviation in the last 
decimal place. 

Powder  Calcination  
temperature (°C)

Powder density
 (g cm-3) 

Particle size 
d90% (μm) 

Specific surface 
area (m2 g-1) 

Ce2(C2O4)3.xH2O  n/a 1.992(1) 25.4(1) 0.4(1) 
CeO2  400 6.320(1) 14.0(1) 90.9(1) 
CeO2  550 6.514(2) 13.9(1) 29.7(1) 
CeO2  800 7.121(5) 23.5(1) 6.93(1) 

 
EBSD confirmed that the CeO2 synthesis process using powder calcined at 800 °C and 
sintered at 1700 °C, imaged in Figure 2-2 (k), produced grains had a random 
crystallographic orientation. The grains are randomly orientated in the major (111), 
(100) and (110) crystal planes. 
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Figure 2-2. SEM images of sintered pellets: (a – d) 400 °C oxalate calcination (e – h) 
550 °C oxalate calcination and (I - l) 800 °C oxalate calcination. Increasing sintering 
temperature from top to bottom (1500 °C, 1600 °C, 1700 °C, 1750 °C). 
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Figure 2-3. Representative crystal orientations of a pressed pellet of CeO2 synthesised 
from 800 °C calcined cerium oxalate, sintered at 1700 °C. Pole figures show the 
random orientation of grains in the (111), (110) and (100) crystal planes. Minimum and 
maximum MUD (Multiple of Uniform Density) numbers are given for each orientation. 
A MUD of 1 indicates randomly orientated grains, >> 1 is indicative of a textured 
microstructure.  

 

2.3.2 ThO2 

The ThO2 pellet density increased sharply between the sintering temperatures 1300 °C 
and 1400 °C and then flattens out above 1500 °C. The microstructure of a ThO2 pellet 
sintered at 1750 °C for 4 hours is shown in Figure 2-4. The dense microstructure 
consists of equiaxed grains between 10 and 20 μm in diameter 

 

Figure 2-4. SEM image of ThO2 pellet sintered at 1750 °C. 

 

20 μm
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2.3.3 CaF2 

CaF2 was pressed into pellets and sintered at a range of different temperatures to 
investigate the density and microstructural evolution. Prior to sintering the green 
geometric densities of the pellets were measured to ensure good reproducibility during 
the compaction process. The sintered density increased with increasing sintering 
temperature as expected in both air and argon atmospheres. Pellets sintered for 4 hours 
in argon between 1100 °C and 1300 °C are shown in Figure 2-5. In all the samples 
equiaxed grains were observed whose sizes were in the range 2 - 10 μm at 1100 °C and 
5 - 10 μm at 1200 °C . An order of magnitude increase in the grain size was observed 
between pellets sintered at 1200 °C and at 1300 °C. 
 

 

Figure 2-5. SEM images of CaF2 pellets sintered in argon. (a) 1100 °C (b) 1200 °C (c) 
1300 °C  
 

2.4 Summary and conclusions 

The aim of this work was to fabricate pellets of CeO2, ThO2 and CaF2 with similar 
microstructures as UO2 to act as analogues for dissolution studies. Sintering of CeO2 
pellets at 1700 °C gave an average grain size of 8 μm – 15 μm and a high sintered 
density (> 95.5 percent theoretical density for average burn-up fuel). Similarly, CaF2 
pellets sintered at 1200 °C and ThO2 pellets sintered at 1750 °C showed the required 
microstructures.  

This microstructures produced are in good agreement with those published for UO2 fuel 
(Forsyth, 1995) and SIMFUEL (Lucuta et al., 1991).  
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3 DISSOLUTION OF CEO2 POWDERS (WP2) 

 

By Claire L. Corkhill, Daniel J. Bailey, Martin C. Stennett, John L. Provis and Neil C. 
Hyatt, University of Sheffield.  

 

3.1 Introduction 

In the safety case for the disposal of spent nuclear fuel (SNF) in a geological disposal 
facility, the release of radionuclides will be controlled by the dissolution of SNF in 
groundwater. An understanding of the dissolution characteristics of the fuel is necessary 
to assess the performance of the geological disposal concept. While the effects of 
temperature and pH on the overall dissolution of the main component of SNF, UO2, are 
well documented in the literature (see reviews by Oversby, 1999 and Shoesmith, 2007), 
the effects of energetically reactive surface sites such as grain boundaries and other 
surface defects on dissolution rates are not well understood. For a wide range of natural 
minerals, these features have been shown to significantly contribute to dissolution rates 
(e.g. White et al., 2001 and White and Brantley, 2003). Experiments conducted by 
Ollila (2006) suggested that energetically reactive sites created during the crushing of 
UO2 gave rise to enhanced initial dissolution rates, suggesting that experimental 
investigations may lead to overestimation of dissolution rates, due to the generation of 
defects in sample preparation. 

In order to reduce the uncertainties associated with the dissolution of these surface 
features in SNF, we investigate the effect of defects on the dissolution rate of CeO2, a 
spent nuclear fuel analogue, which approximates as closely as possible the 
microstructural characteristics of fuel grade UO2 (see Chapter 2). We describe a 
focussed investigation that aims to determine the effects of defects on dissolution by 
several approaches. Firstly, the effect of removing defects on dissolution rate is 
investigated through high-temperature annealing experiments; secondly, the effect of 
oxygen vacancy defects on the dissolution rate is investigated using surface sensitive 
spectroscopy combined with surface area analysis; and finally, defects generated 
through sample preparation are investigated through dissolution of several different 
crushed particle sizes of CeO2. The effects on dissolution rate of other surface features, 
such as grain boundaries and step edges, are discussed in Chapter 6. 

3.2 Experimental methods 

3.2.1 CeO2 preparation 

CeO2 pellets were prepared according to Stennett et al. (2013). Pellets were crushed and 
washed according to the product consistency test ASTM standard (ASTM C 1285-02) 
to four different size fractions; 25 – 50 μm, 75 – 150 μm, 300 – 600 μm and 2 – 4 mm. 
Prior to use, the particles were inspected by SEM to ensure no fine particles >1 μm in 
size remained adhered to the particle surface. Particles in the size fraction 25 – 50 μm 
were subject to further treatment: annealing in air at 300 °C, 400 °C, 600 °C, 800 °C, 
1000 °C and 1250 °C and annealing at 1000 °C in inert (Ar) or reducing (H2/N2) 
atmospheres.  
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3.2.2 Particle Characterisation 

The surface area of all particles was determined using the BET method, using a nitrogen 
adsorbate after 3 hours of degassing at 200 °C (Beckman Coulter SA3100). The surface 
oxidation state of annealed particles was determined using X-ray Photoelectron 
Spectroscopy (XPS) (Kratos Axis Ultra) using an Al Kα source. All electron binding 
energies were referenced to adventitious C1s peaks at a binding energy of 285 eV. 
Ce LIII edge X-Ray Absorption Spectroscopy (XAS) data from the particles were 
acquired on beamline X23A of the National Synchrotron Light Source, in order to 
ascertain the bulk Ce oxidation state of the particles. Powder X-ray Diffraction (XRD) 
data were collected between 5 < 2θ < 60° at 2° min-1 and a step size of 0.02° (STOE 
STADI P diffractometer). Particles were imaged using a JEOL JSM6400 Scanning 
Electron Microscope (SEM) with an accelerating voltage of 15 kV and a working 
distance of 17 mm, and also by a Philips EM420T Transmission Electron Microscope 
(TEM) operating at 120 kV. 

3.2.3 CeO2 Dissolution 

0.1 g of particles of each size fraction and from each annealing condition was placed in 
50 mL PTFE vessels and filled with 40 ml of 0.01 M HNO3 (pH 2). For CeO2 particles 
that were 25 – 50 μm in size with no annealing treatment, experiments were performed 
at 40 °C, 70 °C and 90 °C. All other experiments were performed at 90 °C. Each 
experiment was performed in triplicate with duplicate blanks, and sampling was 
conducted at regular intervals from 0 to 350 days. Data up to 70 days are reported here, 
the full data set is reported elsewhere (Evins and Vähänen, 2013). An aliquot (1.2 mL) 
of each sample was removed and filtered (0.22 µm) prior to analysis by ICP-MS 
(Agilent 4500 Spectrometer).  
 

3.3  Results and discussion 

3.3.1 Characterisation of defect structures in CeO2  

It is hypothesised that the act of crushing generates sharp edges and other surface 
defects. The atoms on the surface associated with these features have high surface 
energy and contain fewer chemical bonds than the atoms on defect-free surfaces, thus 
making them more susceptible to dissolution. TEM analysis of CeO2 used in this 
investigation showed that surface defects tend to form extended defect structures, such 
as the line defects shown in Figure 3-1a. 
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Figure 3-1. Image of CeO2 used in the current study, showing several extended defect 
clusters (arrows point to line defects). 
 
Annealing at high temperature in air is expected to progressively eliminate CeO2 surface 
defects. CeO2 particles from the 25 – 50 μm size fraction were annealed in air at 
temperatures ranging from 300 – 1250°C. One sample was not annealed for comparison. 
Figure 3-2 shows that the surface area of the non-annealed sample was 0.30 m2 g-1 and 
that surface area decreased with increasing annealing temperature. After annealing at 
600 °C the surface area was found to be 0.20 ± 0.01 m2 g-1, and at 1000 °C was 
0.112 ± 0.002 m2 g-1. It is expected that grains will grow in size during annealing at high 
temperature, however the grain size did not change significantly between annealing 
temperatures of 200 °C and 600 °C. This suggests that the observed decrease in surface 
area between these temperatures corresponds to the removal of surface defects. The 
insets to Figure 3-2 show that at 600 °C the grain size ranged from 2 – 10 μm, whereas 
the grain size of CeO2 annealed at 1000 °C was larger, with grains ranging in size from 
5 – 20 μm. This indicates that at 1000 °C defect removal occurred with additional grain 
growth, resulting in a reduction in the density of grain boundaries and an associated 
decrease in surface area, additional to that caused by the removal of defects.  
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Figure 3-2. Surface area analysis of CeO2 25 – 50 µm particles as a function of 
annealing temperature, as determined by the BET method, with SEM images showing 
the increased grain size at higher annealing temperatures (inset). 

Oxygen vacancies were generated in particles of CeO2 in the 25 – 50 μm size fraction 
by annealing at 1000 °C in the absence of oxygen (inert or reducing environments). It is 
known that the creation of an oxygen vacancy is accompanied by the release of two 
electrons from lattice O2- resulting in a reduction of Ce4+ ions to Ce3+ (Stetsovych et al. 
2013). Reduction from CeO2 to Ce2O3 will occur through formation of CeO2-x 
intermediate phases (Bevan, 1955). Thus, to confirm the presence of oxygen vacancies, 
the oxidation state of Ce in the particles was determined using XPS and X-ray 
Absorption Near Edge Spectroscopy (XANES), as shown in Figure 3-3. The spectrum 
resulting from CeO2 particles annealed in a reducing environment most closely 
resembled that of the Ce(IV) standard, suggesting that no change to the material 
occurred during annealing under these conditions (Fig. 3-3a). However, XANES is a 
bulk technique, and these samples were analysed 3 weeks after annealing, during which 
time the samples may have re-oxidised. Analysis of freshly annealed particles using 
surface sensitive (top ~10 nm of the surface) XPS showed that Ce(III) was present at the 
particle surfaces, indicating that reduction is mainly focused at the surface of the 
particles (Fig. 3-3b). 
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Figure 3-3. Oxidation states analysis of CeO2 annealed under reducing conditions: (a) 
bulk XANES analysis of the Ce LIII edge; and (b) surface sensitive XPS analysis of the 
Ce 3d peaks. Standard spectra for Ce(III) and Ce(IV) are shown for comparison.  

 
The Ce 3d XPS data shown in Figure 3-3b can be resolved using ten components arising 
from interactions of the 4f valence electrons that occur when a 3d electron is photo-
emitted (Romeo et al. 1993). Table 3-1 describes each of the components found in the 
current study according to the accepted Burroughs nomenclature (Burroughs et al. 
1976). These data are in excellent agreement with previously published XPS data for 
reduced CeO2 (Romeo et al, 1993; Pfau and Schierbaum, 1994; Mullins et al., 1998). 
 
Table 3-1. Experimental binding energies and FWHM for Ce 3d peaks derived from 
CeO2 and CeO2-x particles investigated in the current study. 
  

Ce 3d peak 
assignment 

Oxidation state 
assignment 

Binding energy 
(eV) 

FWHM  
(eV) 

v0 3+ 881.90 3.0 
v 3+ 882.40 1.8 
v' 4+ 885.30 4.3 
v'' 4+ 888.40 4.2 
v''' 4+ 898.50 2.3 
u0 3+ 899.95 3.0 
u 3+ 901.10 1.8 
u' 4+ 903.00 4.3 
u'' 4+ 907.60 4.2 
u''' 4+ 916.80 2.3 

 
The data in Fig. 3-3b show that the surfaces of the samples annealed in an inert or 
reducing environment were not fully reduced to Ce2O3, but contained a combination of 
peaks assigned to both Ce3+ and Ce4+ oxidation states, at the sample surface. This is 
indicative of the formation of partially reduced CeO2 with a stoichiometry of CeO2-x, 
and the successful generation of oxygen vacancies. From the XPS data, it was possible 
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to determine the deviation, x, from the ideal oxygen stoichiometry and the fraction of 
Ce3+ (α) according to Equation 3-1: 
 

 
∑

   (3-1) 

 
where ui and vi are the sum of all v and u peak areas. The surface stoichiometry and Ce3+ 
fraction determined for each sample by this method are given in Table 3-2. Annealing in 
a reducing environment gave rise to CeO2-x with greatest Ce3+ fraction, and annealing in 
an inert atmosphere gave a higher Ce3+ fraction than annealing in air under the same 
conditions. As the Ce3+ fraction is directly related to the density of oxygen vacancies 
generated, it can be assumed that the oxygen vacancy defect density is proportional to 
the Ce3+ fraction of each sample. 
 
Table 3-2. Calculated surface stoichiometry and Ce3+ fraction (α) of samples and 
standards investigated in this study, as determined from Ce 3d XPS data.  
 

Sample treatment Stoichiometry α 
Ce(III)PO4 standard x 0.952 ± 0.051 
Reducing atmosphere 1000°C CeO1.62 0.370 ± 0.019 
Inert atmosphere 1000°C CeO1.78 0.221 ± 0.011 
Air 1000°C  CeO1.92 0.080 ± 0.004 
Air 600°C  CeO1.86 0.143 ± 0.007 
Air no annealing CeO1.98 0.168 ± 0.008 

 
In order to confirm the crystal structure of non-stoichiometric CeO2-x particles, XRD 
was performed. All samples annealed in air or an inert atmosphere were found to have a 
cubic CeO2 structure [JCPDS card 81-0792] (face-centred cubic, space group Fm-3m), 
however particles annealed in a reducing atmosphere showed additional diffraction 
peaks (Fig. 3-4). These additional peaks were assigned to Ce4O7 [JCPDS card 65-7999], 
which has the same crystallographic structure as CeO2, but with a slightly larger unit 
cell (a = 5.411(1) Å, compared to a = 5.409(1) Å for CeO2). Replacing oxygen atoms by 
vacancies in the fluorite structure causes cation displacements, which may give rise to a 
small increase in the unit cell size. Ce4O7 has a stoichiometry of CeO1.75, close to that 
derived for this sample from XPS data (CeO1.62, Table 3-2). These data indicate that 
annealing under reducing conditions generated enough oxygen vacancies to induce 
minor changes to the unit cell. The formation of Ce4O7 indicates that under these 
conditions the vacancies became ordered. 
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Figure 3-4. X-ray Diffraction data for CeO2-x formed by annealing CeO2 at 1000°C 
under a reducing atmosphere. XRD patterns were recorded 1 hour after annealing (T0), 
after 24 hours (T1) and at 3 and 7 days (T3 and T7, respectively).  = Ce4O7 [JCPDS 
card 65-7999],  = CeO2 [JCPDS card 81-0792]. 
 
Interestingly, with exposure to ambient conditions, the relative intensity of the Ce4O7 
and CeO2 diffraction peaks changed (Fig. 3-4). XRD patterns recorded 1 hour after 
annealing showed that Ce4O7 peaks were more intense than those of CeO2. After 24 
hours in air, the intensity of diffraction peaks switched; the CeO2 peak was more intense 
than that of Ce4O7. With increasing exposure to air the Ce4O7 diffraction peak was no 
longer evident. This indicates that reduced Ce4O7 is readily re-oxidised, likely via a 
range of intermediate CeO2-x compositions (Bevan, 1955).  
 
In order to determine how surface defects generated through sample preparation effect 
dissolution rate, several different particle sizes of CeO2 were prepared and washed 
according to the product consistency test ASTM standard (ASTM C 1285-02) directly 
from CeO2 pellets with no further heat treatment. Figure 3-5 shows SEM images of the 
resulting particles. 
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Figure 3-5. SEM images of crushed CeO2 particles in the 25 – 50 μm and 75 – 150 μm 
size fractions, prior to dissolution.  
 

3.3.2 CeO2 dissolution 

 
The dissolution reaction of CeO2 in non-complexing acid solutions is not expected to be 
thermodynamically favourable: 
 

4 → 2 				∆ 40.1	 	   (3-2) 
 
However, at elevated temperature and in nitric acid, chemical modelling (PHREEQC, 
LLNL database) suggests that dissolution will proceed and cerium nitrate [Ce(NO3)

2+] 
will result. A solution saturation of 5.85 x 10-6 mol /L is predicted. Data reported 
previously by the current authors (Evins and and Vähänen, 2013) indicated that solution 
saturation was not achieved until 250 days of dissolution (90 °C, 0.01M HNO3), 
suggesting that the experiments described in this Chapter, up to 70 days of  
dissolution under the same conditions, are far from equilibrium. The Ce  
concentration as a function of time for dissolution experiments conducted at  
40 °C, 70 °C and 90 °C are shown in Figure 3-6. Dissolution rates ranged between  
4 x 10-8 mol L-1 d-1 and 2 x 10-7 mol L-1 d- 1.An activation energy of 24 ± 3 kJ mol-1 was 
determined. 
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Figure 3-6. Concentration of Ce (mol/L) leached into solution from CeO2 particles 25 – 
50 μm in size, 0.01M HNO3 at 40°C, 70°C and 90°C as a function of time. 
 

3.3.3 Relationship between CeO2 defect structures and dissolution rate  

 
CeO2 and CeO2-x samples were subject to dissolution at 90°C in 0.01M HNO3 for up to 
70 days. The resulting dissolution rates are given in Table 3-3, including comparative 
data for surface area and Ce3+ fraction. 
 
 
Table 3-3. Calculated dissolution rates for samples reacted in 0.01M HNO3 at 90 °C for 
up to 70 days and measured surface area and Ce3+ fractions (α).  
 
Sample treatment Surface area  

(m2g-1) 
α Dissolution rate 

(mol L-1 d-1) 
25 – 50 μm samples    
Reducing atmosphere 1000°C 0.531 ± 0.002 0.370 ± 0.019 (4.00 ± 0.40) x 10-6 
Inert atmosphere 1000°C 0.203 ± 0.003 0.221 ± 0.011 (3.49 ± 0.02) x 10-8 
Air 1000°C 0.112 ± 0.002 0.080 ± 0.004 (1.24 ± 0.10) x 10-8 
Air 600°C 0.202 ± 0.012 0.143 ± 0.007 (1.13 ± 0.30) x 10-7 
No annealing 0.304 ± 0.001 0.168 ± 0.008 (2.45 ± 0.10) x 10-7 
    
Other particle sizes    
75 – 150 μm 0.071 ± 0.014 0.162 ± 0.008 (2.12 ± 0.10) x 10-8 
300 – 600 μm 0.023 ± 0.004 0.162 ± 0.008 (2.79 ± 0.60) x 10-9 
2 – 4 mm 0.001 ± 0.0002 0.162 ± 0.008 (1.26 ± 0.02) x 10-9 
 
Dissolution rates for 25 – 50 μm CeO2 particles were found to decrease with increasing 
annealing temperature. For example, CeO2 annealed at 600 °C dissolved at a faster rate 
than CeO2 annealed at 1000 °C, with rates of (1.13 ± 0.3) x 10-7 mol L-1 d-1 and 
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(1.24 ± 0.1) x 10-8 mol L-1 d-1, respectively. Because increasing annealing temperature 
was shown to lead to a reduction in surface area (and by proxy, a decreased density of 
surface defects), this indicates that dissolution is controlled by the reactive defect sites. 
Similarly for CeO2 annealed in different atmospheres, the samples with the greatest 
Ce3+ fraction, and hence the greatest density of oxygen vacancies, were found to 
dissolve at the most rapid rates. For example, the dissolution rate of CeO2 annealed at 
1000°C in an inert atmosphere was greater than that of CeO2 annealed in air at the same 
temperature, with dissolution rates of (3.49 ± 0.02) x 10-8 mol L-1 d-1 and  
(1.24 ± 0.1) x 10-8 mol L-1 d-1, respectively. Furthermore, the sample with the highest 
Ce3+ fraction, which was annealed at 1000 °C in a reducing atmosphere, had a 
dissolution rate that was 2 orders of magnitude greater than CeO2 annealed in different 
atmospheres, and 3 orders of magnitude greater than non-annealed CeO2. This suggests 
that dissolution is controlled by the Ce3+ fraction, and hence the density of oxygen 
vacancies. The dissolution rate of different sized particles of CeO2 was found to 
decrease with increasing particle size, i.e. 2 – 4 mm particles dissolved most slowly. 
Larger particle sizes had smaller surface areas, which gave rise to slower dissolution 
rates.  
 
Figure 3-7a shows a graph plotting the dissolution rate data for CeO2 annealed in air and 
CeO2 of different particle sizes vs surface area. It is clear that a relationship exists 
between dissolution rate and surface area for these CeO2 samples (r2 = 0.86), confirming 
the observation that dissolution is controlled by reactive sites, if the assumption that 
surface area is directly correlated to defect density is correct. Figure 3-7b is a graph that 
plots the dissolution rate of samples annealed in different atmospheres as a function of 
Ce3+ content. The relationship in this case is not so clear, primarily because the 
dissolution rate of CeO2 annealed in a reducing environment was found to have a very 
rapid dissolution rate compared to the other samples. It is known that the solubility of 
Ce3+

(aq) is several orders of magnitude greater than Ce4+
(aq), therefore it might be 

possible that at such high Ce3+ fractions, the solubility of Ce3+ becomes more important 
than the contribution of oxygen vacancy reactive sites to the overall dissolution rate. 
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Figure 3-7. Dissolution rate data for (a) CeO2 as a function of surface area; and (b) 
CeO2-x as a function of the fraction of Ce3+ (α).  
 
To describe how the concentration of Ce (C) changes as a function of time (t), it was 
necessary to include terms for the solubility limit of CeO2 (A) using Eqn 3-3:  
 

	    (3-3) 
 
where b is the rate constant. Expanding Eqn. 3-3 to include surface area (S), we can 
derive a first order dissolution rate expression for the CeO2 samples investigated in this 
study: 
 

	 1 	  (3-4) 
 
where A3 and A4 correspond to the solubility limits of Ce3+ and Ce4+; b3 and b4 are the 
rate constants for Ce3+ and Ce4+ and; α is the fraction of Ce3+. Using this reaction, it was 
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possible to model the data to find values of A3 and A4 of 1.00 ×10-4 mol L-1 and 
5.00 × 10-6 mol L-1, in good agreement with Ce3+ and Ce4+ solubilities determined by 
PHREEQC (see above), and rate constants, b3 and b4, of 0.5 and 0.001 d-1. Figure 3-8 
shows the comparison between the Ce concentration data and the modelled fit according 
to Eqn. 3-4 for a selection of the samples investigated.  

 
 
Figure 3-8. Ce concentration from dissolution at 90 °C in 0.01M HNO3 and modelled 
data according Eqn 3-4 for CeO2 samples: A) 25 – 50 μm no annealing; B) 25 – 50 μm 
annealed at 1000 °C in air; and C) 75 – 150 μm particles. Symbols are experimental 
data and lines are the model fit.  
 
There was a good fit between experimental data and the model fit (< 5 % error), 
suggesting that there is a well-defined relationship between surface area, and Ce3+ 
fraction, which each give a description of defect density, and the CeO2 / CeO2-x 
dissolution rate. This relationship can be described by the following rate law: 
 

∞   (3-5) 
 
where  

∞ 	 1   (3-6) 
 
Because the dissolution rates of CeO2 of different crushed particle size also fit this 
relationship, it can be postulated that defects created through crushing of laboratory 
materials will also affect the dissolution rate. The larger the particle size used, the 
smaller the density of surface defects, hence the lower the dissolution rate. An exception 
to the rate law was found for the CeO2 sample annealed in a reducing environment; the 
modelled fit to Eqn 3-4 was poor, giving an error of > 60 %. This is likely due to two 
combined factors. Firstly, the Ce3+ fraction in this sample is extremely high. As the 
solubility of Ce3+ is greater than that of Ce4+, the dissolution rate is strongly influenced 
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by a solubility effect, significantly more so than other samples with a much lower Ce3+ 
fraction. Secondly, this particular sample was subject to dissolution within 1 hour of 
annealing in a reducing atmosphere. XRD data (Fig. 3-4) showed that this annealing 
treatment led to the formation of Ce4O7, confirmed by stoichiometric measurements by 
XPS (Table 3-2), indicating that oxygen vacancies had become ordered. As such, we 
hypothesise that that the rate law described in Eqn 3-5 applies only to disordered defects 
in non-stoichiometric CeO2-x, with a Ce3+ fraction (α) < 0.3. 
 

3.4 Summary and conclusions 

 
Through examination of CeO2, an isostructural analogue for UO2-fuel, we have 
investigated the effect of energetically reactive surface sites on the dissolution rate 
during the first 70 days of dissolution, in conditions far from equilibrium. Removal of 
CeO2 defects was achieved through high temperature annealing and CeO2-x oxygen 
vacancy defects were generated through annealing in oxygen-free environments. 
Surface area was used as a measurement of surface defects, and the total Ce3+ fraction 
was taken as a measurement of oxygen vacancy density. The relative dissolution rates of 
these materials showed that there is a quantifiable relationship between energetically 
reactive surface sites and dissolution rate, dependent upon surface area, Ce3+ fraction 
and the solubility of Ce3+ and Ce4+; the greater the defect density, the higher the 
dissolution rate. This relationship was shown to only be applicable to CeO2 with 
disordered defects, and not to isostructural, non-stoichiometric CeO2-x with ordered 
defects, i.e. Ce4O7.  
 
Crushed particles of CeO2, containing energetically reactive sites from crushing were 
found to show behaviour that can be fitted by the derived rate law. This suggests that 
defects induced through sample preparation are likely to show enhanced dissolution 
rates in the laboratory. The data collected here are for dissolution rates in far from-
equilibrium conditions, therefore the application of such rate laws to long-term 
dissolution rates, on the order of thousands of years in a geological disposal facility, 
must be treated with caution and further investigation. Furthermore, it should be noted 
that while CeO2 is isostructural to UO2, the defect properties investigated here will be 
different for UO2, which has a significantly different chemical nature. 
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4 DISSOLUTION OF THO2 (WP3) 

 

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

 

4.1 Introduction 

Thorium dioxide has a fluorite crystal structure ThO2, which can be considered as an 
analogue for the UO2 of spent fuel matrix. However, unlike U(IV), the alpha active 
thorium is not redox sensitive and has only one prevailing oxidation state (+4). 
Compared to the solubility of unirradiated UO2 in anaerobic conditions (10-8 to 10-10 
mol/L, (Ollila, 2008)), the solubility of ThO2 is at the same level or even lower. In 
literature, the solubility values of ThO2, as well as the hydrolysis constants of thorium 
show great discrepancies (Neck and Kim, 2001,Vandenborre et al. 2008, 2010), see 
Figure 4-1. The reasons for variation are the tendency for polynucleation and colloid 
formation, strong absorption to surfaces, and the low solubility of Th4+ hydroxide and 
hydrous oxide. Moreover, the crystallinity and preparation method of ThO2 phase have 
also shown some effect on the solubility. 
 

 

Figure 4-1. 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) 
(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. (Neck et al. 2003) 
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The objective of this work package was to study the rate of dissolution of thorium 
dioxide. Samples with different size fractions were studied to observe whether particle 
size has an effect on the dissolution rate. The solubility of crystalline ThO2 in the end of 
the experiments was compared to values found in the literature. Some experiments were 
conducted in the presence of 229Th tracer in leaching solution to investigate in detail the 
initial dissolution and precipitation/sorption of thorium. Some leaching experiments 
were run in acidic conditions at elevated temperature prior to more detailed surface 
study conducted in WP5 (See Chapter 6, this report). In order to enhance dissolution of 
the sparingly-soluble ThO2 in relatively short time experiments acidic solution and 
elevated temperature were used to enable possible surface alterations that could be 
observed. 

4.2 Experimental methods 

The ThO2 pellets made in WP1 were used as the starting solid phase in the dissolution 
experiments. The surface analyses with confocal profilometry and EBSD showed 
microstructure similar to UO2 pellet matrix; randomly oriented crystals with grain size 
from 10 to 30 µm. The results of the pre analyses are given in a previous REDUPP 
report by Evins and Vähänen (2012).  

The experiments were conducted either with an intact pellet, or particles from size 
fractions 2 to 4 mm or 80 to 160 µm. The preparation of the size fractions is described 
below. 

The high voltage pulse fragmentation method, Selfrag, was used to produce micrometer 
scale particles from the refractory ThO2. First, the 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 subsequently 
sieved with a sieving canvas to the selected particle size fractions. With the described 
procedure, a reasonable size fraction of 80 to 160 µm ThO2 particles was produced. 

To prepare 2 and 4 mm particles, the pellets were crushed into pieces using a percussion 
mortar and suitably sized particles 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. 

The experiments can be divided into four different investigations (see table 4-1).  

1) Pre-tests were conducted with 2 to 4 mm sized ThO2 particles in 0.1 M NaCl and 
0.01 M NaCl (with 2 mM NaHCO3) solutions under atmospheric conditions at 25 °C for 
115 days.  

2) Main dissolution/solubility experiments of ThO2 were conducted with two different 
particle sizes, 2 to 4 mm and 80 to 180 µm particles, under Ar atmosphere in a glove 
box in 0.1 M NaCl and 0.01 M HNO3 for 90 days.  

3) Dissolution tests with 229Th tracer, with 2 to 4 mm ThO2 particles and single pellets 
in 0.01 M NaCl solution under Ar atmosphere were run for 40 days to evaluate the 
dissolution of 232Th from the solid phase and precipitation/sorption of the 229Th tracer 
from the solution. 
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4) Surface analyses after dissolution of 80 to 160 µm sparingly soluble ThO2 particles in 
1 M HNO3 at 80 °C under Ar atmosphere. After 4 week’s leaching period the surfaces 
were analysed with SEM.  

Table 4-1. Number of the parallel tests in four investigations including the used particle 
sizes of ThO2 and the test codes for parallel tests. 

Investigation Solution 80-160µm 2 -4 mm  single pellet 
Number   number 

of 
parallels 

codes number 
of 

parallels 

codes number 
of 

parallels 

codes 

1 0.1 M NaCl     3       

1 
0.01 M NaCl (2 mM 

NaHCO3)     3       

2 0.1 NaCl 2 A, B 2 a, b     

2 0.01 M HNO3 2 E, F 2 e, f     

3 0.01 M NaCl + spike 229Th     2 E, F 2 A, B 

3 0.01 M NaCl     2 G, H 2 C, D 

4 1 M HNO3 2           

 

In the beginning of the experiments in investigations 1, 2, and 3, the leaching solutions 
were sampled at intervals of 1 to 3 days. The sampling intervals were elongated towards 
the end of the experiment. In investigation 3 only unfiltered samples were taken, but in 
ivestigations 1 and 2 also ultrafiltered samples (10 kD ~ 1 nm cut off) were taken to 
exclude colloids. After sampling, the samples were acidified with ultra-pure HNO3 
(ULTREX II by J.T. Baker). The pH was measured along with the samplings directly in 
the test solutions with ROSS combination electrode in investigations 2 and 3.  

The concentration of 232Th in the unfiltered and ultrafiltered samples was analysed with 
a high resolution sector field inductively coupled plasma mass spectrometer HR-ICP-
MS (Element2 by ThermoScientific). In the experiments with 229Th tracer, the isotopic 
ratio of 229Th/232Th was also analysed.  

After 4 weeks leaching, the surfaces of the ThO2 particles were studied with SEM (Jeol 
JSM-900LV scanning electron microscope with Oxford Instruments energy dispersive 
spectrometer (EDS), accompanied by INCA Energy Software). Accelerating voltage of 
20 kV and beam size of 10 µm was used.  

The dissolution rate (  [molg-1s-1]) for ThO2 was calculated from the experimental 

data by using Equation (4-1) 

  (4-1) 

where V is the volume of the solution [L], m is the mass [g] of ThO2 and dc/dt is the 
slope (linear fit) determined from the evolution of 232Th release as function of time 
[molL-1s-1]. 
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4.3 Results 

4.3.1 Investigation 1 – Dissolution pre-tests 

In the pre-tests conducted with 2 to 4 mm particles in simplified groundwaters under 
normal atmosphere, the thorium concentrations of the ultrafiltered samples showed an 
initially increasing trend in 0.01 M NaCl (2 mM NaHCO3) solution (Figure 4-2 A). The 
Th concentration in both the unfiltered and ultrafiltered samples increased quite rapidly 
and thereafter levelled down in the ultrafiltered samples, while a slow decrease was 
observed in the unfiltered samples. After 40 to 50, the concentration seemed to reach 
steady state. In the 0.1 M NaCl solution (Figure 4-2 B), an increase of the measured 
concentration was not obvious, the concentrations in both the unfiltered and ultrafiltered 
samples rather fluctuated. Th concentration in the ultrafiltered samples decreased below 
the detection limit of 10-13 mol/L HR-ICP-MS after 50 days.  

The dissolution rates were calculated (Equation 4-1) to be 1·10-13 mol L-1 d-1 in the 
carbonate containing solution and 2·10-14 mol L-1 d-1 in the 0.1 M NaCl solution. The 
increase in the solubility and the dissolution rate of Th in the solution containing 
carbonate is due to the formation of carbonate/hydroxide complexes. Differences in the 
pH values might also have some effect on the solubility, as basic conditions are known 
to decrease the ThO2 solubility (Fig 4-1). 

 

 

Figure 4-2. Results of pre-tests (Investigation 1). The evolution of Th concentration in 
0.01 M NaCl with 2 mM NaHCO3 (A) and in 0.1 M NaCl (B). 

4.3.2 Investigation 2 – Dissolution and solubility tests 

The dissolution/solubility experiments with two different ThO2 particle size ranges, 2 to 
4 mm and 80 to 180 μm particles were run in parallel (A,a and B,b in Fig. 4-3, E,e and 
F,f in Fig. 4-4). Under Ar atmosphere, the instant release of Th seemed to be faster in 
the tests with the smaller particle size range (greater surface area per solution volume) 
in both solutions, 0.1 M NaCl and 0.01 M HNO3 (see Figures 4-3 and 4-4, respectively). 
With the smaller, 80 to 160 µm particles, the maximum concentration of Th was 

[T
h
] m

o
l/
L
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reached during the first 10 days in both solutions. Even if the initial increase of the 
concentration was slower in the test with the larger, 2 to 4 mm particles, the maximum 
concentration increased to a higher level than in the tests with the smaller particles. 
After the maximum, decreasing concentration trends are seen. These observations 
would suggest that the reactive surface area of particles played a role not only in the rate 
of initial release of Th, but also in the reactions which recover Th from solution back to 
surfaces.  

 

Figure 4-3. The evolution of Th concentration and pH in 0.1 M NaCl with particle sizes 
80 to 160 µm (above) and 2 to 4 mm (below). The results of the unfiltered samples are 
given on the left and the ultrafiltered ones on the right. A,a and B,b stands for tests run 
in parallel. 

The results of 0.1 M NaCl solution test (Fig. 4-3) showed more variation, especially 
among the unfiltered samples and between the unfiltered and ultrafiltered samples. 
Already around pH 5, to which the original pH evolved during the test, thorium forms 
hydroxide species and colloids. The unfiltered and acidified sample, may undergo 
changes between the sampling and analysis due to dissolution of the hydroxide and 
colloidal species. Also the differences in the results between the unfiltered and 
ultrafiltered samples indicate the presence of colloidal phases. Furthermore, some 
remarkable differences between the parallel tests (a and b) were observed, especially in 
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the case of 2 to 4 mm particles (Fig. 4-3 d). In these parallel tests, the total surface area 
can be quite different depending on the amount and shape of the particles in the test 
vessels. In the case of 2 to 4 mm particles in 0.1 M NaCl the difference in solubility was 
almost one order of magnitude both in unfiltered and ultrafiltered samples. This 
difference is most probably due the pH difference observed in these two parallel test 
vessels. In one of them the pH was 4.7 where as in the other one it stayed at level 5.2. 

In 0.01 M HNO3 solution tests with 2 to 4 mm particles (Fig 4-4), no difference was 
seen in the evolution of Th concentration regardless of the sampling method used. The 
concentrations in the ultrafiltered samples followed the unfiltered ones. This indicates 
that Th colloids did not play a role in this case. However, in the test with 80 to 160 µm 
particles Th concentration showed a slight difference between the ultra- and unfiltered 
samples during the first 7 days (Fig 4-4 a and b). This might indicate that the relatively 
rapid increase in Th concentration led to the formation of polynuclear species in the 
beginning of the test. 

 

 

Figure 4-4. The evolution of Th concentration and pH in 0.01 M HNO3 with particle 
sizes 80 to 160 µm (above) and 2 to 4 mm (below). The results of the unfiltered samples 
are presented on the left and the unfiltered ones on the right E,e and F, f stands for tests 
run in parallel. 
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The dissolution rates were calculated using Equation 4-1 and the concentration data of 
thorium during the initial increase in investigations 1 and 2. The slopes of the 
concentration data points used and the calculated rates both investigations are given in 
Table 4-2. The results show the pH dependence of the dissolution rate and the 
increasing effects of smaller particle size and carbonate concentration. Small differences 
are also observed between parallel tests and in comparison between the results 
calculated from the unfiltered and ultrafiltered samplings.  

Table 4-2. Results of investigations 1 and 2: Slopes (dc/dt) and initial dissolution rates 
calculated from the analyzed concentrations. A&B are parallel tests in NaCl, and E&F 
are parallel tests in HNO3.  

Atmosphere 
and 

Solution pH Particle 
size 

Slope, 
dc/dt 

Rate Slope, 
dc/dt 

Rate In Fig.

 filtration [mol
L-1d-1] 

[mol 
g-1s-1] 

[mol 
L-1day-1] 

[mol 
g-1s-1] 

Air 0.01M NaCl (2mM NaHCO3) 8 2-4mm 5.00E-12 1.10E-17     4-2 A 

Air (filtered) 0.01M NaCl (2mM NaHCO3) 8 2-4mm 1.00E-13 2.00E-19     4-2 A 

Air 0.1M NaCl 6 2-4mm 3.00E-13 6.10E-19     4-2 B 

Air (filtered) 0.1M NaCl 6 2-4mm 2.00E-14 4.10E-20     4-2 B 

Argon 0.1M NaCl 5 80-160um 4.20E-10 1.70E-15 1.50E-10 5.60E-16 4-3 a 

Argon (f) 0.1M NaCl 6 80-160um 5.40E-11 2.10E-16 2.90E-11 1.10E-16 4-3 b 

Argon 0.1M NaCl 4 2-4mm 4.40E-11 1.50E-16 9.20E-12 2.30E-17 4-3 c 

Argon (f) 0.1M NaCl 5 2-4mm 2.90E-11 1.00E-16 8.40E-12 2.10E-17 4-3 d 

Argon 0.01M HNO3 2 80-160um 3.10E-08 1.30E-13 9.30E-09 3.50E-14 4-4 a 

Argon (f) 0.01M HNO3 2 80-160um 6.70E-09 2.70E-14 5.80E-09 2.20E-14 4-4 b 

Argon 0.01M HNO3 2 2-4mm 6.50E-09 2.40E-14 4.40E-09 1.70E-14 4-4 c 

Argon (f) 0.01M HNO3 2 2-4mm 6.30E-09 2.30E-14 4.40E-09 1.70E-14 4-4 d 

 

The solubility levels at the end of the experiments were compared with the equilibrium 
data of ThO2 and Th(OH)4, which were taken from the Thermochimie database 
[NEA/TDB] (see Figure 4-5). It should be noticed that for example in the test with 2 to 
4 mm particles in 0.1 M NaCl under Ar, there was still some decrease in Th 
concentration in the end of the 90 days experiment. Most probably, the solubility level 
had not yet reached to a constant level. The solubilities measured at pH 2 were at a 
lower level than expected from the thermodynamics. Similar observations have also 
been made by Neck et al. (2003). In their undersaturation dissolution experiments, also 
conducted with crystalline ThO2 in acidic conditions, the solubilities stayed below the 
theoretical solubility of ThO2. In this study, the solubility values in the pH range from 4 
to 8 took place between the theoretical solubilities of crystalline ThO2 and amorphous 
Th(OH)4 (Fig 4-5). Compared to the other studies presented in Figure 4-1, the values are 
at a lower level. 
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Figure 4-5. The solubility levels of Th in the end of ~100 days experiments in 
comparison to the equilibrium data for ThO2 and Th(OH)4 [NEA/TDB]. 

 

4.3.3 Investigation 3 - Dissolution tests with 229Th tracer 

In the 229Th tracer experiments the concentration of 229Th decreased after the initial 
spike (10-9 mol/L of 229Th). However, the excess of 229Th did not hinder the release of 
232Th from the solid phase. If the release of 232Th in the tracer tests (A, B, E and F in Fig 
4-6), is compared to the ones without tracer (C, D, G and H in Fig 4-6), the tracer tests 
showed higher 232Th concentrations especially with crushed particles (E, F, G and H). 
This result is most probably due to the larger fraction of sorbed/precipitated 232Th in the 
tests without a tracer (G and H). In tests with 229Th tracer (E and F), the fraction of 
sorbed/ precipitated 232Th was smaller, due to the excess of 229Th. In tests with a pellet 
the concentrations of both 232Th and 229Th showed almost one order of magnitude 
difference between the parallel test A and B, however, the isotopic ratios of 229Th/232Th 
were quite similar after 40 days reaction period. Also the concentrations of 229Th and 
232Th were close to each other in the same test vessel, 10-10 mol /L in test A and  
10-11 mol /L in test B. In the parallel tests, E and F with 2 to 4 mm particles, both 
thorium isotopes approached the concentration level of 10-10 mol/L after 40 days 
reaction period. The pH was close to 8 in the beginning of the tests, and it increased to 
around 9 in the end of the experiments.  
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Figure 4-6. Results of investigation 3. The evolution of 232Th and 229Th concentrations 
in unfiltered samples. The tests were conducted in 0.01 M NaCl under Ar atmosphere. 
The tests A, B, C and D were conducted with a ThO2 pellet and the tests E, F, G and H 
with crushed 2 to 4 mm particles. Test C, D, G and H were run without tracer. 

 

4.3.4 Investigation 4 – Pre-tests for surface study 

In this investigation it was evaluated, if the sparingly-soluble ThO2 surfaces show some 
alteration during the dissolution and what the time span would be. The BSE images 
taken after leaching for 4 weeks in 1 M HNO3 at 80 °C revealed that the particles in the 
same reaction vessel showed quite different behaviour. Some of the particles or surfaces 
seemed to have acquired new precipitates. A few particles appeared pristine, with 
surfaces resembling those of the fresh and unreacted particles. Some particles showed 
indications of dissolution, like grain rounding and widening of the grain boundaries. 
Figure 4-7 presents one particle, which showed grain rounding and widening of the 
grain boundaries on one half of the particle. This particle also had an area in the middle, 
in which the grains and grain boundaries resemble the intact ones. The top part of the 
very same particle lacked clear grain boundaries and looked like it rather had some 
precipitate on the grains than that it had dissolved. 
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Figure 4-7. BSE images of ThO2 particle after 4 weeks of leaching with 1 M HNO3 at 
80°C. 

 

4.4 Conclusions 

The experiments showed that the solubility and dissolution rate of ThO2 depends greatly 
on the chemical conditions such as pH and ligands, which can form complexes. Also the 
surface properties and the crystallinity of ThO2 have some effects. The results indicated 
that the larger reacting surface area has an increasing effect on the dissolution rate. 
Similarly the precipitation/sorption reactions seemed also to happen faster in the test 
with higher surface area after initial release period.  

HR-ICP-MS, with magnetic sector field, allowed the analyses of dissolved Th 
concentrations of sparingly soluble ThO2 phases down to 10-12 mol/L. The solubility 
level of Th at pH 2 was a sligtlyy lower than the theoretical solubility of the crystalline 
ThO2. At higher pH scale, from 4 to 8, the measured levels (10-10 to 10-12 mol/L) were 
between the theoretical solubilities of ThO2 and Th(OH)4.  

The 229Th tracer experiments suggested that dissolution occurs simultaneously with the 
precipitation/sorption reactions. Vandenborre et al. (2010) have also revealed, when 
using 229Th spiking, that the dissolution/precipitation reactions are dynamic on the 
solid/solution interface. 
 
The results of the surface analyses indicated that the initial surface properties like grain 
size, porosity and grain boundary properties or/and the local chemical environment may 
also have some effect on the dissolution processes. 
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5 DISSOLUTION OF UO2 IN NATURAL GROUNDWATER 
(WP 4)  

by Kaija Ollila, Emmi Myllykylä, Tiina Lavonen and Merja Tanhua-Tyrkkö,  

VTT Technical Research Centre of Finland  

 

5.1 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. Experiments with spent fuel and alpha-
doped UO2 materials have shown that dissolved hydrogen suppresses the oxidation and 
dissolution of UO2 (e.g. Carbol et al. 2009, Eriksen et al. 1995, Fors et al. 2009, 
Grambow et al. 2008, Spahiu et al. 2004a, Spahiu et al. 2004b). One uncertainty 
concerning the dissolution rate of spent fuel is the effect of the composition of natural 
groundwater under alpha-radiolysis conditions. Until now, tests have been conducted 
mainly 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 (Vuorinen 
et al. 1998), which simulated fresh groundwater conditions, and in NaCl solutions with 
varying ionic strength (0.01-1.0 M) (Ollila et al. 2003, Ollila & Oversby 2004, 2005, 
Evins and Vähänen 2012, 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 increasing 233U doping level 
on the dissolution rate results could be observed under strongly reducing conditions 
established by metallic iron. 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). 
 
In this study, the dissolution experiments with 0, 5 and 10% 233U-doped UO2 samples 
are conducted using isotope dilution method in natural groundwater with three different 
compositions. All the experiments are performed under reducing conditions with 
corroding iron. 
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5.2 Experimental 

5.2.1 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. The geometric surface area of the particles was 
approximately 2 cm2 per g (This is the surface area of cubes with 3 mm sides and 
density 10). 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 5-1. 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).  

Table 5-1. The solid UO2 samples. 

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

 

5.2.2 Natural groundwaters 

Three natural groundwaters were chosen for the dissolution experiments, see Table 5-2. 
The brackish OL-KR6 groundwater from Olkiluoto site was from the depth of 135 to 
137 metres (borehole KR6/135/8). The salinity was 6268 mg L-1. The saline OL-KR5 
groundwater was from the depth of 457-476 metres (borehole KR5/457-476). The 
salinity was twofold compared with the previous one (12880 mg L-1). The third, fresh 
ONK-PVA1 groundwater was from a groundwater station of ONKALO, which is an 
underground rock characterization facility in Olkiluoto. The pH values of all 
groundwaters were slightly alkaline after sampling (Table 5-2). 
 
The groundwaters were sampled to glass bottles (500 mL) in Olkiluoto, the bottles were 
closed tightly and transported 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, 2 L). The measurements with 
Orbisphere Analyser showed that the water samples had got 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 chemistry was 
followed by pH measurements and alkalinity titrations (see Figures 5-1 and 5-2). The 
OL-KR6 groundwater samples apparently lost carbon dioxide when purging with Ar 
(Figure 5-1, left). 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 the total alkalinity stabilized, pH at 8.6 
and alkalinity at 0.70 mmol L-1 (Evins & Vähänen 2012). Minor changes were observed 
in OL-KR5 and ONK-PVA groundwater samples. The OL-KR5 groundwater samples 
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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. Both the alkalinity and pH of the 
ONK-PVA groundwater samples were measured to be higher than in the analyses after 
sampling in Olkiluoto but stayed at the same level afterwards.  
 
The dissolution tests with the initial equilibration with iron strips were not started until 
the pH and alkalinity of groundwater samples had reached a steady state. 
 
Table 5-2. Compositions for natural groundwaters used in the dissolution experiments. 
Units in mmol/L unless otherwise indicated. The analysis data are from the analyses 
performed after samplings in Olkiluoto. 

Brackish water Saline water Fresh water
OL-KR6 OL-KR5 ONK-PVA1

pH 7.7 8.1 7.9

Ammonium, NH4 0.018 < 0.001 0.026

Bicarbonate, HCO3 2.29 0.26 5.29
Bromide, Br 0.15 0.69 0.01
Calcium, Ca   12.73 43.66 1.32
Chloride, Cl 97.03 224.24 5.92
Dissolved Inorganic Carbon 2.00 < 0.25 5.08
Fluoride, F - 0.063 0.021
Iron, Fe (total) 0.0063 0.0036 0.0007
Iron, Fe2+ - - 0.0007
Magnesium, Mg 6.17 2.80 0.74
Nitrate, NO3 <0.00032 0.00048 < 0.0065

Nitrite, NO2 <0.00022 < 0.00022 < 0.0043
Nitrogen, N (total) 0.03 0.086 0.041
Non Purgeable Organic Carbon 0.47 1.58 0.66
Phosphate, PO4 - - 0.0032
Potassium, K 0.49 0.46 0.18
Silicate, SiO2 0.183 0.10 0.23
Sodium, Na  67.86 130.06 9.57
Strontium, Sr 0.068 0.19 0.0068
Sulphate, SO4 4.36 0.031 1.38

Sulphide, S2- - 0.062 0.004
Sulphur, S (total) 4.37 0.053 1.40

Total dissolved solids (mg L-1) 6268 12880 981
Carbonate alkalinity, HCl uptake <0.05 < 0.05 < 0.05
Total acidity, NaOH uptake 0.15 < 0.05 0.08
Total alkalinity, HCl uptake 2.3 0.27 5.3  
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Figure 5-1. pH and [HCO3
] for natural OL-KR6 (left) and OL-KR5 (right) 

groundwater samples after the transfer of the samples to the atmosphere of the glove 
box.  
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Figure 5-2. pH and [HCO3
] for natural ONK-PVA groundwater samples after the 

transfer of the samples to the atmosphere of the glove box.  
 

5.2.3 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. The measurements were performed with High Resolution 
ICP-MS. 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: 
 
235U/238Umeasured = (235Uinitial + 235Udissolved) / (

238Uinitial + 238Udissolved) 
 
By comparing the results of the calculations with the measured concentrations of U we 
can see whether precipitation is occurring. The detailed description of the method is 
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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 hexavalent 
U(VI). 

5.2.4 Test description 

The isotope dilution experiments in all three groundwaters 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 5-1). The surface area was based on the geometric surface area of the particles, 
which was approximately 2 cm2 per g. 
 
The isotope dilution tests were conducted consecutively in the different groundwaters: 
1) in brackish OL-KR6 groundwater, 2) in saline OL-KR5 groundwater and 3) in fresh 
ONK-PVA groundwater. The experimental procedure described in (Ollila et al. 2008) 
was followed. 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 values of the groundwater samples changed slightly due to the equilibration with Fe, 
being between 8.7 and 8.8 after the equilibration. The Eh was low, between -0.4 and
-0.3 V. A fresh iron strip (1.5 x 3 cm) was immersed in the solution. A fused silica 
saucer with the solid UO2 sample (1g or 3 g fragments) was immersed in the solution. 
Subsequently, an aliquot of the spike solution was added. The total [U] addition was 
3.4 x 10-9 mol L-1. The test vessel was closed and placed in an additional vessel to 
protect it from potential fluctuations in the trace oxygen level of the atmosphere of the 
glove box. The continuous oxygen measurement of the glove box showed the oxygen 
was normally below 1 ppm in the gas phase. The oxygen level of the leaching solution 
was reduced by the presence of iron. The spike solution was allowed to mix with the 
leaching solution for 2 hours before the initial sampling. The samplings were made at 
suitable intervals thereafter.  
 

5.3 Results and discussion 

5.3.1 Isotope dilution experiments with lower SA/V 

The measured 238U concentrations in the solutions in the isotope dilution tests with 5 
and 10% 233U-doped UO2 in all natural groundwaters are given in Figures 5-3 and 5-4 
and 4-5, respectively. The ratio of UO2 surface area to water volume in these tests was 
the lower one, SA/V= 5 m-1. The measured 238U concentration decreased at the early 
stages of dissolution. 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 analyses were performed with HR-ICP-MS. The typical relative standard deviations 
of the measurements (RSD) at the lowest concentrations (a few ppt) varied from 10 to 
30% with the first, brackish OL-KR6 water composition (TDS 6268 mg L-1). The 
samples were diluted in the ratio of 1 to 6 before the measurements due to the salinity of 
groundwater. The measured total U concentrations in the solution including the 235U 
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from the addition of the spike are given in Figure 5-6 for the tests in OL-KR6 
groundwater with the SA/V of 5 m-1 and 15 m-1 (12.5 m-1 for 10% 233U-doped). 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 because of the limited number of 
available 233U-doped solid samples. The U concentrations increased at the higher SA/V 
but decreased as a function of time being between 10-11 and 10-10 mol/l at the end of the 
tests. The U concentrations in the tests with 10 % 233U-doped UO2 were the highest at 
both SA/V. 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 (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) (Werme et al. 2004). The salinity 
of the second groundwater caused difficulties in the HR-ICP-MS measurements (Figure 
5-4). The concentrations were at ppt level and it was necessary to dilute the samples in 
the ratio of 1 to 12 before the measurements because the salinity was twofold (Total 
Dissolved Solids 12 880 mg L-1) compared with the first groundwater. Hence, the 
measurements for 235U/238U were not successful in all samplings (7, 20, 173 days) in the 
tests with the lower SA/V= 5 m-1 and the RSD was typically varying from 10 to 40%. 
The composition of the third fresh groundwater was beneficial for the analytics. 
Dilution of the samples in the ratio of 1 to 2 was sufficient. The results of the parallel 
tests were in good agreement. 
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Figure 5-3. Measured [238U] (lower data points) and [238U] calculated from the 
changes in 235U / 238U ratios (higher data points) 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 (SA/V=5 m-1). The error bars show the 
deviation from the average value of parallel tests. 
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Figure 5-4. Measured [238U](lower data points) and [238U] (higher data points) 
calculated from the changes in 235U / 238U ratios in OL-KR5 natural groundwater under 
reducing conditions (Fe). The results are average data of parallel dissolution tests with 
5 and 10 % 233U-doped UO2 fragments (SA/V=5 m-1). The error bars as above. 
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Figure 5-5. Measured [238U](lower data points) and [238U] (higher data points) 
calculated from the changes in 235U / 238U ratios in ONK-PVA natural groundwater 
under reducing conditions (Fe). The results are average data of parallel dissolution 
tests with 5 and 10 % 233U-doped UO2 fragments (SA/V=5 m-1). The error bars as 
above. 
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Figure 5-6. Total U concentrations ([238U]+[235U]) as a function of the fuel doping in 
the isotope dilution tests in OL-KR6 groundwater under reducing conditions (Fe). 
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The results in natural groundwaters are in agreement with previous results of isotope 
dilution tests in synthetic groundwaters (Ollila et al. 2003, Ollila & Oversby 2004, 
2005, Ollila 2008). For experiments with SA/V of 5 m-1, the changes in the measured 
235U/238U ratios in the solution show a higher release of 238U from the UO2 solid than 
suggested by measured 238U in solution. The scatter between the parallel tests is larger 
in some samplings for 5% 233U-doped samples in the tests in brackish OL-KR6 and 
saline OL-KR5 groundwaters. This may refer to differences in the crystal structure of 
the solid samples originating from the manufacturing process of the pellets. Another 
explanation is the analytical difficulties due to the low concentrations in the samples for 
analysis after dilution. The measuring results in the fresh ONK-PVA groundwater for 
the 5% 233U-doped sample show only small scatter. The results in the parallel 
dissolution tests with 10% 233U-doped samples are in good agreement in all three 
groundwaters. The 238U concentrations calculated from the changes in the 235U/238U 
ratios are higher and increase as a function of time but seem to level off at the end of the 
tests. The calculated 238U is higher because it 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 also suggested precipitation to 
occur. This is probably due to the strongly reducing conditions caused by iron.  
 
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 
Figures 5-7, 4-8, 4-9 (left). This is in agreement with previous findings in the presence 
of corroding iron 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 are the 
average values of the parallel tests. Under the prevailing anoxic conditions, the 
corrosion of iron in water will produce Fe2+ and H2. Both Fe2+ and H2 are reducing 
species and could react with oxidants from alpha radiolysis. Fe2+ may affect the 
oxidation and dissolution processes of UO2 by scavenging radiolytic oxidants, reducing 
oxidised surface sites or reducing dissolved U(VI). Dissolved Fe2+ reduces H2O2 
according to the Fenton reaction (Shoesmith 2007, Sutton et al. 1989). Shoesmith 
(2007) has concluded that Fe2+ concentrations of  10-5 mol/L can significantly suppress 
the rate of H2O2 production. Simulations by Jonsson et al. (2007) suggested that the rate 
of dissolution decreases by a factor of 50. Several experiments have shown that 
dissolved H2 suppresses the corrosion of UO2 in the experiments with spent fuel (Carbol 
et al. 2009, Fors et al. 2009, Spahiu et al. 2004, Röllin et al. 2001). Carbol et al. (2009) 
studied the effect of hydrogen on the corrosion of 10% 233U-doped UO2 pellet (similar 
to the doped UO2 used in this study) in synthetic dilute granitic water. They concluded 
that radiolytically produced oxidants were consumed in the system and the oxidation of 
the 233U-doped UO2 stopped.  

5.3.2 Isotope dilution experiments with higher SA/V 

In the second series of tests, the SA/V was increased threefold (15 m-1) with 0 and 5% 
233U-doped UO2 samples, and only by a factor of 2.5 (12.5 m-1) with 10% 233U-doped 
UO2 sample due to the smaller amount of the doped sample (Table 5-1). Unfortunately, 
no parallel tests were conducted in the second series of tests because of the limited 
number of the solid samples. The results gave a higher release of 238U from the 10% 
233U-doped UO2 sample in the tests in the brackish OL-KR6 groundwater, compared 
with 0 and 5% 233U-doped samples, see Figure 5-7 (right). No such difference was seen 
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in the tests in the saline OL-KR5 or fresh ONK-PVA groundwaters (Figures 5-8 and  
5-9). The reason is not known. The amount of added iron strips was the same in the 
same solution volume in both test series. It is possible that the highest 233U-doped UO2 
sample had enough alpha activity to cause oxidation by alpha radiolysis in this case, and 
the amount of corroding Fe was not sufficient to prevent oxidation. The OL-KR6 
groundwater had 0.15 mmol Br L1, but on the other hand the saline OL-KR5 
groundwater had a higher content (0.69 mmol Br L1) and no indication of alpha 
radiolysis was seen. This does not suggest an effect of Br, which has been discussed in 
the literature (Metz et al. 2008).  
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Figure 5-7. [238U] calculated from the changes in 235U/238U ratios vs. the doping level 
of the solid in the isotope dilution tests in OL-KR6 groundwater at SA/V= 5 m-1 (left) 
and at higher SA/V= 12.5-15 m-1 (right). 
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Figure 5-8. [238U] calculated from the changes in 235U/238U ratios vs. the doping level 
of the solid in the isotope dilution tests in OL-KR5 groundwater at SA/V= 5 m-1 (left) 
and at higher SA/V= 12.5-15 m-1 (right). 
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Figure 5-9. [238U] calculated from the changes in 235U/238U ratios vs. the doping level 
of the solid in the isotope dilution tests in ONK-PVA groundwater at SA/V= 5 m-1 (left) 
and at higher SA/V= 12.5-15 m-1 (right). 
 
The surface of iron strips present in the test solutions tarnished in the progress of the 
tests, especially in the tests with the higher SA/V. That happened very little in the 
previous experiments in synthetic goundwaters, whereas the surfaces stayed unchanged 
in most tests. A small amount of greenish 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 
these acid strip solutions. It was complicated because of the presence of dissolved small 
particles from the original UO2 solid. The presence of the dissolved particles was shown 
by the 235U/238U analyses of the acid strip solutions, according to the measured 
235U/238U close to the 235U/238U ratio of the solid UO2 (Table 5-1). 
 
The surface of the iron strips from the tests with the higher SA/V in brackish OL-KR6 
and saline OL-KR5 groundwaters was analysed with SEM/EDS. The results of analyses 
showed small amounts of U containing precipitates or particles to be present on the 
surface of iron strips. These precipitates contained also O, Si and Fe. Fe may be 
reflected from the Fe strip. Both the OL-KR6 and OL-KR5 groundwaters contained Si. 
It is possible that some Si has dissolved from the surface of silica saucers. Fine particles 
from original UO2 solid phases may also have loosened and adhered to the Fe surface. 
The shape and composition of the particle in Figure 5-10 suggests that may have 
occurred. The amount of U precipitates was too small for analyses with XRD. 
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Figure 5-9. SEM/EDS analyses of a particle on the Fe strip from the test with 10% 
233U-doped UO2 fragments in brackish OL-KR6 groundwater. 

 

5.3.3 Evaluation of dissolution rates 

The dissolution rates in the natural groundwaters were calculated using the equation: 
238

238
U

U

dcV
r

m dt
     (5.1) 

 
where V is the volume of the solution (0.04 L), m is the mass (g, see Table 5-1) 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. Similar equations have been used for other minerals 
in the literature, e.g. by Rozalen et al. (2008), Malmström (1996) and Brady & Walther 
(1990), as well as for ThO2 in this project. Linear fits were made to data points before 
the steady state of calculated [238U] had been attained. Figures 5-11, 5-12 and 5-13 give 
the fittings for the evolution of 238U release in the isotope dilution tests with the higher 
SA/V in the natural groundwaters. 
 
The resulting dissolution rates in natural groundwaters were generally somewhat higher 
than the rates measured previously in synthetic groundwaters under similar redox 
conditions established with corroding iron, see Tables 5-3 and 5-4. The method in 
previous studies was the isotope dilution technique, except in the experiments in 
modified Allard groundwater. In those experiments, the dissolution of U was analysed 
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by recovering all the [U] in the test vessel as carefully as possible (solution, surface of 
the test vessel and iron strip) at the end of the dissolution period. The dissolution rates 
were based on the total [U] found (Ollila & Oversby 2004, 2005).  
 
The lowest dissolution rates were measured in the saline OL-KR5 groundwater in the 
tests with the higher SA/V (Table 5-3). This is in agreement with earlier results in 
synthetic groundwaters. The increase in the ionic strength of NaCl solution seemed to 
have a decreasing effect on dissolution rate (Table 5-4). The corresponding rates in the 
tests with the lower SA/V in OL-KR5 groundwater were higher. In these tests, the low 
concentrations caused difficulties in analytics, hence the rates in the tests with higher 
SA/V are considered more reliable. The measured rates increased in the tests in the 
fresh ONK-PVA groundwater. This water had a high carbonate content (see Table 5-2). 
Higher rates were measured in the tests with the lower SA/V. 
 
A general trend towards higher dissolution of these solid UO2 samples in natural 
groundwaters after the dissolution tests in synthetic groundwaters may be related the 
reaction of the iron surface. The iron strips got black coloured precipitate on the surface 
in the progress of the tests in natural groundwaters. It is potential that the iron surface 
has not been equally effective in maintaining reducing conditions and forming hydrogen 
as in previous experiments. 
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Figure 5-11. The evolution of calculated [238U] in brackish OL-KR6 groundwater at 
higher SA/V (12.5-15 m-1). The slopes from linear fitting to the initial 67days are 
included. 
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Figure 5-12. The evolution of calculated [238U] in brackish OL-KR5 groundwater at 
higher SA/V (12.5-15 m-1). The slopes from linear fitting to all data points (200 days) 
are included. One data point (0% 233U, 28 days) was excluded, because the sample was 
considered to be contaminated by a small particle from original UO2 based on the 
results of analyses. 
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Figure 5-13. The evolution of calculated [238U] in brackish OL-KR5 groundwater at 
higher SA/V (12.5-15 m-1). The slopes from linear fitting to the initial 34 days are 
included. 
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Table 5-3. Dissolution rates of U (fraction/yr, based on mass of U) in natural 
groundwaters in the presence of corroding iron. Values in parenthesis are the rates per 
surface area unit (mol m-2 yr-1). 
 
UO2 solid 
doping 
level 

OL‐KR6 
Brackish  

 
SA/V= 5 m‐1 

OL‐KR6 
brackish 

SA/V=  
12.5‐15 m‐1 

OL‐KR5 
saline 

 
SA/V= 5 m‐1 

OL‐KR5 
saline 

SA/V=  
12.5‐15 m‐1 

ONK‐PVA 
fresh 

SA/V=5 m‐1 

ONK‐PVA 
fresh 

SA/V=  
12.5‐15 m‐1 

0% 233U  4.2 x 10‐7
 

(8.7 x 10‐6) 

3.0 x 10‐7

(6.3 x 10‐6) 

4.7 x 10‐7

(9.9 x 10‐6) 

8.3 x 10‐8

(1.7 x 10‐6) 

1.5 x 10‐6
 

(3.1 x 10‐5) 

6.0 x 10‐7

(1.3 x 10‐5) 

5 % 233U  1.0 x 10‐6
 

(2.1 x 10‐5) 

2.1 x 10‐7

(4.5 x 10‐6) 

2.8 x 10‐7

(5.8 x 10‐6) 

7.5 x 10‐8

(1.6 x 10‐6) 

1.1 x 10‐6 

(2.3 x 10‐5) 

4.4 x 10‐7

(9.2 x 10‐6) 

10 % 233U  2.1 x 10‐7
 

(4.4 x 10‐6) 

1.1 x 10‐6

(2.2 x 10‐5) 

3.4 x 10‐7

(7.0 x 10‐6) 

4.4 x 10‐8

(9.2 x 10‐7) 

1.2 x 10‐6
 

(2.6 x 10‐5) 

2.9 x 10‐7

(6.0 x 10‐6) 

 

Table 5-4. Dissolution rates of U (fraction/yr, based on mass of U) measured in 
synthetic groundwaters in the presence of corroding iron in previous studies. Values in 
parenthesis are the rates per surface area unit (mol m-2 yr-1). 
 
UO2 solid 
doping 
level 

0.01 M NaCl 
 

SA/V= 5 m‐1 

 

(NF‐PRO) 
(Ollila 2008) 

0.5 M NaCl

SA/V= 5 m‐1 

 (NF‐PRO) 

(Ollila 2008) 

1 M NaCl

SA/V=5 m‐1 

 (NF‐PRO) 

(Ollila 2008) 

synthetic groundwater, 
(Allard, modified) 

SA/V= 6.7 m‐1 

 (IN‐CAN) 

(Ollila & Oversby 2004,2005) 

0% 233U  1.5 x 10‐7 

(3.2 x 10‐6) 

1.0 x 10‐7

(2.6 x 10‐6) 

4.0 x 10‐8

(8.5 x 10‐7) 

1.0 x 10‐7
 

(2.8 x 10‐7) 

5 % 233U  7.0 x 10‐8
 

(1.45 x 10‐6) 

7.5 x 10‐8

(1.8 x 10‐6) 

2.5 x 10‐8

(5.0 x 10‐7) 

1.0 x 10‐7
 

(2.4 x 10‐6) 

10 % 233U  4.0 x 10‐8
 

(8.0 x 10‐7) 

6.0 x 10‐8

(1.3 x 10‐6) 

2.0 x 10‐8

(4.0 x 10‐7) 

1.0 x 10‐7
 

(2.7 x 10‐6) 
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5.4 Conclusions 

The isotope dilution tests with 0, 5 and 10% 233U-doped UO2 samples were conducted 
consecutively in brackish OL-KR6, saline OL-KR5 and fresh ONK-PVA natural 
groundwaters to study possible effects of alpha radiolysis on the dissolution rate of 
UO2. Two series of tests were performed in each groundwater, in which the ratio of UO2 
surface area to water volume was varied. 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. All the tests were conducted under strongly reducing conditions 
established by corroding iron. No clear effect of alpha radiolysis could be seen for tests 
with lower SA/V, while those for higher SA/V in brackish OL-KR6 groundwater 
indicated that the dissolution rate was higher for the 10% 233U-doped UO2, suggesting 
the effect of alpha radiolysis under these conditions. The resulting dissolution rates in 
natural groundwaters were generally higher than the rates measured previously in 
synthetic groundwaters. The lowest dissolution rates were measured in saline OL-KR5 
groundwater in the tests with higher SA/V, in agreement with previous studies in 
synthetic groundwaters. The rates increased in fresh ONK-PVA groundwater with high 
carbonate content. Further investigations are needed to confirm these results, including 
i.e. parametric experiments to understand the role of some elements from the 
groundwater to explain the higher dissolution rate compared to synthetic groundwater. 
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6 POST DISSOLUTION CHARACTERISATION OF CeO2 AND 
THO2 (WP5) 

 

By Claire L. Corkhill1, Emmi Myllykylä2
 , Daniel J. Bailey1, Stephanie M. Thornber1, 

Andrea Hamilton3,4, Pablo Maldonado5 and Neil C. Hyatt1  

1University of Sheffield.  
2VTT, 
3 University of Edinburgh, 
4 University of Strathclyde, 
5 Uppsala University. 
 

6.1 Introduction 

In Chapter 3 of this report, we described the effect of energetically reactive surface sites 
on the dissolution of particles of CeO2. In order to further understand how dissolution 
rates are affected by such high energy surface sites, it is necessary to investigate the 
condition of the starting solid surface and how it contributes to the measured dissolution 
rate. In this Chapter, we describe the morphology of CeO2 and ThO2 surfaces before and 
during dissolution at high temperature and at acidic pH using a multi-technique 
approach. We focus on the effects of natural defects (i.e. grain boundaries) and defects 
created through specimen preparation (e.g. sharp edges and atomic defects) on the 
measured laboratory dissolution rates. The data presented here are highlights of the 
work performed. A detailed account of the investigation is given in a forthcoming peer-
reviewed publication. 

6.2 Experimental methodology 

CeO2 pellets were prepared according to Stennett et al. (2013) and ThO2 pellets were 
prepared according to the methodology outlined in Chapters 2 and 4 of this report. CeO2 
pellets were ground and polished to a 0.05 μm finish with diamond paste, and ThO2 
pellets to 0.01 μm with a silica colloid solution. Both materials were annealed at 1500°C 
in order to develop a grain boundary texture at the surface. The final microstructures 
were in good agreement with those published for UO2-fuel (O'Neil et al., 2008) and 
SIMFUEL (Lucuta et al., 1991). Inert glue was applied to areas of the pellets, providing 
a non-reactive reference surface of constant height during the dissolution experiments. 
Dissolution experiments were performed at 90 °C and 150 °C in acidic media in a series 
of investigations: 1) annealed CeO2 and ThO2 dissolution at 90 °C in 0.01M HNO3; 2) 
annealed CeO2 and ThO2 dissolution at 150 °C in 0.01 M HNO3; 3) annealed CeO2 
dissolution at room temperature in 0.01 M, 0.1 M, 1.5 M, 3 M and 15 M HNO3; and 4) 
polished (i.e. not annealed to define grain texture) CeO2 dissolution at 150°C in 0.01 M 
HNO3. Dissolution experiments performed at 90 °C and 150 °C were sampled 
periodically during dissolution; samples were analysed by ICP-MS. Pellet surfaces and 
cross sections were imaged by SEM. Analysis of crystallographic orientation was 
performed using EBSD. Changes in surface morphology were monitored using ex-situ 
Atomic Force Microscopy (AFM), in-situ AFM and Vertical Scanning Interferometry 
(VSI). 
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6.3 Results 

6.3.1 Grain boundary dissolution 

The contribution of grain boundary dissolution to the overall dissolution rate of CeO2 
and ThO2 was investigated in 0.01M HNO3. Figure 6-1 shows the typical microstructure 
obtained for CeO2 and ThO2, giving grain boundary depths of < 1 μm.  

 

 

Figure 6-1. (a) AFM image of CeO2; and (b) VSI image of ThO2, both prior to 
dissolution. Images show typical features associated with the CeO2 and ThO2 
microstructure. 

Figure 6-2 shows VSI and SEM images of CeO2 after 7 and 21 days of dissolution at 
150 °C. 

It is clear that CeO2 dissolution was focused at grain boundaries and the pores between 
grains. After 7 days, grain boundaries were preferentially dissolved (Fig. 6-2a) and after 
21 days (Fig 6-2b) the grains became segregated from one another, developed a rough 
texture and were reduced in size (~ 5 μm, compared to an initial size of 10 – 30 μm). 
This suggests that dissolution occurs preferentially along the grain boundaries, such that 
intergranular bonding becomes weakened with ongoing dissolution, eventually resulting 
in grain boundary decohesion. This is confirmed by SEM images of the cross section of 
these samples, where the sample surface is just above the top of the field of view (Figs. 
6-2c and 6-2d). After 7 days, the grains and grain boundaries were clearly visible in 
cross section, and after 21 days the grains decreased considerably in size, in agreement 
with the surface topography shown in Fig. 6-2b. These data indicate that grain boundary 
dissolution in CeO2 is extensive and may be expected to contribute significantly to the 
overall dissolution rate.  

The aqueous dissolution data for these samples are shown in Figure 6-3a.  
The dissolution rate for CeO2 dissolved under these conditions was  
(2.31 ± 0.1) x 10-6 mol L-1 d-1. The initial dissolution rates, between 0 to 14 days, 
appeared to be more rapid than between 14 and 35 days. Under the same dissolution 
conditions, but at 90°C, the dissolution rate was significantly lower at  
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(2.00 ± 0.5) x 10-9 mol L-1 d-1. The same trend was shown, with an initial, rapid 
dissolution followed by a slower dissolution from 7 to 35 days (Fig. 6-3b). For ThO2 

dissolved at 150°C, no discernible trend was observed (Fig. 6-3c). Dissolution of ThO2 
at 90 °C, measured between 0 and 28 days (Fig. 6-3d) showed a very rapid initial 
dissolution between 0 and 7 days, at a rate of  
(1.3 ± 0.4) x 10-8 mol L-1 d-1. After this, the dissolution rate decreased significantly 
giving an overall dissolution rate from 0 to 28 days of (1.7 ± 0.9) x 10-9 mol L-1 d-1. This 
is in agreement with results from Chapter 4 of this report, which show that upon 
dissolution of ThO2 particles the Th concentration, especially in acidic solution, 
increases relatively rapidly. It is possible that this rapid dissolution rate increases Th 
concentrations to a point where polynucleation of Th-hydroxide colloids occurs. This 
amorphous phase re-crystallises and can form a protective layer on the surface of ThO2. 
During AFM investigation, the ThO2 pellets became rough and covered in a layer of 
unidentified material. It is possible that this layer prevents further dissolution of ThO2 at 
90 °C, while at 150°C, the lack of discernable dissolution trend may be due to the high 
temperature behaviour of the layer. 

 

 

Figure 6-2. (a)VSI image of CeO2 after 7 days of dissolution at 150 °C in 0.01 M 
HNO3; and SEM images of: (b) CeO2 after 21 days of dissolution; (c) cross-section 
image of (a); (d) cross section image of (b). 
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Figure 6-3. Dissolution data for CeO2: (a) at 150°C; and (b) 90°C in 0.01M HNO3; 
and for ThO2: (c) at 150°C; and (d) 90°C in 0.01M HNO3. 

Analysis of the CeO+ sample used to provide solution data in Fig. 6-3b was performed 
using AFM and EBSD. Figure 6-4 shows two grain boundaries, grain boundary 'A' and 
grain boundary 'B'. EBSD analysis of these boundaries gave mean misorientation angles 
of 36.0° and 59.8°, respectively. The dissolution of these boundaries was monitored 
over a period of 7 days (after which the surface became too rough to accurately 
measure) with reference to an inert surface mask of constant height. These 
measurements show that the grain boundaries became progressively deeper during 
dissolution, suggesting the removal of material from within the grain boundaries. The 
grain boundary retreat rates were found to be different in different grain boundaries. In 
the first day of dissolution, the retreat rate of grain boundary A was 0.13 nm on one side 
and 0.04 nm on the other (Fig. 6-4). Grain boundary B, retreated more rapidly, 
increasing in depth by 0.21 nm on one side, and 0.07 nm on the other. Therefore, the 
dissolution was greater for the higher misorientation angle boundary, which suggests 
that the crystallographic orientation of the grains and grain boundaries plays an 
important role in the dissolution of the grain boundaries in CeO2. Between 1 and 7 days, 
grain boundaries appeared to become shallower, most likely as a result of enhanced 
grain surface retreat at this time. It is possible that when CeO2 samples are contacted 
with dissolution media, a rapid loss of material from grain boundaries occurs, but after 
this time surface retreat rates increase and the surface dissolution may become the 
dominant dissolution mechanism.  
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Figure 6-4. Atomic force microscopy image and cross sections of CeO2 grains, with 
grain boundaries of low (A) and high (B) misorientation angles during dissolution at 90 
°C in 0.01M HNO3. 

 

6.3.2 Surface facet dissolution 

Surface facets comprising flat terraces separated by inclined steps were found on 
annealed grains of CeO2. These features were not identified on ThO2, possibly because 
these surfaces were quite rough, even after surface treatment. Because EBSD analysis of 
these grains was not possible (due to the multiple orientations arising from the facetted 
structures) facet orientation was determined according to geometric analysis of the 
angle between the surface plane (terrace) and the facet (step), according to Maldonado 
et al. (2013). Figure 6-5 shows detailed AFM images of the surface facets.  

 

 

Figure 6-5. Atomic Force Microscopy images depicting surface features of CeO2 spent 
nuclear fuel analogue surfaces: (a) ridge and valley structure formed by intersecting 
{111}/{100} planes and; (b) 3D representation of intersecting {111}/{100} planes. 
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The facets exhibited a ridge-and-valley morphology, with concentric facets stacked to 
build ridges at the grain edges and flat valleys in the centre of the grain. The difference 
in height between the ridges and valleys was up to 150 nm. The facet heights ranged 
from 0.25 nm to 5.82 nm, were unevenly spaced at distances <0.3 nm and were found to 
enclose an angle 125.4 ± 0.7°. This is indicative of a {111}/{100} planar orientation, 
which has a known angle of 125.26°. Facets observed in different grains (data not 
shown) were all found to comprise the {111} plane, which is known to be the most 
stable (Yang et al., 2004; Maldonado et al., 2013). In order to understand the dissolution 
of CeO2 facets, samples were subjected to in-situ high acidity dissolution tests at 
increasing concentrations of nitric acid, representing increasingly aggressive dissolution 
conditions. The heights of facets shown in Fig.6-5 in each solution are given in Table 6-
1. It was found that the addition of just 0.01M HNO3 resulted in a significant increase in 
height for most facets, compared to the height prior to dissolution. With increasing 
acidity, facet height change was variable, with some facets showing little change  
(Table 6-1). This variability suggests that these surface sites are highly dynamic, 
changing in response to the reaction medium, but with little observable trend. However, 
it is clear that upon initial immersion in the reaction medium dissolution of the facets 
occurred.  

Table 6-1. Facet edge heights in Figure 6-5b measured as a function of HNO3 molarity. 

 Facet height (nm) 
Nitric acid concentration Facet 1 Facet 2 Facet 3 Facet 4 Facet 5 
None 5.83 1.81 2.55 0.94 2.85 
0.01M 8.53 1.20 4.70 1.43 1.69 
0.1M 8.49 1.56 2.07 3.80 0.04 
1.5M 7.92 1.01 3.00 2.00 0.06 
3M 9.68 1.14 2.91 2.76 0.03 

 

It is likely that these high energy surface sites play a role in dissolution, however based 
upon the observation that only small changes occur in facet height (sub-nm scale) upon 
dissolution, compared with the large changes in grain boundary depth (sub-μm scale), 
the influence of facets on the dissolution rate may not be as significant as that of grain 
boundaries. It should be noted that these facet features result from specimen preparation 
and annealing, and are not expected to be present in spent nuclear fuel. 

6.3.3 Effect of surface polishing on dissolution 

High energy surface sites may also be induced through specimen preparation, leading to 
over-estimated laboratory dissolution rates. Surfaces of CeO2 were polished to a  
0.05 μm finish and subject to dissolution at in 0.01M HNO3. Images of polished 
surfaces after dissolution at 150°C are shown in Figure 6-6. The resulting dissolution 
data for 150 °C and 90 °C are shown in Figures 6-7a and b respectively.  
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Figure 6-6. VSI images of polished CeO2 surfaces after dissolution in 0.01 M HNO3 at 
150 °C for (a) 3 days; and (b) 7 days. 

 

 

Figure 6-7. Dissolution data for polished CeO2: (a) at 150°C; and (b) 90°C in 0.01M 
HNO3. 

After 14 days of dissolution, the pitted surfaces (Fig. 6-6a) developed a surface 
topography with higher and lower areas, indicating that dissolution had occurred (Fig. 
6-6b). The dissolution rate arising from the polished surface at 150°C was (2.78 ± 0.7) x 
10-5 mol L-1 d-1, an order of magnitude greater than for annealed CeO2 at the same 
temperature (2.31 ± 0.1) x 10-6 mol L-1 d-1, Fig. 6-3a). At 90 °C the same behaviour was 
observed, however the dissolution rate of the polished surface was found to be three 
orders of magnitude greater than an annealed surface ((2.31 ± 0.1) x 10-6 mol L-1 d-1 
compared to (2.00 ± 0.5) x 10-9  mol L-1 d-1, respectively). Polishing is known to the 
result in the formation of defects and high surface strain (e.g. Johansson et al. 1989; 
Saito et al. 2005). These results show that the introduction of defects to the surface 
through polishing leads to a significant increase in the observed dissolution rate. 
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6.4 Summary and conclusions 

 
Dissolution experiments were conducted on isostructural SNF analogues CeO2 and 
ThO2 to investigate whether the dissolution of energetically reactive surface sites may 
lead an over-estimation of dissolution rates. Grain boundaries, which are part of the 
natural texture of SNF, were shown to preferentially dissolve and a crystallographic 
control was exerted on dissolution, evident through the different retreat rates of grain 
boundaries with high or low misorientation angles. In addition to these natural high 
energy surface sites, energetically reactive sites formed through sample preparation 
showed an effect on dissolution rate. Facet structures formed during annealing also 
exhibited a crystallographic control involving the {111} plane. Upon introduction to 
dissolution media, they were found to change their morphology in response, suggesting 
a contribution to dissolution. Dissolution rates were shown to increase by up to 3 orders 
of magnitude as a result of surface polishing, due to the generation of surface defects 
and surface strain. 

We show that defects induced through sample preparation contribute to the dissolution 
rate; the dissolution from facets is low, therefore not likely to significantly over-
estimate long-term dissolution rates, however sample polishing without any further 
treatment is likely to cause over-estimation of dissolution rates. The effect of grain 
boundaries on the long-term dissolution rate requires further investigation; the results 
presented here show that their dissolution is complex.  
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7 AB INITIO MODELING OF SURFACE DEVELOPMENT OF 
FLUORITE-TYPE SOLIDS (WP 6)  

 
By Pablo Maldonado and Peter Oppeneer, Uppsala University 

 

7.1 Introduction 

In the recent years, the fast development of computer technology in parallel with the 
improvement of the modern computational modelling techniques, such as the density-
functional theory (Jones and Gunnarsson, 1989), has paved the way for accurate 
simulation of chemical reactions. These were hitherto impossible to address at the 
atomic level, i.e., at the quantum-chemical level of atoms reacting with each other. With 
these developments a new route has been initiated, which particularly avoids the 
complications and restrictions of studying dissolution and corrosion of fuel material 
under laboratory conditions. Consequently, this new methodology is a suitable 
alternative approach to study dissolution of UO2 spent fuel, where restrictions in 
handling the radioactive material severely limit the experimental operations. 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.  

Laboratory experiments estimate the dissolution rates of UO2 fuel material to be at least 
two orders of magnitude greater than those of natural uraninite in deep geological 
environments. This discrepancy results in an uncertainty with regard to possible 
changes of the dissolution rate over time. The hypothesis is that the surface “matures” 
during the long-term dissolution which occurs in nature, whereby sharp edges and 
surface defects are removed. The study of chemical reactions which lead to dissolution 
on clean, stepped surfaces in comparison to those happening at defective surfaces, 
through the use of first-principles simulations, is a route to improve the description and 
understanding of the dissolution of nuclear fuel. Once the chemical reactions taking 
place at different sites are understood, kinetic theory can be applied to study the 
dissolution rates in more detail in the future. The achieved results meanwhile provide 
insight in how the dissolution processes of spent uranium oxide fuel occurs at the 
atomic level. 
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7.2 Summary of research work undertaken in the first two years 

In the first two years of the project extensive ab initio modelling of the surfaces of UO2, 
as well as of its model surrogates CaF2, CeO2 and ThO2 was undertaken. These 
materials all crystallize in the cubic fluorite structure and share the same surface 
geometries. Stepped surfaces are considered to be of particular importance for the 
dissolution process, yet there is not much information available on how the geometry of 
the step edge relates to its dissolution. Classification and systemization are keys for 
recognizing trends. We have achieved the following results: first, it was shown that each 
stepped surface (as given by its Miller indices) can be uniquely classified as a terrace of 
one of the fundamental surfaces in the fluorite structure [(001), (111), and (110)], as 
well as a step in one of these three fundamental directions. Secondly, all stepped 
surfaces can be grouped together in six “families”, with respect to their terrace surface 
and their step direction. Thirdly, detailed ab initio calculations were performed for 
series of stepped surfaces. In particular, it was shown that clear trends exist in the 
calculated surface energies per surface area. This computed quantity was compared to 
measured retreat rates for individual Miller indexed surfaces on CaF2 and CeO2 in 
solution. A very good agreement of the computed and measured trends was obtained 
(Maldonado et al., 2013). This shows that the surface energy per surface area is the 
essential quantity to predict trends in retreat rates. Also, it shows that the determining 
factor for the surface stability is the geometry of the step. As this property is the same 
for CaF2 and CeO2 (and UO2) the same stability trends and retreat rates are predicted for 
these three materials. This holds true even despite the obvious chemical differences 
between the elements involved, but these do not affect the trends. 

 

7.3 Main research directives and work undertaken in the third 
year 

During the last year of the project we have studied the reaction of water with flat and 
stepped surfaces of UO2. To allow for the possibility of water adsorption as we vary of 
temperature and water partial pressure, we have included thermodynamic effects 
through the use of ab inito atomistic thermodynamics. 

Currently, we have submitted a publication (Maldonado et al. 2014) in which we have 
shown that dissociative (chemi-)adsorption of water on the flat (111) surface is, for 
atmospheric pressure, feasible at room temperature. Moreover, the stepped (221) and 
(211) surfaces have been found to be more reactive for any pair of temperature-pressure 
variables. In addition, we computationally predict a different behaviour of the dynamics 
of the reaction occurring on the step or at the terrace of the surface. This difference in 
the reaction gives rise to different, site-dependent reaction rates. This can be regarded as 
clear evidence for the importance of different sites on the dissolution processes.  

 

7.4 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 ingredient and it needs to be properly 
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chosen. In the calculations we have used the local spin density approximation (L(S)DA) 
as the exchange-correlation functional along with the DFT+U methodology, in which an 
additional Hubbard U parameter is introduced for the 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 occupation matrix control approach (see e.g. 
Dorado et al. 2013) has been used to avoid metastable states rising from the use of 
DFT+U formalism. 

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 U and O atoms the (5d,5f) and (2s,2p) states, 
respectively, were treated as valence states. 

 

Bulk fluorite crystals have the face centered 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 (666 in the bulk and 331 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 force for each atom was 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. 

In order to analyse the thermodynamic effects of the different water reactions on UO2 
surfaces when exposed to water environments, we have used ab initio atomistic 
thermodynamics. This approach assumes that the system is in thermodynamic 
equilibrium with a gas phase environment, which is treated as a reservoir, therefore 
exchanging particles with the system without changing its chemical potential.  

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 



66 

and at “Triolith” cluster, NSC-Linköping; a typical usage within WP6 is around 200 
000 CPU hours per month. Nonetheless, the computational modelling is relatively low-
cost compared to actual laboratory experiments. 

 

7.5 Results of ab initio modelling 

7.5.1 Water adsorption onto (111) UO2 

As pointed out in the previous annual report, the (111) surface is the most stable UO2 
surface at vacuum and at dissolution experiments. Besides, it is the main constituent (as 
terrace or step) of many other surfaces (Maldonado et al. 2013). Hence, the presence of 
water on this surface is not only of essential relevance to understand the chemical 
interactions which lead to corrosion or morphology modification, but it is also important 
as a reference frame for the study of adsorption on other surfaces. 

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 the two variables makes this description computationally inaccessible. 
To overcome this problem we have used AIMD simulations to probe the configuration 
space of the adsorbed molecules at a given temperature.  

The use of AIMD simulations at 300 K directs all the possible initial water 
configurations to only two final adsorbed structures, i.e. dissociative adsorption and 
(non-dissociative) molecular adsorption (see Figure 7-1 a and b, respectively). The 
dissociative adsorption in which the water molecule splits into one OH group and one H 
atom has been found to be the most stable reaction configuration with an adsorption 
energy of Eads = -1.12 eV. This quantity indicates the value of the binding energy of the 
water molecule to the surface per simulation cell i.e.,  

/   (7-1) 

where / ,  and  are the DFT+U energies obtained for the 
adsorbed-molecule surface, clean surface and isolated water molecule, respectively. 
Moreover the non-dissociative adsorption energy of the molecular adsorption is Eads = -
1.10 eV, showing also a high stability. Therefore, it is not surprising to find that the 
dissociation of the water molecule on top of the surface is virtually a barrierless process. 



67 

 

Figure 7-1: Side view of the two distinct adsorption structures of water adsorption onto 
(111) surface of UO2. (a) Dissociative adsorption (forming OH and H) and (b) non-
dissociative water adsorption. The numbers represent the bond lengths in Å.  

 

The feasibility of the dissociative water adsorption as a function of temperature and 
water partial pressure, , is indicated in the ab initio computed phase diagram in 
Figure 7-2, highlighting with a shaded area the region of temperature and water partial 
pressure where the dissociate adsorption is feasible. Here it is important to note that the 
dissociative adsorption of water is for atmospheric pressure (given by ln(PH2O/P0) =0) 
already feasible at room temperature. For the molecular adsorption a similar phase 
diagram has been calculated. 
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Figure 7-2: Ab initio computed phase diagram of dissociative adsorption of water 
molecule on the (111) UO2 surface. The blue line indicates the range of water partial 
pressures at which the water molecule desorbs at room temperatures.  

 

The water dissociative adsorption produces a hydroxylated surface (i.e. surface with 
hydroxyl groups attached) which is highly relevant for investigations of the UO2 
dissolution mechanisms.  

To assess the effects of water coverage on the adsorption energy we have analysed the 
adsorption of one, two, three, and four water molecules onto the (111) surface, which 
corresponds to 0.25, 0.50, 0.75 and 1.00 monolayers (ML) coverage, respectively. A 
mixed adsorption geometry characterized by a combination of molecular and 
dissociated water molecules is found. The calculated adsorption energies for the 
different water coverage’s studies are given in Table 7-1. The varying values of 
adsorption energy are due to competition of two processes, i.e. the formation of efficient 
H-bondings with the surface that strengthens stability, and the repulsive interaction 
between the water molecules. 

Table 7-1: Calculated water adsorption energies per water molecule (Eads) on the (111) 
UO2 surfaces, as a function of the water coverage. 

Coverage (monolayers) 0.25 0.50 0.75 1.00 

Eads (eV) -1.12 -1.23 -1.13 -1.09 

 



69 

The feasibility of the adsorption at different coverages as a function of temperature and 
water partial pressure has also been studied. These investigations showed that the least 
stable configuration is the 1.0 monolayers (ML) coverage. On the other hand, at 
medium temperatures (until about 1175 K) the most stable water coverage configuration 
is 0.50 ML, changing to 0.25 ML for higher temperatures. 

 

7.5.2 Water adsorption on stepped UO2 surfaces 

To predict dissolution reactions due to the continuous change of the material when 
dissolving, it is essential to consider the water adsorption onto different morphologies, 
as this provides information about the reactivity of different sites and unveils the 
importance of considering steps in dissolution processes.  

We have study the adsorption of one water molecule and its thermodynamics 
boundaries on the stepped (211) surface. The adsorption of the water molecule triggers a 
modification of the surface morphology, exposing one of the U atoms, and making the 
surface more susceptible to subsequent dissociative reactions (see Figure 7-3). Due to a 
stronger adsorption, Eads = - 2.39 eV, the feasibility to find water adsorption on the step 
edge of the (211) surface is higher than that on the (111) terrace, and it is more stable 
upon modification of the temperature and pressure (Figure 7-3). 

When increasing the water coverage we have found two clearly distinct adsorption sites, 
namely, adsorption on the terrace and adsorption on the step edge. The adsorption on 
the terrace follows the same adsorption behaviour as the above studied case of 
adsorption on the flat (111) surface. On the other hand, the adsorption on the step edge 
consists of a dissociative adsorption where the OH groups sit on the edge and the H 
atoms bind to neighbouring superficial oxygen atoms (see Figure 7-4). The adsorption 
energy is computed to vary from -2.20 to -2.40 eV, depending on the coverage of the 
step. The main consequence of the large difference in the adsorption energy on the 
different sites is that the adsorption reaction occurs as combination of two processes that 
can be analysed separately. This idea is illustrated further in the phase diagram in Figure 
7-4, where the thermodynamic boundary conditions of both reactions are shown. The 
adsorption on the step occurs for a large variation of temperature and water partial 
pressure, making the step the more probable site where the dissolution process can 
occur. 
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Figure 7-3. Top image: Side view of the one-molecule water adsorption onto the step edge of 
the (211) UO2 surface (bond lengths in the inset are given in Å). Bottom image: Computed phase 
diagram of water molecule adsorption on the edge of the (211) surface. The shadowed 
area represents the region where the reaction is exothermic. 
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Figure 7-4. Top image: Side view of the three-molecules water adsorption on the (211) UO2 
surface. Bottom image: the computed pressure-temperature phase diagram of the reaction. 
The shadowed areas indicate the regions where the reaction is feasible, only at the step 
(yellow) or at the step and the terrace (brown).  
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A similar behaviour to the adsorption onto the (211) surface is found for the (221) 
surface. The water adsorption is more likely on the step edge than adsorption on the 
terrace for a wide range of temperatures and pressures. This tendency is consequently 
expected for any fluorite material with stepped surfaces, since, as we showed in 
previous reports, the (111) surface is the most stable fluorite surface. 

7.6 Summary and conclusions 

The work performed in this work package has shown that each stepped surface of the 
fluorite structure (as given by its Miller indices) can be uniquely classified as a terrace 
of one of the fundamental surfaces in the fluorite structure [(001), (111), and (110)], as 
well as a step in one of these three fundamental directions. This has lead to the 
observation that clear trends exist in the calculated surface energies per surface area. 
This computed quantity was found to agree well with experimental retreat rates that 
were measured in solution for individual Miller indexed surfaces on CaF2 and CeO2.  

Continued work involved ab initio thermodynamics calculations, to investigate the 
reactivity of fluorite surfaces with water. The conclusion is that UO2 surfaces present in 
nuclear fuel materials will always react with water under equilibrium conditions 
(atmospheric pressure and room temperature), leading to water dissociation. Thus, this 
work has allowed the description of the first step of dissolution of the fuel material from 
first principles.  
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8 COORDINATION AND MANAGEMENT (WP7 & WP8)  

 

By L.Z. Evins, SKB 

This chapter describes the achievements with regards to coordination and management, 
with a focus on communication, outreach and dissemination during the project.  

8.1 Project Communication  

The REDUPP Communication Action Plan (CAP) describes the following tools used 
for communication and dissemination: Participation in conferences, meetings and 
workshops external to the project, scientific publications, annual reports, web-site, 
newsletter, articles in professional magazines & press releases. In addition, project 
internal and external direct communication is carried out via email.  

The fulfilment of the CAP is assured by the activities described in the following 
sections.  

8.1.1 Participation in external conferences, meetings and workshops 

Name of conference Place Date Who presented 
Spent Fuel Workshop 
2012 

Avignon, France April 2012 Evins & Ollila 

E-MRS 2012 Strasbourg, France May 2012 Maldonado 
Goldschmidt 2012 Montréal, Canada June 2012 Corkhill 
EURADISS Montpellier, France October 2012 Evins 
MRS 2012 Boston, USA November, 2012 Corkhill 
Goldschmidt 2013 Florence, Italy August, 2013 Corkhill 
Migration 2013 Brighton, UK September, 2013 Myllykylä 
MRS 2013 Barcelona, Spain October, 2013 Maldonado 
Euradwaste’13 Vilnius, Lithuania October, 2013 Evins & Hyatt 
SKIN Final workshop Barcelona, Spain November, 2013 Corkhill 
 

8.1.2 REDUPP Publications 

Peer-reviewed papers  

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/op2013.90 
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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. 

5. Ollila K., Myllykylä, E., Tanhua-Tyrkkö, M. and Lavonen. T. (2013). 
Dissolution rate of alpha-doped UO2 in natural groundwater. Journal of Nuclear 
Materials 442 (2013) 320–325. 

6. Maldonado, P., Evins, L.Z., Oppeneer, P.M., (Submitted). Ab Initio Atomistic 
Thermodynamics of Water Reacting with Uranium Dioxide Surfaces". 
Submitted to Journal Physical Chemistry.  
 
Manuscripts in preparation at the time of writing:  
 

7. Myllykylä, E.,. Lavonen, T., Stennett, M., Corkhill, C., Ollila, K., Hyatt, N. (In 
prep) Dissolution study of ThO2 with analogue microstucture to UO2 of nuclear 
fuel matrix. To be submitted to Radiochimica Acta.  

 
8. Corkhill, C. L., Myllykylä, E., Bailey, D. J., Thornber, S. M., Hamilton, A., 

Maldonado, P., Stennett, M. C. and Hyatt, N. C. (In prep). The contribution of 
energetically reactive surface features to the dissolution of CeO2 and ThO2 
analogues for spent nuclear fuel. To be submitted to Acta Materialia.  

 

Annual project reports 

1. Evins, L.Z. and Vähänen, M (Eds), 2012: REDUPP First Annual Report. Posiva 
Working Report 2012-28, 44 p. 

2. Evins, L.Z. and Vähänen, M (Eds), 2013: REDUPP Second Annual Report, 
Posiva Working Report 2013-15, 55 p. 

3. Evins, L.Z., Juhola, P. and Vähänen, M (Eds), 2014: REDUPP Final Report, 
This report. 

Conference reports and proceedings 

1. Stennett, M.C., Corkhill, C. L., Bailey, D. Thornber, S., Hyatt, N.C., 
Maldonado, P., Oppeneer, P.M., Myllykylä E., Ollila K., Vähänen M., Salo V., 
and Evins, L. Z. (2013). Investigating the Effect of Surfaces During Dissolution 
of Materials with a Fluorite Structure (REDUPP). In Valls, Buckau and Duro 
(Eds.) Proceedings of the EURADISS 2012 Workshop, JRC Scientific and 
policy reports, JRC 81587, pp A95-A108.  

2. Evins, L. Z., Corkhill, C. L., Stennett, M.C., Hyatt, N.C., Maldonado, P., 
Oppeneer, P.M., Myllykylä E., Ollila K., Godinho, J., Juhola, P. and Vähänen 
M. (2014). How the surface properties of spent nuclear fuel materials influence 
dissolution: Results of the REDUPP project. In: Proceedings of the 8th 
European Commission conference on the management of radioactive waste, 
Euradwaste´13, 14-16 October 2013, Vilnius, Lithuania (in preparation). 

3. Corkhill, C.L., Bailey, D.J., Thornber, S., Stennett, M.C., and Hyatt, N.C. 
(2014). The disposal of spent nuclear fuel: The effect of high energy surface 
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sites on dissolution rate. P20, In. In: Proceedings of the 8th European 
Commission conference on the management of radioactive waste, 
Euradwaste´13, 14-16 October 2013, Vilnius, Lithuania (in preparation). 

4. Maldonado P., Godinho, J.R.A., Evins, L.Z. and Oppeneer, P.M. (2014). Surface 
Reactivity and Dissolution of Spent nuclear Fuel: The Value of First-principles 
Computational Modelling, P21. In: Proceedings of the 8th European 
Commission conference on the management of radioactive waste, 
Euradwaste´13, 14-16 October 2013, Vilnius, Lithuania (in preparation). 

 

Newsletters 

1. REDUPP NEWSLETTER No. 1 September 2011 

2. REDUPP NEWSLETTER No. 2 June 2012 

3. REDUPP NEWSLETTER No. 3 September 2012 

4. REDUPP NEWSLETTER No. 4 May 2013 

5. REDUPP NEWSLETTER No. 5 March 2014  
 

Professional magazines and other publications 

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

2. Evins. L.Z. (2013) REDUPP - the final steps. In: Pan European Network 
Science and Technology vol. 7, June 2013, pp 66-67.  

3. Evins, L.Z. (2014) Rate of spent fuel dissolution In: Pan European Network 
Science and Technology vol. 10, March 2014, p 58. 
 

Abstracts 

1. Maldonado P, Oppeneer, P.O. (2012) First-principles investigations of surface 
defect formation energies and adsorption reactions. Abstract for E-MRS Spring 
2012 - Symposium E, Strasbourg, France.   

2. Corkhill C, Bailey D, Stennett M & Hyatt N (2012) Reducing the Uncertainty of 
Spent Nuclear Fuel Dissolution: An Investigation of UO2 Analogue CeO2. 
Mineralogical Abstract to Goldschmidt 2012, Montréal, Canada. Mineralogical 
Magazine, 76(6) 1599 

3. Corkhill C, Thornber, S, Bailey D, Stennett M & Hyatt N (2012) Reducing the 
Uncertainty of Nuclear Fuel Dissolution: An Investigation of UO2 Analogue 
CeO2 Abstract to MRS Scientific Basis for Nuclear Waste Management 
XXXVI, Boston, USA, Nov 25-30 2012. 

4. Corkhill C, Bailey D, Thornber S, Stennett M & Hyatt N (2013) The Disposal of 
Spent Nuclear Fuel: The Effect of High Energy Surface Sites on Dissolution 
Rate. Abstract for Goldschmidt, Florence, Italy. Mineralogical Magazine, 77(5) 
917 
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5. Myllykylä, E., Lavonen, T., and Ollila, K. (2013) Effects of surface morphology 
on dissolution of ThO2. Abstract PA1-5, Migration 2013, Brighton, UK.  

6. Maldonado, P Godinho, J, Evins, L.Z. and Oppeneer, P. (2013) Ab Initio 
prediction of surface stability of fluorite materials and experimental verification. 
Abstract to MRS Scientific Basis for Nuclear Waste Management XXXVII, 
Barcelona, Spain, Sep30 -Oct 03 2013.  

7. Evins et al, 2013. How the surface properties of spent nuclear fuel materials 
influence dissolution: Results of the REDUPP project. Euradwaste’13 
programme and Abstracts, page 52. 

8. Corkhill et al, 2013. The disposal of spent nuclear fuel: The effect of high 
energy surface sites on dissolution rate, Euradwaste’13 programme and 
Abstracts, page 94. 

9. Maldonado et al, 2013. Surface Reactivity and Dissolution of Spent Nuclear 
Fuel:The Value of First-principles Computational Modelling, Euradwaste’13 
programme and Abstracts, page 96. 

8.1.3 Web site (external and internal) 

The project website, www.skb.se/REDUPP has been 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.  

8.1.4 Press releases 

Research collaboration between The University of Sheffield and Japan was described by 
a press release and this 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.  

8.1.5 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. 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 informal 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. The First Annual meeting 
was held in Stockholm in April 2012, and the second annual meeting was held in 
Sheffield in May 2013. The Third and Final meeting was arranged as an open 
conference, and was held in Stockholm 18-21 February. This was attended by 60 people 
both from Europe and overseas.  
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8.2 Training: the REDUPP Lecture Series  

 
The REDUPP Lecture series, with the theme Surface reactivity and surface processes 
during dissolution, is now finished. In total, nine lectures were held.  

The lecture series started in conjunction with the first Annual Meeting on the 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 9 September 2012 in conjunction with the second 
informal Workshop in Uppsala.  

 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. 

Five lectures, #4 to #8, were held in Sheffield 7 May 2013 in conjunction with the 
second annual meeting:  

 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 lectures.  

 The final lecture, REDUPP Lecture #9, was held in Stockholm on the 19 February 
2014: 

 Rodney C Ewing (Stanford University): "The simplicity and complexity of the 
fluorite structure"  

This lecture was held in conjunction with the final REDUPP meeting, and there was an 
audience of ca 60 people.  
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9 SUMMARY  

The uncertainties investigated in the REDUPP project relate to how well results from 
laboratory experiments correspond to the expected dissolution behaviour of UO2 in a 
repository setting. Experiments to determine dissolution rates of alpha-doped UO2 have 
been performed, using natural groundwater rather than synthetic groundwater. Surface 
maturation and the effects of changing surface geometry during dissolution have been 
explored using structural analogues such as CaF2, CeO2 and ThO2. These materials have 
same crystal structure as the spent nuclear fuel matrix. The samples were carefully 
prepared and the solid-state characteristics of the samples were documented before and 
after dissolution. Data and information from the experiments are used in collaboration 
with theoretical modelling work, employing ab intio and molecular dynamics 
simulations, for the ultimate goal of developing a theoretical model for dissolution on 
fluorite-type materials.  

The samples were carefully prepared and characterised prior to dissolution. The 
solutions were analysed with ICP-MS or HR-ICP-MS, and post-test characterisation 
were performed using various methods, including Atomic Force Microscopy and 
Vertical Scanning Profilometry. The first-principles modelling was performed using 
DFT with the local spin-polarized density approximation and an additional Hubbard 
term (DFT+U), to account for strong f-electron interactions. Each surface was modelled 
using slabs consisting of several (up to 40) p(1x1) -unit cell atomic layers separated by a 
vacuum layer bigger than 15 Å, and repeated periodically throughout space.  

9.1 Surface effects on dissolution 

Experiments involving a CeO2 pellet show that the grain boundaries have undergone 
significant dissolution compared to the pristine sample; etch pits have formed in some 
of the grain surfaces (mostly triangular in shape) and some grains appear to have 
dissolved more than others, as shown by the height contrast between grains. Preferential 
leaching of some grains and the presence of triangular facets suggests some degree of 
crystallographic control.  

To test for the effects of defects introduced during sample preparation, some CeO2 
samples were annealed at higher temperatures prior to dissolution. The normalised 
dissolution rate for the annealed particles is significantly lower during the first ~40 days 
of leaching than for the non-annealed particles. This shows that defects introduced 
during sample preparation causes more rapid initial dissolution, something which is 
expected to affect the experimental results but not dissolution in the long-term in a 
repository. An issue important for both laboratory and repository is regarding ThO2 
solubility and dissolution is the significant effect of the formation of 
carbonate/hydroxide complexes. The HR-ICP-MS analyses revealed that, at pH between 
4 and 8, the measured levels (10-10 to 10-12 mol/L) were between the theoretical 
solubility of ThO2 and Th(OH)4. The results indicate an effect of surface properties and 
a positive correlation between reacting surface area and the dissolution rate was 
observed. The use of a 229Th tracer revealed that the dissolution to occurs in coincidence 
with precipitation and/or sorption in the vessel. Clearly, the crystallinity of the solid 
being dissolved also needs to be taken into account, since the solubility of ThO2 is very 
low, and reprecipitated material may have an effect on the results. Regarding surface 
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characteristics, some ThO2 particles presented grain rounding and widening of the grain 
boundaries. 

The normalised dissolution rate data for CeO2 indicate that continued dissolution may 
involve four stages. Stage one is fast initial dissolution that occurs between 0 and 7 
days; stage two is slightly less rapid dissolution, occurring from 7 to 42 days; this 
changes to slower dissolution of stage three, between 42 to 150 days until finally, in 
stage four, a steady state dissolution rate appears to have been reached. Post-test 
observation of a CeO2 monolith shows preferential dissolution from the exposed grain 
boundaries. This may be connected to the first stage of fast dissolution observed from 
normalised leaching. Comparing investigations of the CeO2 samples before and after 
dissolution show that 1 – 5 µm pores on the surface 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. It is clear that the methods used for removing fines prior to 
dissolution did not succeed in removing those within present within pores. Therefore, 
these fines within pores may contribute to the initial dissolution, together with other 
rapidly dissolving surface features, such as grain boundaries. Using an AFM, it was 
possible to measure the evolution of the grain boundaries and pores in a polycrystalline 
sample of CeO2. The depths of both features were first increased, during rapid initial 
dissolution, to later be shallower during a slower dissolution phase.  

9.2 Effect of natural groundwater 

The UO2 dissolution was performed in three different natural groundwaters with 
varying salinity. It should be noted that, as before, the isotopic analyses reveal 
dissolution-reprecipitation reactions in the vessel. The surface of iron strips had black 
colour at the end of the tests, especially in the tests with the higher surface area to 
volume ratio. A small amount of green iron precipitates was also observed on the 
surface of the saucers, on which the solid UO2 samples were placed during the tests. The 
hypothesis tested here is that trace elements in the natural groundwater may interfere 
with the reactions caused by alpha radiolysis of the water. Increasing the SA/V up to  
15 m-1 results in higher precision of the analyses and more reliable data. Generally, the 
resulting dissolution rates of UO2 solid samples increased in comparison with the 
previous studies in synthetic groundwaters under similar reducing conditions with Fe. 
Tests in the brackish OL-KR6 groundwater suggested an effect of alpha radiolysis, 
which has previously not been noticed. The doping level of the UO2 solid did not have 
effect on the dissolution rate in saline (OL-KR5) or fresh (ONK-PVA) groundwaters. 
The lowest dissolution rates, which are in agreement with previous results, were 
measured in the saline groundwater (OL-KR5), notably the water with the highest Br 
content. Somewhat higher dissolution rates were measured for the fresh water (ONK-
PVA), which has the highest carbonate content. 

9.3 First-principles modelling of the fluorite surface  

A theoretical model of the fluorite surface can be built by first considering the crystal 
structure of the fluorite materials, which is face centred cubic (fcc). The most stable 
surfaces for this structure are known to be those with the lowest Miller index, i.e. the 
(111), (110) and (100) surfaces. These are reference planes which one use for a 
description of higher Miller indexed surfaces. Each analysed surface can be described as 
a stepped surface made of terraces and steps made out of these reference planes. In this 



81 

project we have only considered monoatomic height of the step. All the stepped 
surfaces studied in this work are classified according to the terrace and step directions. 
By using this surface model we have established a general expression for the surface 
formation energy of the vicinal surfaces that only depends on the geometry of the planes 
involved. We have found that the surface formation energy of any surface within a 
family of vicinal surfaces can be written as a function of the number of atomic rows of 
the terrace, the surface formation energy of the reference surface and a constant that 
depends exclusively on the structure of the surface. This means that the surface 
formation energy of any stepped surface only depends on the surface formation energy 
of the reference plane, the size of the reference plane and the step direction. This 
approach leads to the observation that surface formation energies of any vicinal surface 
of CaF2 can be solely obtained from the surface formation energy of the reference 
surfaces and from the geometrical structure of the surfaces. 

Due to varying bond and ion interaction characteristics, the general expression for 
surface formation energies for CaF2 is not valid for a material different from CaF2; 
however, we have found that there exists a proportionality relation between the surface 
formation energies of the different materials. This allows the extension of the model 
from CaF2 to other fluorite materials. Consequently, in this way we can easily describe 
the surface formation energy of any stepped surface of a fluorite material. 

Having established a model for the surface, the next step is to describe reactions on 
these surfaces. Chemical reactions will happen in solution, and thus, the first step is to 
describe the interaction between the surface and water, i.e. hydration of the surface. For 
this, both Ab Initio Molecular Dynamics and atomistic thermodynamics have been 
applied. This allowed a description of the reactivity of fluorite surfaces with water. The 
conclusion is that UO2 surfaces, present in nuclear fuel materials, will always react with 
water under equilibrium conditions (atmospheric pressure and room temperature), 
leading to water dissociation. Thus, this work has allowed the description of the first 
step of dissolution of the fuel material from first-principles.  

9.4 Conclusions 

 The CeO2 experiments show fast initial leaching rates followed by slower leach 
rates. Studies on monolithic, polycrystalline samples show fast grain boundary 
dissolution, and the formation of triangular etch pits suggests a crystallographic 
control on leaching.  

 The ThO2 experiments show that chemical conditions such as pH and presence 
of complexing ligands elevate the Th solubility and affect the dissolution rate. It 
was shown that dissolution to occurs in coincidence with precipitation and/or 
sorption in the vessel, and the crystallinity and surface features of the dissolving 
material affect the dissolution.  

 The three different natural groundwaters affect 233U-doped UO2 dissolution 
differently; however they all result in a slightly elevated dissolution rate 
compared to previous experiments with synthetic groundwater. The dissolution 
rate was higher for the 10% 233U-doped UO2 than for the 0 and 5% 233U-doped 
UO2 in brackish OL-KR6 groundwater, suggesting the effect of alpha radiolysis. 
This difference is only seen in samples with high surface area to fluid volume 
ratio, indicating that the effect is related to the exposed surface. Significantly, 
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dissolution rates are lowest in the most saline groundwater, which contains the 
highest amount of trace elements such as Br. The addition of an isotope tracer 
reveals that dissolution occurs in conjunction with precipitation and/or sorption 
in the reaction vessel.  

  First-principles modelling of fluorite surfaces has been used to establish surface 
energies and to predict the order of surface stability. A combination of terraces 
and steps oriented in the directions of crystallographic reference planes is used 
to express the surface formation energy as dependent on the geometry of the 
planes involved.  

 Reactions of these surfaces H2O have been described using Ab Initio Molecular 
Dynamics, and atomistic thermodynamics. This shows that dissociative 
chemisoprtion of water will always occur on UO2 surfaces under ambient 
conditions, leading to a hydroxylated surface. This is the first step in 
mechanistically describing, from first principles, the dissolution reaction.  

 Overall, measured dissolution rates are affected both by surface properties and 
by fluid composition. Notably, the crystallographic structure of the exposed 
surface also influences the interfacial reactions. These parameters should be 
carefully considered when measuring dissolution rates in the laboratory, and 
when extrapolating these rates far into the future.  
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Preparation and characterisation of CeO2 and ThO2 analogues for UO2 nuclear 
fuel 

M. C. STENNETT*, C.L. CORKHILL and N. C. HYATT  

*Immobilisation Science Laboratory, Department of Materials Science and Engineering, 
The University of Sheffield, UK. (m.c.stennett@sheffield.ac.uk) 

The behaviour of spent nuclear fuel under geological conditions is a major issue 
underpinning the safety case for long-term disposal. Release of radioactivity from the 
geological repository is controlled by the dissolution of spent fuel in ground water. 
Dissolution is largely governed by the surface stability of a material; therefore, it is 
necessary to investigate the microstructure and surface properties of spent fuel prior to 
and during dissolution. The use of spent nuclear fuel or its main component, UO2, in 
laboratory dissolution experiments is problematic due to issues surrounding 
radioactivity and redox sensitivity. It is, therefore, necessary to produce suitable non-
radioactive, non-redox sensitive analogues that closely resemble nuclear fuel in terms of 
crystallography and microstructure so that we can gain a better understanding of how 
changes in the sample surface affect dissolution rates measured in the laboratory. We 
describe the preparation and characterisation of UO2 fuel analogues, CeO2 and ThO2, to 
be used to investigate nuclear fuel dissolution under realistic repository conditions in 
the REDUPP research programme. The densification behaviour of several cerium 
dioxide powders, derived from cerium oxalate, and ThO2 powder were investigated to 
aid the selection of suitable powders for fabrication of fuel analogues for powder 
dissolution tests. CeO2 powders prepared by calcination of cerium oxalate at 800 °C and 
sintering at 1700 °C gave samples with similar microstructure to UO2 fuel and 
SIMFUEL, including grain size and orientation and porosity. ThO2 was prepared by 
direct sintering at 1700 °C, and also gave microstructures comparable to UO2 fuel. We 
detail the methodology used to prepare these materials and provide a detailed 
characterisation of the morphology, crystallography and chemistry of the surfaces of the 
samples. 
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The effect of high energy surface sites on the dissolution rate of a spent nuclear 
fuel analogue CeO2 

C. L. CORKHILL*, D.J. BAILEY, J.L. PROVIS AND N.C. HYATT  

*Immobilisation Science Laboratory, Department of Materials Science and Engineering, 
The University of Sheffield, UK. (c.corkhill@sheffield.ac.uk) 

Spent nuclear fuel contains a number of different high energy surface sites, including 
grain boundaries, step edges and naturally occurring surface 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. 
Furthermore, when simulating the dissolution of spent fuel, or an analogue such as 
CeO2, material is often crushed to enhance the dissolution process. Crushing can result 
in the production of high energy surface sites.  

In this work package of the REDUPP project, we aim to reduce the uncertainty 
surrounding dissolution of spent fuel by evaluating the effect of surface defects (both 
natural defects and those induced by crushing) 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 high temperature and low pH (90 °C, pH 2 with nitric 
acid). CeO2 was crushed to several different size fractions and subject to dissolution. In 
the 25 – 50 μm size fraction it was found that removal of high energy surface sites by 
annealing at high temperature resulted in lower dissolution rates than for non-annealed 
powder. At high annealing temperatures the grain size increased; the result was a further 
decrease in dissolution rate, suggesting that grain boundaries also contribute to the 
dissolution rate. For crushed particles at 25 – 50 μm, 75 - 150 μm, 300-600 μm and 2-4 
mm, contrary to expectations, it was shown that larger particles dissolved more rapidly 
than smaller particles. This is likely to result from the larger density of high energy 
surface sites in larger particles. These results demonstrate that a variety of high energy 
surface sites affect the dissolution spent nuclear fuel analogues and provide quantitative 
information to reduce uncertainty in the safety case for spent nuclear fuel disposal. 
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The solubility and dissolution rate of crystalline ThO2  

E. MYLLYKYLÄ*, K. OLLILA and T. LAVONEN  

*VTT Technical Research Centre of Finland, P.O. Box 1000, FI-02044 VTT 
(emmi.myllykyla@vtt.fi)  

The objective of this study was to investigate the solubility and initial dissolution rate of 
crystalline of ThO2 and preliminary observe surface changes during the dissolution. 

In literature, the solubility values of ThO2, as well as the hydrolysis constants of 
thorium show great discrepancies (Vandenborre et al., 2010). The main reasons for the 
discrepancies are the tendency of Th to undergo polynucleation and colloid formation, 
its strong absorption to surfaces, and the low solubility of Th4+ hydroxide and hydrous 
oxide. The solubility values have been observed to depend on the crystallinity of ThO2, 
but the surface phenomena of the oxide may also play a role in the dissolution.  

Prior to the experiments, the sintered ThO2 pellets were made to meet an ideal 
composition and microstructure similar to fluorite structure of UO2 fuel. Making of the 
pellets is described in detail elsewhere (Stennett et al, 2011).The surface topography and 
crystal orientation on the surface of the ThO2 pellet were analysed with confocal 
profilometry and EBSD (Electron Backscatter Diffraction). The surface analyses 
showed a microstructure similar to UO2 fuel pellets; randomly oriented crystals with 
grain size from 10 to 30 μm. 

Pre-experiments on solubility and dissolution rate were conducted with 2 to 4 mm 
crushed ThO2 particles in 0.1 M NaCl and 0.01 M NaCl (with 2 mM NaHCO3) 
solutions under atmospheric conditions for 115 days. The actual dissolution experiments 
were conducted with two particle sizes, 60 to 180 μm and 2 to 4 mm in 0.1 M NaCl or 
0.01 M HNO3 in an Ar glove- box. In some of the tests isotopic exchange with 229Th 
was used to discover the reversibility of the surface reactions. These experiments were 
conducted with solid pellet or 2 to 4 mm particles. The concentration of Th in unfiltered 
and ultrafiltered samples was analysed with HR-ICP-MS. 

In the experiments, the concentration level of Th (≥10-9 mol/L) at pH ≤ 4 followed the 
theoretical solubility of crystalline ThO2. HR-ICP-MS enabled to analyze 
concentrations of sparingly soluble hydrolyzed Th phases down to 10-12 mol/L, which 
prevails at higher pH values. The solubility and dissolution rate of ThO2 was found to 
depend on the complexing ligands and the pH of the solution, but particle size had also 
an effect. The dissolution/precipitation behaviour of ThO2 surfaces varied within a 
single reaction vessel, and differences in the evolution of surfaces were also observed 
even for a single particle. Possible causes of the observed surface changes might be the 
initial morphology, surface properties like porosity and grain size or/and local micro 
level chemical environment, which may occur in a reaction vessel with no agitation.  

References: 

Stennett, M.S., Chapman P.M., Corkhill C.L. and Neil C. Hyatt (2011). REDUPP 
Deliverable 1.1 (found on the REDUPP web page, www.skb.se/REDUPP)  
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Dissolution rate of alpha-doped UO2 in natural groundwater 

K. OLLILA*, E. MYLLYKYLÄ and T. LAVONEN  

*VTT Technical Research Centre of Finland, P.O. Box 1000, FI-02044 VTT 
(kaija.ollila@vtt.fi)  

The objective of this work was to determine whether the presence of trace elements in 
natural ground waters affects the dissolution rate of uranium dioxide in the presence of 
alpha radiation that causes radiolysis of water. The project aims to reduce uncertainties 
related to the extrapolation of the results of laboratory experiments to the conditions 
expected under geologic disposal. Thus far, synthetic groundwater has been normally 
used in the experiments. The synthetic ground waters used do not contain all of the 
chemical elements that occur in natural ground waters. Three natural ground waters 
were chosen for the dissolution experiments with 0, 5, 10 % 233U-doped UO2 
fragments. These include a brackish groundwater (borehole 135-137 m, TDS 6268 mg 
L-1), a saline groundwater (borehole 457-476 m, TDS 12 880 mg L-1) and a low ionic 
strength groundwater (ONKALO groundwater station, TDS 980 mg L-1). After 
samplings, the groundwater samples were allowed to stay in Ar atmosphere in the glove 
box and the stability of the waters was followed by pH measurements, alkalinity 
titrations and elemental analyses. The measurements for dissolution rates were 
conducted under strongly reducing conditions established by corroding iron. The 
isotope dilution method was used to decrease uncertainties due to precipitation and 
sorption effects. Two different ratios of UO2 surface area to groundwater volume, 
SA/V=5 and 12.5 … 15 m 1, were applied in the tests. The surface area was based on 
the geometric surface area of the particles. High Resolution ICP-MS measurements 
were made on all samples to determine 238U concentrations and 235U/238U ratios. The 
resulting dissolution rates in natural ground waters were generally slightly higher than 
the rates measured previously in synthetic ground waters under similar redox 
conditions. The lowest rates were measured for the saline groundwater composition. No 
effect of alpha radiolysis could be seen in the tests with lower SA/V. The results of the 
tests at higher SA/V in brackish groundwater indicated that the dissolution rate was 
higher for the 10% 233U-doped UO2 at the early stages of dissolution, suggesting the 
effect of alpha radiolysis under these conditions. The U concentrations in the solutions 
were at the early stages of the tests at the level of the solubility of amorphous UO2 (10-
9.5 to 10-8.5 M, Fors et al. 2009), but decreased as a function of time being between 10-
11 and 10-10 M at the end of the tests. The lower concentrations, especially in the tests 
with the lower SA/V, suggest the precipitation of a more crystalline UO2 solid.  

References: 

Fors, P., Carbol, P., Van Winckel, S., K. Spahiu, K. (2009) J. Nucl. Mater. 394 (2009)1-
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Evolution of the surface morphology of spent fuel analogues CeO2 and ThO2 
during dissolution 

C. L. CORKHILL*, E. MYLLYKYLÄ, D. J. BAILEY, S. M. THORNBER, K. 
OLLILA AND N. C. HYATT  

* Immobilisation Science Laboratory, Department of Materials Science and 
Engineering, The University of Sheffield, UK. (c.corkhill@sheffield.ac.uk) 

Spent nuclear fuel has a characteristic morphology including grain boundaries, which 
are randomly orientated, step edges and pores. These high energy surface sites were 
replicated in UO2 analogue materials CeO2 and ThO2 (Stennett et al., 2013). The aim of 
this study was to investigate the role of these features during dissolution, and how they 
contribute to the overall dissolution rate of the material.  

Monoliths of CeO2 and ThO2 were polished to a 0.25 μm finish with diamond paste and 
annealed at 1500°C to develop grain boundaries. Electron back scatter diffraction was 
conducted to identify the crystallographic orientation of grains of interest. Due to the 
highly refractory nature of CeO2 and ThO2, dissolution was conducted at high 
temperature and low pH (90°C or 150°C, pH 2 with nitric acid).  

Changes in surface morphology were measured using atomic force microscopy and 
vertical scanning interferometry and dissolution was monitored through analysis of the 
coexisting aqueous phase. Grain boundary dissolution was rapid during the initial 
dissolution period; CeO2 grain boundaries increased in depth by ~0.5 μm during the first 
7 days of dissolution at 90°C. This was concurrent with a rapid dissolution rate. The 
dissolution rate decreased when grain boundaries became shallower, indicating that 
surface, rather than grain boundary dissolution was the dominant process. At longer 
times and high temperature, dissolution along the grain boundaries resulted in the 
removal of entire grains from the surface. It was also found that grain boundary 
dissolution rates were dependent upon crystallographic orientation of the grains. These 
results highlight the important contribution of grain boundaries to the dissolution of 
spent nuclear fuel, important when considering the distribution of fission products at 
grain boundaries. 

References: 
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Ab initio prediction of surface stabilities and atomistic estimation of 
thermodynamics and coverage dependence of water reactions with UO2 
surfaces 

P. MALDONADO*, L. Z. EVINS , P. M. OPPENEER  

*Department of Physics and Astronomy, Uppsala University, Box 516, SE-75120 
Uppsala, Sweden (pablo.maldonado@physics.uu.se)  

Utilizing first-principle simulations [based on density functional theory (DFT) corrected 
for on-site Coulomb interactions (DFT+U)], we develop a model to explain the 
experimental stability in solution of materials having the fluorite structure. It is shown 
that the stability of a surface is mainly dependent on its atomic structure and the 
presence of sites where atoms are deficiently bonded. Hence, we are able to predict the 
surface formation energy and the surface energy of any high Miller-indexed plane. 

Comparison with experimental results shows a correlation between the trends of dry 
surface energies and surface stabilities during dissolution of both CaF2 and CeO2, even 
though the chemical processes of dissolution of CeO2 and CaF2 are different 
(Maldonado et al, 2013). 

Moreover we study the adsorption reaction of water on the different UO2 surfaces. We 
establish the thermodynamic boundaries which delimits the feasibility of the water 
adsorption at the studied surfaces. The water coverage effects have also been taken into 
consideration. We find that the water adsorption reaction on stepped surfaces can be 
analysed as two separated reactions, the water adsorption on the step edge and the water 
adsorption on the terrace. The stability upon modification of the water partial pressure 
and the temperature is analysed (Maldonado et al., submitted).  

References: 
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117, 6639-6650 

Maldonado, P., Evins, L. Z. and Oppeneer, P. M. Submitted to The Journal of Physical 
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REDUPP Lecture Series: 9th and Final Lecture  

 

The Simplicity and Complexity of the Fluorite Structure 

R.C. EWING 

Stanford University, Stanford, CA 94305 (rewing1@stanford.edu) 

 

The isometric fluorite structure-type is one of the most common arrangements of AX2 
compounds, with many hundreds of different compositions and a wide array of lower 
symmetry structural derivatives. This structure was explicitly solved by W.L. Bragg in 
1914, although the close packed structure had been anticipated by William Barlow just 
a few years before. The face centered cubic (fcc) structure is one of the first learned by 
students of the solid-state. Physical properties, such as cleavage, are easily related to the 
structure, and the structure is often used to illustrate the applicability of Pauling’s Rules, 
thoroughly discussed by Pauling in The Nature of Chemical Bond in 1939. This 
apparent simplicity, however, actually hides a beautiful complexity that becomes 
apparent in nuclear materials, such as UO2 and PuO2. The variable oxidation states of 
the actinides, lead to more complicated formulae, UO2+x and PuO2-x, in which defects, 
interstitials and vacancies, play a major role in their stability and properties. Further, 
complicated substitutions are possible, such that the formula is necessarily expanded to:  

(U4+
1-x-y-zU

6+REE3+
yM

2+
z)O

2+
x-(0.5y)-z 

The distribution of defects and impurities remains critical to understanding the 
behaviour of actinide oxides in a nuclear reactor, in a geologic repository, and at very 
high pressures. Recently, first-principles molecular dynamics simulations have clarified 
some of the properties of the classic Willis defect cluster, showing that it is actually a 
dynamic combination of different defect structures. 

Additionally, derivative structures can be obtained by creating multiples of the basic 
fluorite unit cell. The pyrochlore structure (A2B2O7) is simply the fluorite structure with 
a doubled cell edge, due to the presence of two cations, and a single anion vacancy. This 
2x2x2 repeat of the basic fluorite-motif can be further extended to a 3x3x3 motif, 
forming murataite (A6B12C4TX40-x). Although the complexity of the formula increases 
as these multiples expand the volume of the unit cell, e.g., out to 5x5x5 or 7x7x7 
structures, the basic structural features of the fluorite structure persist. Relevant to the 
performance of nuclear waste forms, the radiation response of these materials depends 
critically on the presence of vacancies and the ability to disorder over cation and anion 
sites. Finally, a wide array of structures – such as, zirconolite, hexagonal tungsten 
bronze, -phase, bixbyite – are derivatives of the fluorite-structure.  
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Keynote Speakers  

 

Structural and microstructural effects during the dissolution of oxide-based 
ceramics: Consequences on evolving reactive surface  

N. DACHEUX*, F. TOCINO, L. CLAPAREDE, D. HORLAIT, N. CLAVIER, A. 
MESBAH AND S. SZENKNECT 

*ICSM – UMR 5257 CEA/CNRS/UM2/ENSCM, Site de Marcoule, BP 17171, 30207 
Bagnols/Cèze cedex, France (nicolas.dacheux@icsm.fr) 

Actinides mixed dioxides are considered as reference fuels in several nuclear reactors 
concepts (including Gen III and Gen IV). They could also act as matrices for the 
recycling of minor actinides, either directly in the core or in fertile blankets. Based on 
their potential reprocessing or their long-term storage, the consequences on their 
chemical durability of structural and microstructural parameters coming from their life 
cycle (including preparation) have to be carefully considered.  

This study was first focused on the dissolution of (MIV,LnIII)O2 and (MIV,MIV)O2 
samples (with MIV = Th, U, Ce ; LnIII = La-Yb), as model compounds for future mixed 
oxides fuels, and led to evidence the often described role of conventional parameters 
(temperature, acidity or nature of dissolution medium, …). Moreover, a particular 
attention was also paid to structural (chemical composition and homogeneity, crystal 
structure…) and microstructural (crystallization state, density, pore size and 
distribution, …) ones.  

On the one hand, the incorporation of trivalent lanthanides in CeO2 or ThO2 was found 
to drastically increase their normalized dissolution rates, due to the formation of oxygen 
vacancies weakening the crystal structure (Horlait et al. 2011, 2012a, 2012b). In the 
opposite, the nature of tetravalent cation (Th, Ce) did not significantly affect the 
chemical durability of the ceramics. Another important effect of composition was found 
to arise from the cationic homogeneity of the solid solutions considered. Such effect 
was particularly observed for Th1-xUxO2 samples, whose dissolution is often promoted 
by redox reactions involving U(IV). In these conditions, the kinetics of alteration was 
generally slowing down when improving the distribution of cations at the microscopic 
scale, namely by using wet chemistry routes of preparation (Hingant et al, 2009). 

On the other hand, microstructural parameters were generally found to be significant 
only for samples of high chemical durability, i.e. ThO2, CeO2, and derived solid 
solutions (Claparede et al 2011a, 2011b). In such compounds, the presence of crystal 
defects could influence the kinetics as much as the acidity of the leachate while 
crystallite size, grain size or densification rate remain second order parameters. 
Nevertheless, these latter parameters must be taken into account carefully when 
studying the evolution of the solid/solution interface. Indeed, ESEM observations 
performed in operando during the dissolution process allowed imaging the preferential 
alteration zones for several solids which can be located either within the grain 
boundaries, triple junctions or through intragranular corrosion pits. Also, it allowed 
pointing out the effect of surface heterogeneities on the dissolution kinetics as well as 
the strong evolution of the reactive surface during the dissolution of the ceramics 
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(Szenknect et al 2012; Horlait et al, 2014). This information appears of main importance 
when working with normalized dissolution rates and led to consider limit cases for 
using such variables. 
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Mineral and glass dissolution: New thoughts on an old problem 

A. LUTTGE *^, C. FISCHER, R.S ARVIDSON, and I KURGANSKAYA. 

*MARUM, Univ. Bremen, Germany (aluttge@marum.de)  

^ Rice University, 6100 Main Street, Houston TX 77005, USA (aluttge@rice.edu) 

Rate variations in mineral dissolution experiments are up to 2.5 orders of magnitude and 
there are even higher estimates for natural systems. At the same time, there is increasing 
concern that rate constants may not be used as material constants. These concerns are 
spreading while industrial societies rely critically on comprehensive dissolution and 
corrosion rates for problems generated for example by depositing nuclear waste.  

Understanding the processes involved in fluid-solid interactions ultimately demands 
knowledge of the reaction kinetics. Techniques allowing high-resolution observations of 
dissolving crystals have greatly improved our understanding of reaction kinetics at a 
variety of scales. Atomic force microscopy and vertical scanning interferometry can 
reveal reaction mechanisms and permit tests of working hypotheses. However, 
understanding the substantial complexity and heterogeneous distribution of surface 
reactivity cannot be provided by simple observation alone, but requires advances in 
fundamental theory. Model simulations of molecular-scale processes provide the critical 
link between nano-scale surface observations of crystal dissolution and the 
phenomenological result at scales of environmental importance.  

Here we present the concept of rate spectra as an alternative (Fischer et al., 2012). This 
concept is based on the fact that dissolution rates depend critically on the energy 
distribution on solid (e.g., crystal) surfaces. While this new concept appears more 
complex at a first glance, such an alternative has a number of pros. It leads directly to an 
approach that combines experimental results that can be generated with sophisticated 
analytical tools and comprehensive theoretical methods such as kinetic Monte Carlo 
simulations (Kurganskaya and Luttge, 2013). Our new approach provides the capability 
of predicting crystal dissolution mechanisms and rates.  
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Radiation induced dissolution of UO2 and spent nuclear fuel 

M. JONSSON  

School of Chemical Science and Engineering, Applied Physical Chemistry, KTH Royal 
Institute of Technology, SE - 100 44 Stockholm, Sweden (matsj@kth.se)  

Radiation induced dissolution of the UO2 matrix of spent nuclear is a key-process in the 
safety assessment of a geological repository for spent nuclear fuel. In the safety 
assessment, a fuel age of at least 1000 years is usually considered. For obvious reasons, 
such material is not accessible for experimental studies. Instead, experimental work has 
been carried out on relatively fresh spent fuel, pure UO2 and doped UO2. In terms of 
complexity, spent nuclear fuel and pure UO2 represent the two extremes.  

Studies on pure UO2 or doped UO2 are necessary for understanding mechanistic details 
of radiation induced dissolution of spent nuclear fuel. Such knowledge is essential for 
the development of models capable of predicting the dynamics of radiation induced 
dissolution of spent nuclear fuel under repository conditions. However, studies on 
model compounds can never reproduce the full complexity of the relevant material. In 
this presentation, the applicability of experimental results from simple model systems 
on the dynamics of spent nuclear fuel dissolution is discussed. This includes reactions 
between aqueous radiolytic oxidants and the fuel/ UO2 surface, H2 inhibition of 
radiation induced dissolution and the impact on various groundwater components on 
these processes. 
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Session A: Surface reactivity  

  

Monitoring the dissolution of Ce1-xNdxO2-x/2 model oxides in nitric media: new 
insights from operando techniques 

D. HORLAIT, L. CLAPAREDE, N. CLAVIER, S. SZENKNECT*, J. RAVAUX, B. 
CORSO, N. DACHEUX  

*ICSM – UMR 5257 CEA/CNRS/UM2/ENSCM, Site de Marcoule, BP 17171, 30207 
Bagnols/Cèze cedex, France (stephanie.szenknect@cea.fr) 

In the framework of the GenIV program, the physico-chemical properties of some 
foreseen fuels, including the chemical durability during reprocessing step, have to be 
evaluated. In this aim, dissolution tests of CeIV1-xNdIIIxO2-x/2 sintered pellets were 
conducted in nitric acid. In order to extensively investigate the microstructural evolution 
of such model compounds and collect information dealing with leaching mechanisms 
and evolution of surface reactivity, original operando experimental set up 
(environmental SEM, grazing incidence XRD, X-ray reflectivity…) were developed. 

The dissolution is initially characterized by a non-congruent regime which was 
correlated to the development of a submicrometric Nd-enriched layer at the material 
surface by the means of GI-XRD. Simultaneously, XRR data showed the development 
of a surface layer of 40 Å of low electron density. 

In the same time, environmental SEM monitoring indicated important topological 
modifications. Indeed, from a microstructural point of view, grain boundaries dissolve 
preferentially during the first dissolution step due to their relative weakness compared 
to the bulk material while crystal defects, screw and edge dislocations, constitute the 
second kind of preferential dissolution zone and induce the formation and growth of 
corrosion pits, mainly of pyramidal shape. 

This indirectly led to an increase of the accessible material surface, as evidenced by 
both ESEM images analyses and specific surface area measurements, and thus to an 
increase of the normalized dissolution rate. Both microstructural parameters are then 
responsible for a significant and non-linear increase of the reactive surface developed at 
the solid/liquid interface. 

At the opposite, the formation of gelatinous phases, acting as diffusion barriers (thus 
slowing down the dissolution process) was also evidenced for the longest dissolution 
times studied. 
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Thorium oxide solubility behaviour versus the surface crystalline state 

T. SUZUKI-MURESAN*, J. VANDENBORRE, K. PERRIGAUD and B. GRAMBOW 

*SUBATECH, Unité Mixte de Recherche 6457, Ecole des Mines de Nantes, 
CNRS/IN2P3, Université de Nantes, 4 rue Alfred Kastler, BP 20722, 44307 Nantes 
cedex 03, France. (tomo.suzuki@subatech.in2p3.fr) 
 

In literature, huge discrepancies are reported in solubility values and it is now accepted 
that the surface solid state may have influence on the determination of the solubility 
values. The aim of the work in SKIN-project was to re-assess the solubility of ThO2 (s) 
in the pH range 3 to 7 as a function of the surface crystalline state.  

Previous studies indicated that thorium oxide solubility is very much dependent on the 
material at the grain boundary. With the use of powdered material, the cleaning of the 
surface is expected to be more effective, so that artefacts derived from pre-altered 
surface phases will be minimised. The attainment of apparent solubility equilibrium was 
followed by analysing 232Th with time. In condition close to equilibrium, half of the 
solution was removed and kept for desorption experiment. In the remaining half 
solution in the experiments, 229Th trace was added to the solution/solid system and the 
isotopic exchange was monitored by Q-ICP-MS. In all solution analyses, colloids were 
removed by ultra-filtration at 10kDa but Th analyses of colloidal material were included 
in the mass balance. Once 229Th uptake on the surface has reached a steady state, 
desorption experiments was performed putting the solids with a 229Th enriched surface 
into the previously conserved solution without 229Th. Typical duration of experiments is 
longer than a year. Different analytical techniques will be used for solution and solid 
analyses: Q-ICP-MS, SEM, XRD and BET-method. 

Synthesis of the solid oxide has been performed with different calcinations temperatures 
(RT, 700°, 900°and 1300°C) in order to obtain 4 crystalline states of oxide Thorium 
with different ratio of grains vs. grain boundaries. In addition, separation of ThO2 
crystallized kernel from the coating layers of HTR of ThO2 has been conducted. These 
two methodologies have provided samples of the oxide with different crystallinity, i.e., 
grain size. 

Dissolution, 229Th/232Th isotopic exchange and desorption measurements have been 
conducted in the acidic pH range and the results compared with available data in the 
literature. Results show the relationship between the crystalline state of the ThO2 
surface and the relative enrichment in 229Th at the solid/solution interface. 
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The Influence of Trivalent Dopants on the Structural and Electrochemical 
Properties of Uranium Dioxide 

M. RAZDAN and D. SHOESMITH* 

*Department of Chemistry, Surface Science Western, Western University, London, 
Ontario. N6G 0J3 (dwshoesm@uwo.ca) 

 

We are investigating the influence of trivalent rare earth dopants on the structure, 
composition and electrochemical reactivity of UO2 using SEM/EDX, XPS, Raman 
spectroscopy and a range of electrochemical techniques. This is being achieved by 
comparing the behaviour of undoped UO2.002, 1.5at% SIMFUEL, and two RE(III) doped 
UO2 specimens (6wt% Gd- UO2 and 13wt% Dy- UO2).  

The electrochemical reactivity decreases in the order  

UO2.002 > SIMFUEL > Dy- UO2 > Gd- UO2 

Indicating that the influence of RE(III) doping depends not only on the content but also 
on the specific dopant. Raman spectroscopy shows the decreased reactivity as a 
consequence of RE(III) doping appears to be attributable to the formation of REIII-OV 
(O vacancy) clusters whose formation decreases the availability of the OV required to 
accommodate the injection of OI (interstitials) during anodic oxidation. 

Additional studies on Gd- UO2 in HCO3
-/CO3

2- containing solutions show that doping 
inhibits both matrix oxidation (to UIV

1-2xU
V

2xO2+x) and the subsequent oxidation to 
UO2(CO3)x

(2-2x)+. This second reaction step appears to be controlled by the 
electrochemical oxidation of UV to UVI not the subsequent chemical dissolution step. 
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Surface Science Study of Spent Fuel Corrosion Processes using Thin Film Model 
Systems 

 
T. GOUDER 

European Commission, Joint Research Centre – Institute for Transuranium Elements 
(JRC-ITU), Herrmann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, 
Germany (Thomas.GOUDER@ec.europa.eu) 

 

 Corrosion is a surface process which proceeds via alteration of structure and 
composition of the topmost outer layers. Studying this process on complex systems, 
such a nuclear fuel and waste, consists in a) preparing the initial surfaces (real or model 
materials), b) carrying out surface reactions (gas adsorptions, electrochemistry, etc.), c) 
analysing the surface properties at any moment. Because the focus is on less than 10 
atomic layers, even small amounts of impurities (gases/solutes desorbing from walls, 
short contact to lab atmosphere, …) may affect the results. Thus a highly integrated 
approach is necessary, grouping all preparation, reaction and diagnostic techniques into 
one controlled environment.  

An overview of on-going surface science facilities and experiments at ITU will be 
given. Special emphasis is given to the combination of spectroscopy techniques 
properties (XPS, UPS, TPD, HREELS, Kelvin probe) probing the average surface, and 
mapping techniques probing local reactivity aspects. The use of AFM for studying local 
reactivity aspects under controlled atmosphere (combined with electrochemistry) will be 
presented. Another important aspect is the gap between ultra-high vacuum conditions, 
imposed by most surface spectroscopies, and the ambient reaction conditions (aqueous 
environment) of spent fuel during storage. To assess it, diagnostic techniques running 
under both conditions are being implemented (e.g. Kelvin probe measuring the surface 
potential under UHV and ambient pressure). Fuel model systems and their preparation 
by thin film growth methods (sputter co-deposition) will be discussed. Using these 
techniques, samples with widely varying composition and oxidation state can be 
prepared in-situ. The methods are being used to study the influence of fission products 
(e.g. the 4d transition metals forming the -particles) on the redox potential, and to 
perform systematic studies of surface reactions of mixed oxides. 

All these techniques are now being combined in one single surface science lab station. 
To allow for flexibility, a modular setup has been chosen, where the various techniques 
are mounted in individual chambers which can be connected to the station on demand. 
The machine is designed for multiuser operation allowing carrying out various 
experiments simultaneously. It will be made available for outside users and projects, 
e.g. within the frame of TALISMAN or the Actinide Userlab. 
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Surface chemistry of metal oxides from experiments combined with electronic 
structure calculations 

C.M. LOUSADA 

Division of Materials Technology, ITM, KTH, Sweden. (cmlp@kth.se)  

The study of surface chemistry is a multidisciplinary field that often involves 
experimental and theoretical efforts. This is because of the difficulties that one 
encounters when it tries to investigate surface reactions employing only one technique 
or method. The heterogeneity of these systems together with the anisotropy of the 
surface structure are challenging to both experiments and theoretical descriptions of 
such systems. In nuclear technological applications, the presence of ionizing radiation 
adds another degree of complexity to such systems.  

In order to describe surface reaction mechanisms it is advantageous to make use of 
computational tools, which allow for an atomistic description of the system. This can 
give very detailed information on processes that adsorbates undergo until they become 
products at a surface. When combined with experimental investigations, it is possible to 
describe the chemistry of such systems in terms of a broader spectrum of the systems 
properties.  

In my presentation, I will describe how in my previous investigations on the chemistry 
of transition metal and lanthanide oxide surfaces and radiolysis products of water, 
experimental and theoretical efforts were combined to describe reaction mechanisms at 
these materials surfaces. When used together, the experimental and computational 
approaches yielded detailed descriptions of important surface reaction steps of oxygen 
species. Ultimately, it was possible to obtain reactivity descriptors for the surfaces of 
the materials investigated.  
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Surface Species in UO2 Oxidative Dissolution 

I. MARCHETTI*, J. PAILLIER, P. CARBOL, J. HIMBERT, L. ALDAVE DE LAS 
HERAS, O. WALTER AND TH. FANGHÄNEL 

*European Commission, Joint Research Centre, Institute for Transuranium Elements, 
P.O. Box 2340, 76125 Karlsruhe, Germany. (ilariamarchetti80@gmail.com) 
 

SIMS depth profiling, Raman spectroscopy, XPS and XRD have been applied to 
characterise the altered surface layer originated by corrosion of UO2 in 18O-labelled 
water. The experiments have been carried out at room temperature, in pure water or in 
carbonate solution (pH ≈8), under oxidative or moderate reducing conditions, in order to 
explore different conditions relevant for the geological disposal of spent nuclear fuel.  

The experimental data gathered in this study show the presence of different UO2+x 
phases in the altered layer. In particular, in carbonate media and under oxidising 
conditions the surface is characterised by the presence of a U(VI)-phase on which 
carbonate is chemisorbed. Instead, leaching of UO2 in pure water yields ideally the 
same surface composition of UO2 exposed to low-humidity air, with a surface 
stoichiometry approaching U3O7. For UO2 leached in carbonate solution and in 
presence of H2 (10 bar) the altered layer is found to be thinner but still hyper- 
stoichiometric, most likely to be ascribed to U4O9.  

For each experiment the oxygen diffusion coefficient, obtained from measurement of 
the 18O diffusion in the altered surface layer, was compared with extrapolated high-
temperature diffusion literature data obtained for different stoichiometry's, making it 
possible to determine the stoichiometry of the altered layer. The stoichiometry of the 
altered surface layers were found in agreement with XRD and Raman results. 

This study highlights that a UO2 surface exposed to water is subject to a much larger 
variation in stoichiometry, than expected in carbonate media, and even under 
moderately reducing conditions (H2). This altered layer is very thin and easily 
undetected by most analytical techniques but its characterisation is of fundamental 
importance for the understanding of the mechanism of interaction between water and 
UO2. These experimental findings will be applied to corrosion on spent fuel and 
represent an important step towards an improved model for UO2 oxidative dissolution.  
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Reduction of 236UO2 (CO3)3
4- on 233UO2 and 238UO2 

P.CARBOL*, P.FORS, I.MARCHETTI, F.BELLONI, R.HASNAOUI, 
M.CARDINALE, T.GOUDER, K.SPAHIU 

* European Commission, DG Joint Research Centre, Institute for Transuranium 
Elements, P.O. Box 2340, 76125 Karlsruhe, Germany (paul.carbol@ec.europa.eu)  

The reduction of 236UO2 (CO3)3
4- by hydrogen on UO2 (c) has been studied as a function 

of α-activity. Two UO2 discs, containing 238UO2 and 233UO2, were submerged in a 
solution containing 10 mM NaCl and 2 mM NaHCO3, in a Ti-autoclave. An initial H2 
pressure of 1 MPa was applied, but the pressure decreased subsequently as leachates 
were collected during the 104 days experimental period. Both UO2 discs were 
investigated by SIMS, SEM and XPS to determine on which disc the dissolved 233UO2

2+ 
was reduced. The results of the experiment will be presented together with an 
interpretation of the reduction mechanism.  

 

UO2 surface reactions with different gases: A X-Ray Photoelectron Spectroscopy 
study 

A. ESPRIU, J.LLORCA, M. DOMÍNGUEZ, J.GIMÉNEZ, I. CASAS, J. DE PABLO*^ 

*Department of Chemical Engineering, UPC-Barcelona Tech, Barcelona, Spain 

^Fundació CTM Centre Tecnològic, Pl. Ciència 2, 08240 Manresa, Spain 

 

The surface reactivity of UO2 (s) with different gases was studied by means X-Ray 
Photoelectron Spectroscopy (XPS). XPS apparatus was coupled to a solid/gas reactor 
where the UO2 reacted with gases such as oxygen, hydrogen, water vapour and 
hydrogen peroxide at different temperatures. Once the reaction was over, UO2 sample 
was moved from the reactor to the XPS without any contact to the atmosphere, assuring 
that the surface was not changed. 

Results showed that UO2 oxidized surface is significantly reduced with a hydrogen 
stream of 15 ml•min-1 at 500 ºC, if hydrogen is not present, UO2 surface oxidation is 
high in both oxygen and hydrogen peroxide. 

On the other hand, some experiments were carried out with water and a hydrogen 
stream at three different temperatures (350, 120 and 60 ºC), indicating that water vapour 
was able to oxidize the UO2 surface at 350 and 120 oC even in the presence of 
hydrogen. At 60 oC, results seemed to indicate that no oxidation occurred.  

  



108 

Characterisation of the thin film UO2 irradiated with Xe ions to simulate fission 
damage 

A. J. POPEL*, I. FARNAN AND S. N. KALMYKOV  

*Department of Earth Sciences, University of Cambridge, Cambridge, CB2 3EQ, 
United Kingdom (ap499@cam.ac.uk) 

The aim of our project is to study the separate effect of damage by fission products on 
UO2 dissolution as part of a larger project on the geological disposal of UK spent 
nuclear fuel. The heat generated at nuclear power plants comes primarily from the 
slowing down of fission products produced due to fission reactions in the fuel. Fission 
products possess large energies in the range 70 to 100 MeV with the nuclear and 
electronic energy loses, dE/dx, in the range 18 to 22 keV/nm. As a result, heat and 
radiation damage is produced inside fuel pellets (Matzke et al., 2000). This radiation 
damage is manifested in surface fission tracks, lattice parameter increase and lattice 
strain, high-burnup structure and so forth (Wiss et al., 1997, Matzke et al., 2000). 

Extensive work has been done on radiation damage and dissolution of UO2 separately 
but little has been done to couple these two effects (Matzke, 1992). We expect that the 
produced damage can affect the solubility of the UO2 matrix due to structural and 
chemical effects. For these effects we relate the observed increase in surface area, lattice 
strain and the possible transition of U4+ to U6+ as a result of electronic stopping of 
fission fragments, accordingly. 

The current presentation will address the characterisation of thin films of UO2 irradiated 
with Xe ions to simulate fission damage. Thin films (100 nm) of epitaxial UO2 were 
produced by reactive sputtering (Bao et al., 2013) onto LSAT* substrates with three 
different crystallographic orientations – (100), (110) and (111). The samples were then 
irradiated with 129Xe23+ ions of 92 MeV energy to a fluence of 4.8 × 1015 ions/cm2 to 
simulate damage produced by fission fragments in nuclear fuel. The non-irradiated and 
irradiated samples were characterised using various analytical techniques: XPS, XRD, 
GIXRD, AFM, SEM and Raman spectroscopy to observe changes in the surface 
morphology as a result of irradiation before undertaking a series of leaching 
experiments. We will discuss the preliminary results obtained from the characterisation 
stage of our work. 

*Lanthanum aluminium oxide-strontium aluminium tantalum oxide 
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The radial distribution of potential rapid release radionuclides in irradiated 
nuclear fuel 

A. PURANEN*, M. GRANFORS, O. ROTH, K. SPAHIU 

*Studsvik Nuclear AB, SE-611 82 Nyköping, Sweden, anders.puranen@studsvik.se 

The rapid release of fission products segregated either to the gap between the fuel and 
the cladding or to the UO2 grain boundaries is generally referred to as the Instant 
Release Fraction (IRF). When assessing the leach rate of volatile fission products such 
as caesium and iodine their distribution within the fuel is an important factor.  

In this work the caesium and iodine distribution has been studied by Laser Ablation 
Inductively Coupled Plasma Mass Spectroscopy (LA-ICP-MS) analysis using two fuel 
samples; one standard UO2 fuel and one Al/Cr additive fuel.  

The findings of the LA study on both pellets indicate cesium and iodine profiles that are 
very similar and appear to follow the radial burnup profile (as indicated by Ce-140). 
Cesium, iodine and to some extent selenium also appear to collect in some fuel cracks. 
Selenium was tentatively identified by the good agreement of the isotopic ratios of mass 
77, 79 and 82 with the calculated inventory. For the additive pellet chromium and 
especially aluminium are heterogeneously distributed in the pellet.  
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Influences of burnup and integrity of spent fuel specimen on the radionuclide 
leaching  

D. CUI*, O. ROTH, A. PURANEN, J. LOW, C. ASKELJUNG, M. GRANFORS, K. 
SPAHIU 

*Studsvik Nuclear AB, SE-611 82 Nyköping, Sweden, daqing cui@studsvik.se 

 

Studies of the release of fission products and actinides from spent nuclear fuel (SNF) 
are of interest for the assessment of the safety of geological disposal of spent fuel, 
because of the associated potential contribution to dose in radiological safety 
assessment. The long-term spent fuel leaching experiment at Studsvik Hot Cell 
Laboratories was reviewed.  

The influences of burnup (23–75 MWd/kgU) and integrity (integral or unzipped) of 
SNF specimens on the radionuclide leaching in synthetic groundwater were 
summarized. The BET specific surface areas of SNF fragments and fission gas release 
(FGR) from SNF rods with different burnup were also measured and discussed in 
connection with the radionuclide leaching. 

It can be concluded that correlations between FGR and the fraction rapidly leached of 
various long-lived fission products can provide a useful method to obtain some of this 
information. The results show that the fractional release of 137Cs is usually much lower 
than the FGR covering the entire range of burn-ups studied. Fractional 129I releases are 
somewhat larger, but only in cases in which the fuel was forcibly extracted from the 
cladding (unzipped SNF specimen).  

BET surface areas of SNF fragments are found to decrease with increase of burnup of 
SNF and reach a stable level (50cm2/g) if the burnup is higher than 55. Despite of this, 
radionuclide leaching increases with the increase of burnup the SNF.  

The recent developed 79Se and 14C analytical methods for the SNF leaching solution 
enable us to get important information about the leaching behaviours of these two key 
dose contributors from different kinds of SNF.  
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Session B: Dissolution experiments 

 

The long‐term effect of hydrogen on the UO2 spent fuel stability under anoxic 
conditions: findings from the Cigar Lake Natural Analogue study 

J. BRUNO*and K. SPAHIU  

*Amphos 21 Group, Barcelona (jordi. bruno@amphos21.com) 

The present paradigm on UO2 spent fuel stability under anoxic conditions assumes that 
the potential oxidative alteration of the matrix is suppressed in the presence of the 
hydrogen generated by the anoxic corrosion of iron by water. The observations from the 
Cigar Lake Natural Analogue project indicated the long‐term stability of the uraninite 
ore under anoxic conditions and with substantial hydrogen generation. The radiolytic 
models developed in the analogue project have been used to test some of the hypothesis 
concerning the activation of hydrogen on the uranium(IV) oxide surface. The results 
from this test would indicate that hydrogen is activated on the surface of the Cigar Lake 
uraninite by alpha radiation.  
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Several actinide elements relevant for nuclear waste disposal (Th – Pu) can be present in 
the tetravalent oxidation state. Only thorium is always present as Th(IV) in strongly 
reducing to oxidising aqueous systems, the other actinides exhibit a pronounced redox 
chemistry. While Np is readily transformed to Np(IV) under reducing conditions, U(IV) 
is difficult to stabilize and often subject to partial (re)oxidation. Plutonium, 
predominantly present as Pu(IV), can undergo both reduction to Pu(III) or oxidation to 
Pu(V)/Pu(VI). 

Very important aspects of aquatic An(IV) systems are the strong tendency towards 
hydrolysis, the low solubility of their oxohydroxide compounds and strong interaction 
with hard Lewis bases, (i.e. carbonate). A review article summarizes recent research on 
actinides (Altmaier et al, 2013), whereas authoritative publications on actinide 
thermodynamics are available from NEA-TDB (Guillaumont et al, 2003). While several 
different Th(IV)-hydroxo complexes are selected in the NEA-TDB review, only few 
hydroxo complexes are recommended for the other tetravalent actinides. The situation 
for carbonate complexation is similar, especially for the formation of ternary An(IV)-
hydroxo-carbonate species. Closely related to hydrolysis reactions is the formation of 
intrinsic An(IV) colloids where open questions remain as to their formation, stability, 
reactivity and proper thermodynamic description. 

The high stability and relevance of binary An(IV)-oxide or –oxohydroxide solid phases 
is evident. However, there is a very wide range of AnO2(s) particle sizes and properties 
reported. Spanning from highly crystalline material to nanocrystalline phases similar to 
intrinsic colloids, the impact of particle size on solubility covers orders of magnitude. 
The large differences in An(IV) solubility correspond to characteristic chemical 
properties and should not be seen as a basic uncertainty of solubility data.  

Thermodynamic modelling of An(IV) solubility has enormously profited from the 
NEA-TDB project. Radionuclide concentrations can be calculated with ion-interaction 
processes being treated with the SIT theory. The chemical speciation is usually well 
reproduced, however, in some cases the adopted chemical models seem to be partially 
incomplete. Future challenges lie in the reduction of present uncertainties in reported 
thermodynamic data, the development of more complete and better supported chemical 
speciation schemes and a critical assessment of the frequent use of chemical analogy, 
especially for the plutonium system. Further challenges are thermodynamic databases 
for high ionic strength systems, development of solid-solution models and the 
assessment of processes at elevated temperature conditions. 
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Stability of new matrices fuels (Th, Pu)O2 under repository conditions. 
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In the current uranium oxide nuclear fuel cycle, some uncertainties are remaining, 
mainly due to the radiotoxicity from the fission products (FP), plutonium and minor 
actinides (MA) as by-products of the fuel irradiation. Recycling of Pu for electric power 
production through the advanced closed cycles is one of the main recommendations of 
the treaty of non-proliferation of nuclear weapons (NPT) in order to minimize Pu 
inventories. The behaviour of different matrices is being studied. Thoria (ThO2) is one 
of the candidate materials as Pu matrix due to its abundance and stability against 
irradiation and temperature. 

Due to that, it is needed to get enough knowledge about the behaviour of this irradiated 
matrix considered as waste. Therefore to identify and determine the release rate of 
radionuclides generated (FP, Activiation products, Pu and U-233) is required. Thorium 
has only one oxidation state (Th [IV]) hence its aqueous stability is not dependent on 
the environment, such as oxidizing or reducing conditions.  

This paper is focused on ThO2 and CeO2 solubility studies under different nuclear fuel 
repository conditions. In the case of Thorium, the influence of carbonate concentration 
is clearly marked. However, the difference between the experimental value and the 
theoretical solubility controlling the pure phase is due to complex formation of actinide 
hydroxo-carbonate. 

ThO2 (cr) and CeO2 (cr) solubility studies under anoxic environments at room 
temperature have been studied. They were performed under three different aqueous 
media (0, 1.2 and 20 mM carbonated concentration). Ce and Th solubility experimental 
results were compared to thermodynamic calculations performed using PHREEQC 
code. The database used for this work was collected from existing literature selected 
data for pure solid phases (solubility limiting solid phase (SLPS) and control the 
solubility of each of the elements): ThO2 (s), ThO2 • xH2O (am), CeO2 and Ce(OH)4, 
since the hydrated phases will be the dominant aqueous species in the system. The 
results were compared with the experimental values obtained.   
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Influence of high pH on dissolution rate of fresh spent fuel, depleted UO2 and Pu-
doped UO2  
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The current Belgian reference design for geological disposal of High-Level Waste 
(HLW) and Spent Fuel (SF) foresees the use of Supercontainers. In the Supercontainers, 
the canisters with HLW or SF will be enclosed by a 30 mm thick carbon steel overpack 
and a concrete buffer. The Supercontainer will thus provide a highly alkaline 
environment. To evaluate the long-term performance of the spent fuel disposal in such 
alkaline conditions, a research programme was started at the Belgian Nuclear Research 
Centre (SCK•CEN), in close cooperation with, and with the financial support of 
ONDRAF/NIRAS, the Belgian Agency for Radioactive Waste and Fissile Materials, 
and with the Karlsruher Institut für Technologie (KIT).  

At SCK•CEN, static and dynamic dissolution tests were performed with Pu-doped and 
depleted UO2 powders (245, 36, 17, 1.4 and 0.01 MBq/g UO2) in representative cement 
waters (11.7 ≤ pH ≤ 13.5), at 25 – 30 °C under argon atmosphere, and at different fuel 
surface area for the static tests (6, 17, 130 and 257 m-1). At KIT, leaching experiment of 
cladded segment of fresh spent fuel (50 MWd/kgHM) with 1 and 3.2 bars of H2 
overpressure were investigated in the same representative cement waters as at 
SCK•CEN (pH 13.5 and pH 12.5).  

The (238U and 233U) or the Sr release in solution was used to estimate the matrix 
dissolution rate of the (depleted and Pu-doped) UO2 and spent fuel, respectively.  

In most of the static leaching tests, uranium concentration tends to stabilize. However, 
the presence of colloids in the tests may lead to an underestimation of the dissolution 
rate, if the colloids reprecipitate onto the UO2 surface. Hence, reliable dissolution rates 
are difficult to determine from these static experiments. Dynamic dissolution rates are 
more pertinent because these rates are not biased by the remaining U(VI) and by the 
saturation of the solution with U(IV). We thus demonstrated that an ‘old fuel’ (1.4 
MBq/g UO2) behaves the same as the depleted UO2 (0.01 MBq/g UO2) in similar 
conditions. 

In tests with fresh spent fuel and hydrogen gas, the Sr release indicates a measurable 
long term dissolution rate although very low concentrations of redox sensitive species 
(Tc, U, Np, Pu) were evidenced. This may result in slow dissolution of the segregated 
Sr, situated in the gap between the pellet and the cladding.  

All resulting dissolution rates were comparable to those determined at neutral pH. We 
thus conclude that high pH would not unfavourable for the stability of tested spent fuel 
or (depleted- Pu-doped) UO2.  
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Bagnols/Cèze cedex, France  

Coffinite (USiO4) and associated uranothorite solid solutions are expected to play an 
important role during the disposal of spent nuclear fuel in underground repository. In 
fact they could control the concentration of the released actinides in the groundwater. 
However, the thermodynamic properties associated to coffinite, especially the solubility 
constant, remain poorly defined (Guillaumont et al, 2003), mainly because persistent 
difficulties are encountered in the preparation of pure synthetic coffinite since several 
decades. Thus, an indirect method based on solubility measurements on Th1-xUxSiO4 
uranothorite solid solutions was carried out during this study. The preparation of  
Th1-xUxSiO4 samples was successfully undertaken under hydrothermal conditions  
(T = 523 K). A complete solid solution between x = 0 (thorite) and x = 1 was 
characterized by PXRD and SEM (Costin et al 2011). 

Experiments on the solubility of intermediate members of the Th1-xUxSiO4 series were 
carried out to determine the impact of Th-U substitutions on the thermodynamic 
properties of the solid solution and then allowed the extrapolation to the coffinite end-
member. The ion activity products of solutions equilibrated with Th1-xUxSiO4 (x ≤ 0.5) 
were determined over dissolutions experiments, which were conducted in 0.1 mol L-1 
HCl under Ar atmosphere at different temperatures ranging from 298 K to 346 K. For 
all these experiments, the dissolution was found congruent and equilibrium was reached 
within 50 to 200 days. Then, the solubility product of thorite was determined  
(log KS,ThSiO4 (298 K) = −5.62 ± 0.08) whereas that of coffinite was estimated  
(log KS,USiO4 (298 K) = −6.1 ± 0.2) (Szenknect et al , 2013). As the purification of 
synthetic coffinite samples was recently achieved (Clavier et al, 2013), this estimated 
value was confirmed by direct measurement of the solubility product. At low 
temperature, our data clearly show that uranothorites with x > 0.26, thus including 
coffinite, are less stable than the mixture of binary oxides, which is consistent with 
qualitative evidence from petrographic studies of uranium ore deposits. 
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On the one hand, the dissolution of UO2 matrix in acid media is driven by the oxidation 
of U(IV) in U(VI) at the solid-liquid interface. Thus, the dissolution rate strongly 
depends on the protons and oxidants activities in the solution. On the other hand, the 
normalized dissolution rate of Ce1-xLnxO2-x/2 or Th1-xLnxO2-x/2 is found to be strongly 
enhanced by the trivalent lanthanide incorporation rate, due to the presence of oxygen 
vacancies decreasing the sample cohesion. The effects of trivalent elements in U-based 
mixed dioxides dissolution remain widely unknown. Especially, the relative 
contribution of redox reactions occurring at the solid/solution interface compared to 
oxygen vacancies must be evaluated. In order to underline the influence of those 
parameters, various dissolution experiments were carried out on different compositions 
(i.e. U0.75Ce0.25O2, U0.75Th0.25O2, Th0.75Nd0.25O1.875 and U0.75Ln0.25O1.875 with Ln = Nd, Gd). 
These tests were performed on sintered pellets in nitric acid solutions  
(from 10-2 M to 4 M) at different temperatures (22°C to 90°C) under dynamic 
conditions. Therefore, a multiparametric study of the dissolution kinetics was then 
achieved in order to determine the partial order regarding to H3O

+ activity and the 
activation energy of the dissolution reaction. The obtained results gave evidence of the 
strong dependency of the dissolution rate with the nitric acid concentration. In fact, for 
concentrations higher than 2 M, the dissolution process was almost controlled by the 
oxidation of U(IV) to U(VI). On the contrary the effect of oxygen vacancies became 
predominant for acid concentrations lower than 0.5 M. Under these conditions, the 
systems containing trivalent elements exhibited the lowest chemical durability. The 
partial order of the reaction regarding to the H3O

+ activity reached n = 2.1 for 
U0.75Th0.25O2 and was found to be almost constant over the entire acidity range. For 
U0.75Ln0.25O1.875 solid solutions, a variation of this partial order was observed along the 
nitric acid concentration range, that underlined the predominance of different 
controlling reactions in the dissolution mechanism: surface-controlling reaction 
involving H3O

+ at low pH (i.e. n < 1) for CHNO3 ≤ 0.5 M, and uranium oxidation  
(i.e. n > 1) for CHNO3 ≥ 1 M. 
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Thorium-based dioxide materials are usually associated to very high performances in 
the perspective of the direct disposal for long-term storage. This property is mainly 
associated to low normalized dissolution rates as well as to the rapid establishment of 
saturation processes. From literature, including such recent available review papers, it 
appears that either in the field of the direct storage of nuclear thorium-based fuels or of 
the development of their reprocessing, the chemical durability of such materials remains 
poorly examined and must be considered carefully. Thorium-based oxides also appear 
as a simplified model for other tetravalent actinides (such as uranium, neptunium and 
plutonium) during dissolution, without any redox reactions occurring at the solid/liquid 
interface. 

This study was thus developed through the establishment of the comparative 
multiparametric expression of the normalized dissolution rate of Th1-xUxO2 and highly 
refractory Th1-xCexO2 solid solutions. After performing the preparation of powdered 
Th1-xUxO2 samples from the initial precipitation of thorium-uranium(IV) oxalates, this 
work was mainly focused on the effects of various physico-chemical parameters 
(including microstructure) on the normalized dissolution rates. 

Conversely to that was observed for Th1-xCexO2 solid solutions, the chemical 
composition induces strong modifications of the chemical durability of the leached  
Th1-xUxO2 samples. The chemical durability of Th1-xUxO2 solid-solutions was 
significantly affected by the uranium mole loading in the samples due to the oxidation 
of tetravalent uranium into uranyl during the dissolution process. The study of the 
influence of nitric acid concentration and temperature also shows that the behaviour of 
Th1-xUxO2 solid solutions with higher uranium incorporation rates (x = 0.52, 0.75 and 1) 
differed significantly to that of Th0.84U0.16O2. Indeed, the partial order related to the 
proton activity was clearly higher than 1 : n value being equal to 1.66± 0.06, 1.30 ±0.09 
and 1.35 ±0.14 for Th0.48U0.52O2, Th0.25U0.75O2 and UO2, respectively. Moreover the 
activation energy obtained for Th0.84U0.16O2 (EA = 55 ± 5 kJ.mol-1) was higher than 
that of Th1-xUxO2 solid solutions with higher uranium incorporation rates  
(15 kJ.mol-1 ≤ EA ≤ 25 kJ.mol-1). Such values suggest strong modifications of the 
dissolution mechanism occurring at the solid/liquid interface. It could indicate the 
existence of two successive chemical reactions : fast oxidation of U(IV) to U(VI) at the 
solid/solution interface then detachment of activated complexes formed with U(VI). 
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The release of radionuclides from spent nuclear fuel in contact with water is controlled 
by two processes – the dissolution of the UO2 grains and the rapid release of fission 
products segregated either to the gap between the fuel and the cladding or to the UO2 
grain boundaries.  

The majority of the radionuclides are distributed within the UO2 matrix of the fuel and 
their release will be governed by the matrix dissolution. However, a fraction of certain 
volatile and segregated fission products will be leached from the gap between the fuel 
and the cladding, from the UO2 grain boundaries or from separate phases within the 
fuel. The release rate varies depending on the origin of the nuclide (matrix/gap/grain 
boundary etc.) and the leaching behaviour of a specific fission product will be strongly 
dependent on its chemical state.  

Today, there are trends towards power uprates, longer fuel cycles and increasing burn-
up putting additional requirements on the nuclear fuel. These requirements are met by 
the development of new fuel types, such as UO2 fuels containing dopants or additives. 
The additives and dopants affect fuel properties such as grain size and fission gas 
release. In the present study we have performed studies using two high burnup fuels 
with and without additives/dopants and compared the fuel types with respect to their 
dissolution behaviour.  
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[NB: The presenter was unable to attend the workshop and this presentation was not 
given] 

Leaching experiments on spent nuclear fuels and surrogate materials are carried out for 
over 20 years at the CEA under different experimental conditions (under oxidizing, 
anoxic or reducing conditions, in deionized or carbonated water, in groundwater…). 

First of all the goal of this presentation is to revisit some existing experimental data 
focusing on the difficulties encountered and the proposed solutions concerning: 

The establishment of a methodology to properly monitor the spent fuel matrix alteration 
as a function of the experimental conditions and materials studied (spent fuel or 
surrogate materials, nature of the samples…). 

The representation of the experimental dissolution data (normalized rates, cumulative 
rates…). 

These points are important to take into account to have reliable data to go further into 
the mechanisms understanding. 

In a second time will be discussed issues related to the alteration mechanisms and more 
particularly to the reactivity of the surface as a function of time and the type of fuel. The 
oxidation resistance of the HBS zones will be more particularly discussed.  
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Plutonium and the minor actinides (MA = Am, Cm, Np) are the main contributors to the 
long-term radiotoxicity of spent fuel. As an alternative to the disposal in glass or the 
direct disposal of spent fuel, ceramic waste forms are under consideration (Ewing, 
2011). Due to their inherent stability oxidic crystalline materials e.g. pyrochlores seem 
to be very promising candidates among crystalline materials for the conditioning of the 
MA. Zirconia based pyrochlores combine a high radiation resistance of the zirconates 
with a high durability of the pyrochlore group minerals in aqueous environments 
(Lumpkin, 2006). As a consequence of radiation damage zirconia based pyrochlores 
undergo a phase transition to the less ordered defect fluorite structure.  

Here we study the dissolution kinetics of various Nd2O3-ZrO2 ceramic powders with the 
defect fluorite and pyrochlore crystal structure. Macroscopic dissolution experiments at 
90 °C and c(H+) = 0.1 n showed a highly incongruent initial dissolution for all chemical 
compositions of defect fluorites and pyrochlores, with a preferential release of Nd. 
Moreover, the potential impact of pH and temperature variation was studied to compare 
the response of the two crystal structures towards these parameters in more detail.  

Scanning electron microscopy (SEM) previous to and after the macroscopic dissolution 
experiments indicates a heterogeneous distribution of reactive surface sites with a 
preferential dissolution at the grain boundaries. Long-term dissolution experiments 
using a polycrystalline pyrochlore monolith were carried out at c(H+) = 4 n to study the 
evolution of the multitude of reactive surface sites by a combination of SEM and 
vertical scanning interferometry (VSI). We apply VSI microscopy, a technique that 
provides surface maps of large field-of-view and with high spatial resolution. VSI maps 
show the spatial distribution and size of dissolution features such as etch pits, surface 
steps, and pores. Repetitive analyses of surface sections by VSI during the long-term 
experiment provide quantitative data about pore size and pore volume evolution. An 
important result are site-specific dissolution rate data based on the new approach of rate 
spectra (Fischer et al, 2012) that underscore the heterogeneous corrosion of pyrochlore 
ceramics. 
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In the context of the FIRST-Nuclides project (7th framework EU programme) Paul 
Scherrer Institut is carrying out leaching experiments on high-burnup BWR and PWR 
spent fuel from Swiss nuclear power plants, in order to determine the short-term release 
of easily accessible nuclides (the so-called instant release fraction, shortly IRF). The 
focus is on nuclides such as 129I, 135Cs, 14C and 79Se. Previous experiments (Johnson et 
al., 2012) had shown that, contrary to I and Cs, no detectable Se was released to the 
aqueous phase after 100 days of leaching in aqueous solution, despite the low analytical 
detection limit of 0.5 ng/g. An upper limit of 0.22% was calculated for the leaching 
fraction based on this detection limit. Recently started new experiments will last for one 
year and will also include investigations on isolated zircaloy cladding samples. In order 
to understand the behaviour of Se during aqueous leaching, X-ray absorption 
experiments have been carried out on non-leached UO2 spent fuel from the Leibstadt 
nuclear power plant. Preliminary X-ray absorption near-edge spectroscopy (XANES) 
data indicate the occurrence of Se in a reduced, sparingly soluble form (Se0 or Se-II), 
which would help explaining why no aqueous selenium was detected in the 
aforementioned experiments. 
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