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Abstract 

In the UK, there is 140 tHM of PuO2 stored at the Sellafield site as a zero value 

asset. This material was generated by nuclear fuel reprocessing in the ThORP 

and Magnox fuel reprocessing plants, which are due to cease operation by 

2021. The current UK government plan is to recycle this material as MOX fuel, 

however the uptake for this fuel type in the current UK reactor fleet is absent. 

There is also a significant portion of this waste stream that is contaminated 

with advanced fission products (e.g. Am-241) and degraded storage materials 

(e.g. Cl from PVC containment). Therefore, a dual track strategy of 

immobilisation and MOX fuel research has been suggested for this waste 

stream, to ensure there is a suitable end state for the stockpile should MOX 

fuel fabrication not come to fruition.  

 

This thesis presents an investigation of candidate wasteforms which are 

appropriate for the immobilisation of the UK PuO2 stockpile, where HIPing was 

applied as a thermal treatment technology and CeO2 used as a surrogate for 

PuO2 throughout. The key research questions for this thesis were: 

 

1. What are the candidate wasteforms for the immobilisation the UK PuO2 

stockpile given that ~ 5 tHM is degraded/contaminated and MOX fuel is 

not currently feasible? 

2. How do these wasteforms compare in terms of waste loading, 

technology readiness level and chemical durability? 

3. Is hot isostatic pressing a viable thermal treatment method for these 

wasteforms? 

4. Is CeO2 a suitable surrogate for PuO2 in each wasteform? 

 

The wasteforms investigated for this thesis were ATS glass and fluorite based 

ceramics (zirconolite, pyrochlore and cubic zirconia). The results of the studies 

conducted for each wasteform matrix are presented below. 

 

Chapters 4 and 5 - Alkali tin silicate (ATS) glass: ATS glass is a type of 

borosilicate glass developed in the US for the immobilisation of excess 
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weapons plutonium. This composition was modified to include Fe0 to create a 

reducing environment within the glass, with the aim of reducing Ce4+ to Ce3+, 

and therefore improving the Ce wasteloading. The matrix of ATS glasses 

produced were characterised using Ce XANES and Fe EXAFS/Mössbauer 

spectroscopy to determine the Ce/Fe oxidation state and Fe local coordination 

environment. Ce was shown to fully reduce to Ce3+ and incorporate into the 

glass upon the addition of Fe0. Durability tests were completed on the most 

successful compositions, showing that the addition of Fe improved the short 

term durability of the glass. HIPing was also shown to be a viable thermal 

treatment method for ATS glass, producing glass which fully incorporated Ce, 

with no deleterious effects on the dissolution rate measured. 

 

Chapter 6 - Zirconolite ceramics: Zirconolite ceramics are a proposed 

wasteform for the immobilisation of PuO2. A matrix of eight zirconolite 

formulations was produced using HIPing, assessing two different Ce doping 

mechanisms, as well as the efficacy of Al, Mg and Fe as charge compensating 

ions. Secondary phases, including perovskite and trace CeO2, were observed 

using XRD and SEM/EDX. A selection of the formulations with the most 

favourable phase assemblage were subject to durability assessment using 

aggressive conditions (0.01 M HNO3 leachant at 90 °C), in order to compare 

their relative durability as well as comparing their performance to other 

wasteforms proposed for this waste stream. The secondary Ce-bearing 

phases were postulated to dominate the dissolution rate measured, with the 

formulation containing the highest quantity of secondary phases displaying the 

highest dissolution rate. The Ce dissolution rates were still comparable to 

others in the literature measured in similar conditions, providing confidence in 

the long term durability of zirconolite wasteforms despite the heterogeneity in 

the phase assemblage.  

 

Chapter 7 - Fluorite based ceramics: Ceramic formulations with a fluorite 

based structure were investigated which included: cubic zirconia, zirconate 

pyrochlore, and zirconolite. The waste loading of these formulations was 

previously optimised using CPS, however significant porosity was observed, 
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hence the application of HIPing in this work to achieve full densification. These 

formulations included Hf and Gd as neutron absorbing cations, included to 

observe the effect of these cations on the resulting phase assemblage and 

relative dissolution rate. Single phase zirconolite was synthesised (with two 

polytypes observed, 2M and 3T), which proved to be the most durable 

composition when subject to aggressive PCT-B testing (identical to dissolution 

conditions implemented in Chapter 6). The least durable formulation was 

pyrochlore due to the presence of a Ce/Gd fluorite solid solution which was 

postulated to preferentially dissolve. With the exception of the pyrochlore 

formulation, the measured dissolution rates of Ce and Gd were within one 

order of magnitude which is promising for maintaining subcriticality in these 

wasteforms.  

 

Chapter 8 – Molten salt synthesis of zirconolite ceramics: The molten salt 

synthesis of zirconolite ceramics was also investigated, for the purposes of 

selectively immobilising entrained actinides from the legacy and future 

pyroprocessing of nuclear fuels, using the salt eutectic as a synthesis medium. 

A self-compensating Ce-doped zirconolite formulation was selected, with 

several experimental parameters systematically adjusted to observe the 

effects on the resultant phase assemblage. These experimental parameters 

included: salt to ceramic ratio, synthesis temperature, duration and 

atmosphere, as well as reagent excess and surrogate type. An excess of TiO2 

and ZrO2 reagents was found to produce a wasteform close to single phase, 

however deleterious Ce-bearing perovskite was still formed. HIPing was not 

applied in this case since the salt medium must be dissolved post-synthesis, 

and a second consolidation step for the resulting zirconolite powder must be 

performed. 

 

In summary, each wasteform investigated was demonstrated to be feasible for 

the immobilisation of the UK PuO2 stockpile, when using Ce as a Pu surrogate. 

Ce was successfully incorporated into the chemical structure of each 

wasteform studied, with further optimisation of the synthesis parameters 

required for complete waste incorporation in some instances. The durability of 
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the ceramic wasteforms was several orders of magnitude greater than the ATS 

glass wasteforms, when considering the NLCe and NRCe. However, it is 

important to note that the technology readiness level of glass wasteform 

synthesis in the UK is significantly greater than that of ceramic wasteforms. 

CeO2 was demonstrated to be a viable surrogate for PuO2 but it should be 

noted that Pu4+ has a much greater redox potential that Ce4+, which proved to 

be problematic for both the glass and ceramic wasteforms studied in this 

thesis. HIPing was also demonstrated to produce viable wasteforms in 

Chapters 5 – 7, however the effects of this process on the redox environment 

requires further consideration.   
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1 Introduction 

 Radioactive waste in the UK 

Radioactive waste is defined as material which is contaminated with 

radioisotopes that no longer provides a useful function [1]. It has a distinct set 

of hazards compared to radioactive materials found naturally in the 

environment since the radioisotopes are accumulated through human 

activities and therefore have a higher dose rate generally. The hazards are 

associated with the radiation emitted and the longevity of the radioisotopes 

themselves. The waste must therefore be processed, treated and conditioned 

before disposal to prevent environmental contamination and to allow for 

remote handling. The waste is categorised in the UK based on the heat 

generation and activity as; very low level waste (VLLW), low level waste 

(LLW), intermediate level waste (ILW) and high level waste (HLW), each 

described in Table 1-1. These categories assist in providing guidance as to 

the appropriate disposal route for each type of waste, as discussed in Section 

1.2.  

Table 1-1 – Nuclear waste category definitions, along with their relative 

volume and activity [2]. 

 

 

In the UK, there is approximately 5.1 million tons of nuclear waste (as of 1st 

April 2019), originating from civil, medical, defence and industrial uses [2]. This 

Category 
of nuclear 

waste 
Definition Volume (m3) 

Activity by 
2100 (TBq) 

VLLW 

High volume – maximum concentrations of 
4 MBq per tonne can be disposed of in 

specific landfill sites. 
2,690,000 11 

Low volume – each 0.1 m3 with activity < 
400 kBq or each single item < 40 kBq. Can 

be disposed of in any landfill.  

LLW 
Activity < 4 GBq of alpha and < 12 GBq 

beta/gamma. 
1,280,000 140 

ILW 
Activity > LLW which generates heat < 2 

kW m-3 
500,000 1,000,000 

HLW 
Activity > LLW which generates heat > 2 

kW m-3. 
1,500 12,000,000 
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nuclear waste was, and continues to be, primarily generated in the nuclear fuel 

cycle, with a significant quantity attributed to the back end of the fuel cycle, 

and specifically the decommissioning of nuclear reactor sites. It should be 

noted from Table 1-1 that the category of nuclear waste with the highest 

activity (HLW) has the smallest volume.  

 Nuclear Waste Disposal 

The main aims of nuclear waste management and disposal are to ensure that 

the waste is isolated to prevent migration and dispersion into the environment. 

Minimising the volume of the waste is also important, as this will minimise the 

potential costs associated with disposal [3]. The nuclear waste can be 

encapsulated or immobilised where encapsulation involves entirely 

surrounding the waste with a stable matrix and therefore isolating it from the 

environment e.g. cement, and immobilisation is the total incorporation of the 

waste material into the chemical structure of a matrix.  

 

In the UK, LLW is currently disposed at a shallow engineered repository (Low 

level waste repository; LLWR) near Drigg. This facility is used for the storage 

of LLW materials which are not suitable for incineration or treatment. The 

material is compacted to reduce its overall volume and stored in concreate 

lined vaults on the site. ILW and LLW is accumulated at all stages of the NFC, 

whereas HLW is generated from the reprocessing and separation of spent 

nuclear fuel (SNF). SNF itself is considered to be HLW as well as separated 

minor actinides (MA) and fission products (FP), however it can be remain in 

intermediate storage to allow the decay heat from FP to subside [4]. The ILW 

and HLW will eventually be stored in an underground facility called a 

geological disposal facility (GDF).  

1.2.1 Geological disposal 

The method of permanent nuclear waste disposal that has been decided upon 

in the UK is deep isolation in a geological disposal facility (GDF), illustrated in 

Figure 1-1. The ILW and HLW will be disposed of in the GDF using a 

multibarrier method, where each stage of the disposal is carefully engineered 
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to ensure the long term safety of the facility and the prevention of water 

ingress. The GDF will be situated 500 – 1000 m underground, at which level 

the movement of ground water is very slow. The first barrier to water ingress 

will be the host rock itself, therefore the GDF must be sited to take the 

hydrogeology into consideration. The second barrier will be the backfill 

material, used to surround the nuclear waste cannister, with the cannister 

material itself being the third barrier, which must be produced using a durable 

material such as stainless steel or copper. The final barrier which will prevent 

the environmental contamination is the wasteform itself, the material in which 

the waste is either encapsulated or immobilised, dependent upon the category 

of waste.  

 

 

Figure 1-1 - Geological disposal facility diagram displaying multibarrier 

method. Taken from [5]. 

 

This multibarrier engineered disposal facility must be robust enough to 

withstand at least 100,000 years in this environment since this is the time 

required for the radiotoxicity of the waste to fall below that of natural U (see 

Figure 1-2). There is no current agreement upon the position for the UK GDF 

[6] however Sweden and France are currently in the process of developing 

their respective sites, with locations having already been selected. 
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Figure 1-2 - Rate of decay of the components of spent nuclear fuel with 

time compared to the relative radiotoxicity of each component [7] 

 Wasteform requirements 

Wasteforms must fulfil certain criteria to be deemed appropriate for geological 

disposal. These criteria are set out by implementation organisations (e.g. 

Radioactive Waste Management (RWM)), regulators (e.g. the Environment 

Agencies) and international organisations (e.g. the International Atomic 

Energy Agency (IAEA)) [8]–[10]. These criteria and their importance for safe 

nuclear waste disposal are summarised in Table 1-2.  
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Table 1-2 – Wasteform acceptance criteria, their definition and 

explanation of their relative importance.  

 

 

 Plutonium in the UK 

Alongside the nuclear waste discussed above, there is approximately 140 tHM 

of PuO2 stored as a zero value asset at the Sellafield site, until 2120 which is 

the planned end date for the site [11]. This is the largest stockpile of civil 

separated PuO2 worldwide and originates from the reprocessing of SNF at the 

Thermal Oxide Reprocessing Plant (ThORP) and Magnox reprocessing plants 

in the UK [12]. This nuclear fuel reprocessing is due to end in 2021, upon the 

final closure of the Magnox reprocessing plant. The composition of the PuO2 

stockpile is shown in Table 1-3, of which 23 tHM is foreign-owned material.  

  

Criterium Definition Importance 

Radiation 
tolerance 

Resistance to the loss of 
durability by radiation effects. 

Ensure the long term integrity of the 
wasteform material. 

Waste loading 
Quantity of waste immobilised 

per unit volume. 
Reduce the footprint and the cost of 

the final GDF. 

Chemical 
durability 

Resistance to corrosion in 
groundwater. 

Prevent leaching into the 
environment upon final storage. 

Proliferation 
resistance 

Ability of wasteform to 
suitably contain the waste. 

Prevent the theft and subsequent 
misuse of radioactive waste 

material. 

Process 
compatibility 

Ease of manufacture of the 
wasteform 

Reduce potential cost of 
immobilisation in wasteform. 

Natural 
analogues 

Natural minerals which 
contain radioactive isotopes 

Evidence of ability of the matrix to 
immobilise radioactive materials for 

millions of years. 
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Table 1-3 – Inventory of UK civil PuO2 as of 31 December 2018 [adapted 

from [13]]. Published by the Office for Nuclear Regulation. 

 

Item Mass (tHM) 

Unirradiated separated plutonium in product stores at reprocessing 

plants 134.8 

Unirradiated separated plutonium in the course of manufacture or 

fabrication and plutonium contained in unirradiated semi-fabricated or 

unfinished products at fuel or other fabricating plants or elsewhere 0.7 

Plutonium contained in unirradiated MOX fuel or other fabricated 

products at reactor sites or elsewhere 2.0 

Unirradiated separated plutonium held elsewhere. 1.4 

Total 138.9 

 

The original driver for nuclear fuel reprocessing in the UK was to generate fuel 

for a fleet of fast-type nuclear reactors, however this program was terminated 

in 1994 and reprocessing continued, hence generating the majority of the UK 

PuO2 stockpile. A ‘Credible Options Analysis’ was completed by the NDA [14], 

to aid in the decision of the final fate of the PuO2 stockpile and reported that 

there are four main options to be assessed when considering the disposition 

of the PuO2 stockpile in the UK: 

 

A. Current baseline strategy - storage at the Sellafield site. Required to 

convert to a form that is passively safer than PuO2 powder. No strategy 

post Sellafield closure in 2120.  

B. Immobilisation and disposal – aim to make the material proliferation 

resistant and passively safe.  

C. Reuse as mixed oxide fuel in light water reactors– with ultimate 

eventual disposal.  

D. A combination of the above options.  

 

The Credible Options Analysis states that one of these options must be 

implemented within 25 years of the report. The Department for Energy and 
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Climate Change (DECC) published a response to the Credible Options 

Analysis, stating that mixed oxide (MOX) fuel was the favoured route, with 

subsequent conditioning of material unsuitable for this route where it will be 

treated as waste for disposal [15]. The material designated as unsuitable for 

reuse is identified as Cl contaminated PuO2, with Cl originating from the 

radiation degradation of PVC packaging used to surround the material in 

storage. A small portion of the PuO2 stockpile is also contaminated with Am-

241, generated by the β decay of Pu-241. A dual track research strategy of 

immobilisation and MOX fabrication has been suggested for PuO2 [16], which 

ensure that, if the government were to change its preferred strategy in the 

future, the subsequent disposition of the stockpile could be implemented more 

readily. This would also mitigate against the considerable risks associated with 

MOX implementation. It is generally accepted that interim storage will be a 

feature of any long term strategy concerning this material since, upon 

immobilisation, the storage will be required until an ultimate final resting place 

for nuclear waste is selected.  

 

Immobilisation of the stockpile in a ceramic host phase offers the advantage 

of a smaller disposal footprint compared to irradiating and immobilisation of 

MOX fuel due to the heat output of irradiated fuel. Disposal/storage MOX offers 

another route for immobilisation whereby low specification MOX fuel is 

produced which may provide a more durable and radiation tolerant wasteform 

for the long term storage of the stockpile [17]. The immobilisation route also 

accounts for the stockpile in its entirety.  

 

The stockpile could be used to fuel three European pressurised reactor (EPR) 

or pressurised water reactor (PWR) reactors for their lifetime [18], however the 

market for NPP which can burn MOX fuel in the UK and the USA has not 

reached fruition, with the MOX Fuel Fabrication Facility in the US being 

scrapped with reasons cited as being the financial and technical implications 

of such a facility. In the UK, government policy also prevents the MOX (or 

PuO2) being shipped to another country. The use of MOX has yet to be shown 



 
28 

 

as a financially, and therefore commercially viable option for the UK civil 

nuclear fuel cycle, despite its use being technically plausible.  

 

There is a careful balance required when decided upon the fate of the PuO2 

stockpile, to find the most financially feasible option, since immediate disposal 

could be securing a precious resource which would then prove to be expensive 

to return into PuO2 at a later date. The uncertainty surrounding this issue 

relates to the cost of each path and the inability of governments to predict the 

long term fate of this material. The intergenerational burden associated with 

these materials must also be considered throughout the decision making 

process.  

 Project aims 

The central aim of this project was to investigate the suitability of a toolbox of 

glass and ceramic wasteforms for the immobilisation of the UK PuO2 stockpile. 

The viability of thermal treatment of these wasteforms using hot isostatic 

pressing (HIPing) was also investigated. Their relative suitability is discussed 

in reference to the wasteform acceptability criteria outlined in Section 1.3, 

specifically the waste loading achievable, the phase assemblage formed, and 

the effect of these factors on the chemical durability of the final product. CeO2 

is used as a surrogate for PuO2 throughout the thesis, with the merits and 

drawbacks for this choice discussed in Section 3.3, as well as the implications 

for this selection on each wasteform discussed in the conclusion. A brief 

outline of the aims of each chapter is presented below along with an 

assignment of the authors contributions to each chapter, where each draft 

manuscript was reviewed by Professor Neil Hyatt, Dr. Claire Corkhill and Dr. 

Laura Gardner: 

 

Chapter 4 – Alkali tin silicate (ATS) glass as a wasteform for the 

immobilisation of the UK Pu stockpile 

ATS glass is a specific formulation of borosilicate glass developed in the US 

for the immobilisation of wPu, therefore this wasteform was selected for study 
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in this thesis to investigate its suitability for the immobilisation of the UK PuO2 

stockpile. The aims of this chapter were to: 

1. Use CeO2 as a surrogate for PuO2 in ATS formulations and maximise 

the wasteloading by: 

a. observing the effect of processing temperature on Ce solubility 

in the glass melt.  

b. observing the effect of a reducing agent (Fe0) on the Ce 

solubility. 

2. Understand the effects of these changes on the resultant glass by fully 

characterising the wasteforms.  

3. Assess the chemical durability of the resulting glass using the ASTM 

PCT-B and MCC-1 methodologies.  

 

The author’s contribution was: all experimental work, data analysis and writing 

with the exception of performing ICP-OES measurements which were 

completed by Dr. Claire Corkhill, the collection of Fe EXAFS data which were 

acquired by Ms. Lucy Mottram, Dr. Dan Bailey and Dr. Martin Stennett, as well 

as Mössbauer spectra which were acquired by Mr. Dan Austin.  

  

Chapter 5 – Hot isostatic pressing of alkali tin silicate glass as a 

wasteform for the immobilisation of the UK plutonium stockpile 

Using the ATS glass compositions developed in Chapter 4, HIPing was 

investigated as a method of thermal treatment, with the advantage of this 

process being the full accountability and criticality control, which are important 

considerations when designing wasteforms for PuO2. Each HIPed glass was 

characterised to understand the effect of HIPing on the wasteform produced. 

The chemical durability of these wasteforms was investigated and compared 

to durability of the glasses in Chapter 4, in order to assess whether the effect 

of HIPing on the dissolution rate of the glass. 

 

The author’s contribution was the collection and analysis of all experimental 

data with the exception of ICP-OES measurements which was completed by 

Dr. Colleen Mann and Mössbauer spectra were acquired by Mr. Dan Austin.  
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Chapter 6: The effects of charge compensating ions on the phase 

assemblage and dissolution behaviour of HIPed Ce-doped zirconolite 

Zirconolite is a favourable host phase for actinide waste streams in the 

multiphase ceramic SYNROC, and is also widely reported in the literature as 

a potential wasteform for the immobilisation of PuO2. This phase was therefore 

selected as a wasteform for investigation in this chapter, with CeO2 selected 

as a PuO2 surrogate. The objectives of this chapter were to: 

1. Select formulations of zirconolite using both single site substitution onto 

the Ca2+ site and dual site substitution onto the Ca2+ and Zr4+ sites, as 

well as the selection of appropriate Ti4+ site charge balancing ions (Al3+, 

Mg2+ and Fe3+).  

2. Assess the suitability of using HIPing for the selected formulations.  

3. Understand the efficacy of the charge compensating ions by studying 

the resultant phase assemblage of the wasteform.  

4. Assess the effect of the phase assemblage and charge compensating 

ions on the relative durability of each formulation using an aggressive 

PCT-B type protocol.  

 

The author’s contribution was the collection and analysis of all experimental 

data with the exception of ICP-MS data which were acquired by Dr. Colleen 

Mann, as well as the collection of Ce/Fe XANES spectra which were acquired 

by Dr. Martin Stennett and Mr. Dan Austin. This Chapter also involved 

considerable method development for the PCT-B experiments and ICP 

analysis protocol undertaken by the author, but not reported here. 

  

Chapter 7: Hot isostatic pressing and durability assessment of fluorite 

related ceramic wasteforms containing neutron absorbers for PuO2 

disposition 

The HIPing of several types of fluorite based ceramic compositions, including 

zirconolite, zirconate pyrochlore and cubic zirconia, was investigated. These 

compositions were selected due to the actinide bearing natural analogues 

reported along with their ability to accommodate neutron poisons such as Gd 
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and Hf, as well as the Pu surrogate, Ce. The resulting phase assemblage was 

analysed and the effect of this on the relative chemical durability of these 

compositions was investigated using an aggressive PCT-B type protocol. The 

relative release of the Pu surrogate, Ce, and the neutron poison elements, Gd 

and Hf, was also investigated to ensure subcriticality of the wasteform and 

surrounding environment is maintained.  

 

The authors contribution was: all experimental work with the exception of the 

synthesis of the wasteform materials which was completed by Dr. Martin 

Stennett, as well as the ICP-MS data acquisition which was completed by Dr. 

Colleen Mann. This chapter also involved considerable method development 

for the PCT experiments and ICP analysis protocol undertaken by the author, 

but not reported here. 

 

Chapter 8: Molten salt synthesis of Ce doped zirconolite for the 

immobilisation of pyroprocessing wastes and separated plutonium 

 

Pyrochemical reprocessing is an advanced reprocessing technique that 

generates a salt waste stream which is entrained with MA. The selective 

immobilisation of these entrained MA pyroprocessing was investigated, with 

the secondary aim of investigating the separation of Cl from the contaminated 

portion of the PuO2 stockpile. Molten salt synthesis was used, with the addition 

of stoichiometric zirconolite reagents to a chloride salt eutectic, facilitating the 

selective immobilisation. Several experimental parameters were 

systematically varied to observe their effect on the phase assemblage 

produced.  

 

The author’s contribution was the completion of all experimental work and data 

analysis, where Dr. Florent Tocino assisted in experiment design and Dr. 

Martin Stennett assisted with the acquisition of Ce XANES spectra.  
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Note to reader 

 

This thesis is presented using the alternative ‘publication’ format, whereby 

each results chapter was written as a journal article draft (with the exception 

of Chapter 8 where the published journal article is presented in Appendix A). 

This format naturally generated some repetition within the Introduction and 

Experimental sections of Chapters 4 – 8, however this was necessary for the 

format of draft journal articles. This format also presents some challenges to 

fully elaborate on the aims and objectives, as well as the motivation of each 

results chapter, within the results chapters themselves. Please refer to this 

Introduction chapter for the aims and objectives of the thesis, and the separate 

results chapters where required.  
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(2.1) 

(2.2) 

(2.3) 

2 Literature Review 

Note to reader: each results Chapter (4 – 8) contains a summary of the 

literature relevant to the work completed there. This literature review provides 

relevant background information regarding the generation and subsequent 

immobilisation of radioactive waste and along with information regarding the 

durability assessment of the wasteform materials.  

 Radioactive decay and nuclear fission 

Radioactive decay is the spontaneous emission of radiation caused by 

unstable nuclei that have an excess of protons or neutrons in the nucleus. 

There are three main types of radioactive decay: 

 

1. Alpha decay 

A particle with two protons and two neutrons is emitted from the nucleus as 

shown in an example of typical alpha decay in Equation (2.1).  

 

   Uଽଶ
ଶଷଶ → Thଽ଴

ଶଶ଼ + αଶ
ସ       

 

A sheet of paper can prevent penetration of all alpha particles, as will the outer 

layer of the skin.  

 

2. Beta decay 

Weak interactions in the nucleus cause either β+ decay, shown in Equation 

(2.2) or β- decay, shown in Equation (2.3).  

 

C଺
ଵସ → N଻

ଵସ + eି + νതୣ 

 

C଺
ଵ଴ → Bହ

ଵ଴ + eା + νୣ 

 

An excess of neutrons in the nucleus results in β- decay, whereas an excess 

of protons results in β+. A few mm of aluminium or water prevent beta decay 

products from penetrating a material.  
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(2.4) 

 

3. Gamma decay 

This type of decay involves the emission of a high-energy photon by a nucleus 

that is in an excited state, and often follows alpha or beta decay. The radiation 

released has a characteristic energy depending on the nuclei involved and 

preceding decay route (Figure 2-1). Radiation from gamma decay is stopped 

by lead or other heavy metals. 

 

 

Figure 2-1– Diagram of beta decay and gamma decay of Co-60, showing 

the release of gamma rays of characterisic energy upon each decay 

event. 

 

Nuclear fission involves the splitting of a nucleus into two smaller nuclei, 

known as FPs by the capture of a neutron, as shown in Equation 2.4. This 

process causes the emission of further neutrons which can help to sustain the 

reaction. Criticality occurs when one or more the neutrons generated goes on 

to generate the fission of another atom. There are two types of nuclei which 

can undergo nuclear fission: fissile nuclei which can maintain a self-sustaining 

nuclear reaction when bombarded with low energy (thermal) neutrons (e.g. 
235U), and fertile nuclei which can be bombarded with high energy neutrons to 

produce fissile nuclei (e.g. 232Th + n  233U).  

 

Uଽଶ
ଶଷହ + n଴

ଵ → A + B + x n଴
ଵ + 200 MeV 
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The reaction in Equation 2.4 shows the production of fission products, A and 

B, with the number of neutrons produced per fission of 235U is denoted by ‘x’, 

where x ≈ 2.5 per fission of 235U. The percentage yield of FP per mass number 

for Equation 2.4 is shown in Figure 2-2, where there are two peaks displayed 

at approximately A = 95 and A = 135, which are the peak in the average mass 

number of FP. The range of FP produced by nuclear fission is vast, generating 

elements from approximately 30% of the periodic table [19].  

 

Figure 2-2 - Fission product yield of 235U as a function of mass number. 

Taken from [1]. 

 Nuclear power generation 

Nuclear power is generated via the nuclear fission of 235U, as described in 

Equation 2.4, and generates over 10% of the world’s electricity. Generating 

energy using nuclear power plants is particularly of interest in recent years due 

to the low carbon power generated and the base load addition to the energy 

mix. The heat produced by nuclear fission is used to heat water to generate 

steam, which then drives a turbine, a process which is similar to traditional 

fossil fuel plants. The structure of a nuclear power plant contains the fuel 

(which can be of several different types such as ceramic UO2 or metallic U), a 

moderator and a coolant. The moderator slows the neutron released in fission, 
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to allow for neutron capture in most types of NPP, however fast reactor types 

do not require a moderator. The coolant transfers heat arising from fission in 

the reactor core and usually categorises the reactor type. Water is typically 

used as a coolant, however there are reactor design which use gases such as 

He and CO2, or salts as coolants due to their increased thermal efficiency.  

 

Nuclear power generation produces waste, similarly to other sources of energy 

generation, however wastes generated from NPPs contains unstable nuclei 

that are radioactive and is the primary source of nuclear waste generated 

worldwide. These radioactive waste streams create unique challenges when 

handling and storing the waste, to ensure that contamination to the 

environment does not occur and therefore impact human health. However, 

large amounts of energy are generated from small quantities of nuclear fuel, 

where the annual output of waste from an average NPP is 4000 m3 compared 

to 130,000 m3 from an average coal power plant [20]. It should also be noted 

that this hazard will reduce throughout the time that the material is 

stored/disposed of due to the decay of radioactive elements. 

 Nuclear fuel cycle 

The nuclear fuel cycle (NFC) is used to describe the steps involved in nuclear 

power generation and is illustrated in Figure 2-3. There are three main sections 

of the cycle: the front end, power generation and the back end. The front end 

of the fuel cycle consists of the mining of uranium ore, through to the 

enrichment of 235U isotope and subsequent fabrication of nuclear fuel. Nuclear 

power generation involves the use of the fuel in the nuclear reactor, with the 

fuel removed from the reactor and replaced when the reactivity has been 

reduced sufficiently, through a build-up of FPs. Once spent nuclear fuel is 

removed from the NPP, it can either be stored or reprocessed, with the events 

occurring at this part of the fuel cycle are known as the back end of the NFC. 

There are wastes generated at each stage of the fuel cycle. A typical 1 GW 

NPP generates approximately 100 m3 of LLW and ILW, and 30 tons of SNF 

[21], of which 200 kg is PuO2 [22].  
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2.3.1 Open and closed fuel cycles 

There are two types of NFC, open and closed, which are demonstrated in 

Figure 2-3, and the type of fuel cycle chosen by a nation will determine the 

types of wastes generated. 

 

Figure 2-3 - Open and closed fuel cycle flow chart (taken from [23]). 

 

A closed fuel cycle, as shown in Figure 2-3, includes the 

recycling/reprocessing of SNF to extract the U and Pu that can be reused to 

produce more fuel, since at least 95% of SNF is composed of UO2, and 1% 

PuO2, both of which are fissile and can be used to further generate nuclear 

power. However, the remainder of the SNF, the FPs and MAs must first be 

separated. Aqueous reprocessing of SNF using the PUREX (Plutonium-

Uranium-Extraction) process generates large quantities of HLW that 

comprises MA, FP and corrosion products from activated fuel cladding. These 

are the most radioactive components of SNF. There are several advantages 

to closing the nuclear fuel cycle, such as improving the sustainability of the 

nuclear fuel sources, reducing the requirement for mining, as well as reducing 

the Pu inventory and addressing the associated proliferation and security risks 

[24]. 
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The open/once-through fuel cycle involves disposing of SNF directly into a 

GDF [19], after a period of cooling for several years in cooling ponds. This fuel 

cycle is implemented by several countries such as Canada, USA, Sweden and 

Finland. This has the advantage of reducing the processing costs incurred, 

however the volume of waste to be stored by using this method are much 

greater, since the cladding and fuel containment are stored with the fuel as a 

single unit. This will also increase the potential size, and therefore the cost, of 

a GDF, however the handling and disposal of complex secondary wastes 

generated from reprocessing are negated.  

2.3.2 Nuclear power in the UK 

The UK was the first country to produce nuclear power for civil use when the 

Calder Hall began generating power in 1956 [25]. Since then, nuclear power 

has continued to provide a significant portion of the energy required in the UK 

and contributed approximately 19% to the UK energy mix in 2020 [26]. There 

are two types of nuclear reactor which were first developed in the UK, the 

Magnox reactor and the advanced gas cooled reactor (AGR), both of which 

use pressurised gas as a coolant, and only the AGR rectors are currently 

operational (14 reactors at seven sites across the UK). Sizewell B is the only 

water cooled/moderated reactor in the UK, which is the pressurised water 

reactor design (PWR), the most common reactor type in the world (Figure 2-4).  
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Figure 2-4 – Schematic of a PWR reactor design showing the reactor 

core, coolant loop, steam generator and control rods. Taken from [27]. 

 Nuclear fuel reprocessing 

The reprocessing of SNF separates the fuel into fissile/fertile material, namely 

PuO2 and UO2 which can be reused in nuclear fuel, and the MA/FP disposed 

of separately. There are many different methods proposed for the 

reprocessing of nuclear fuel. The method employed in the UK is PUREX, 

which is described in detail below.  

2.4.1 PUREX process 

The method of spent nuclear fuel reprocessing adopted in the UK utilises the 

PUREX and is the main source of separated Pu in the UK stockpile via the 

ThORP and Magnox reprocessing plants. This process initially involves the 

removal of fuel cladding, with the fuel then dissolved in nitric acid. Solvent 

extraction then takes place where nitric acid solution is mixed with an organic 

phase, tri-butyl phosphate, which are immiscible. Utilising the range of 
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oxidation states of U and Pu, they are separated from the FP and MA, and 

then the U and Pu are separated into separate streams. This process 

generates separated U and Pu streams in addition to a HLW liquor containing 

[3]:  

1. Fission products – 134, 135, 137Cs, 90Sr, 99Tc, 129, 131I,  

2. PUREX contaminants, 

3. Corrosion products, 

4. Minor actinides – 237Np, 238, 239Pu, 241Am, 242, 244Cm. 

The exact composition and volume of these contaminants in the HLW is 

dependent upon several factors e.g. reactor type, fuel type, burnup rate.  

2.4.2 Advanced extraction methods 

There are several advanced aqueous reprocessing techniques which build 

upon the PUREX process such as GANEX (Grouped Actinide Extraction), 

DIAMEX (Diamide Extraction) and SANEX (Selective Actinide Extraction). 

These are all alternative to the PUREX process, using a selection of different 

organic phases and solvents, as well as buffers to varying the oxidation states 

of the actinide elements to extract variations of them in each process [28].  

 

An alternative to aqueous reprocessing is pyrochemical reprocessing 

(pyroprocessing), which is under development at the Korean Atomic Energy 

Research Institute, South Korea [29] and at Argonne National Laboratory, 

USA [30], as well as in Russia where pyroprocessing is proposed as the 

primary method of closing the fuel cycle. Pyroprocessing is a dry process 

whereby the SNF is electrorefined in a high temperature (500 – 600 °C) salt 

eutectic, often composed of chloride salts [31], [32]. Uranium is collected at 

the cathode, leaving behind a salt eutectic with entrained MA and FP. The 

contamination from the MA and FP in the salt increases the eutectic 

temperature and therefore must be decontaminated or disposed of 

periodically. Research is currently being undertaken to selective extract the 

waste actinides in a ceramic wasteform using the molten salt as a reaction 

medium [33]–[35], or in a zeolite, which can be heated treated to form a 

sodalite glass, trapping the waste [36]. Oxygen sparging can also be used to 
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precipitate the MA and FP chlorides from the salt waste as oxides, which can 

then be separated from the salt stream and immobilised separately [37], [38]. 

Pyrochemical reprocessing is advantageous compared to the PUREX process 

because it ensures proliferation resistance of the end product by recovering 

U, Pu and MA simultaneously. The salts also have high radiation tolerance 

compared to the organic compounds used in aqueous extraction processes 

[39]. 

 Nuclear waste immobilisation 

The immobilisation of waste is defined as the conversion of a waste into a 

wasteform by chemical incorporation into the structure of the wasteform 

material [40]. This process reduces the probability of the waste materials to 

migrate and disperse into the environment. The wastes generated, as 

specified in Section 1.1, must be conditioned and immobilised using an 

appropriate material prior to disposal. The desirable characteristics of the 

wasteform are described in Section 1.3. 

2.5.1 Plutonium immobilisation 

The immobilisation of PuO2 must be considered for the end state of the UK 

PuO2 stockpile in the event that current policy relating to the status of this 

material changes (see Section 1.4), and for designing wasteforms that are 

suitable for the contaminated portion of the stockpile. This research is also of 

interest for other countries such as Japan, Russia, France and the USA, who 

also have considerable PuO2 stockpiles which could require immobilisation in 

future. There are also several economic and technological challenges 

associated with the generation of MOX fuel when considering the current state 

of the UK NFC, since there is a lack of uptake for new build reactors which can 

utilise this fuel type.  

 

There are several routes for the immobilisation of Pu evaluated in the 

literature: immobilisation in specially formulated glasses or in to tailored 

ceramic materials [41]–[46]. Glass-ceramic wasteforms have also been 

considered for the immobilisation of HLW [47], [48] and Cl contaminated PuO2 
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[49]–[53], however these will not be discussed in this thesis. The formulations 

developed in either route could require consideration to maintaining 

subcriticality, with the addition of neutron absorber elements into the 

wasteform to ensure long term integrity of the wasteforms. Accountancy of the 

Pu throughout the wasteform production process would also need to be 

addressed. Another route for the immobilisation of PuO2 is disposal/storage 

MOX, utilising already operating MOX fuel fabrication plants to generate a low 

specification MOX fuel for the disposal of PuO2 [17]. The decision about which 

type of wasteform should be used are dependent on fulfilling the wasteform 

acceptance criteria, as discussed in Section 1.3.  

 Types of wasteform 

There are two key types of wasteform for the disposal of PuO2 which will be 

considered in this thesis: glass and ceramics. Details about the types of glass 

and ceramic composition considered for the immobilisation of PuO2 and their 

relative merits can be found in this section.  

2.6.1 Glass 

Vitrification is considered to be a suitable option for many waste streams, 

particularly HLW containing FP, MA and activation products, due to the 

chemical flexibility of the glass structure [3]. Glass formulations have been 

utilised for this purpose for several decades and vitrification is therefore a well-

established technology. However, vitrification is unsuitable for some wastes 

such as those high in volatile species e.g. Cl, Mo and I, since these are likely 

to volatilise at typical glass synthesis temperatures (1100 - 1500 °C) and also 

have low solubility in glass, therefore another type of wasteform must be 

considered for these waste streams. The solubility of actinide elements, such 

as Pu, in traditional HLW glasses is also reportedly low (1.5 wt.% in the French 

R7T7 HLW borosilicate glass composition [54]), however glass formulations 

can be adapted to allow for increased waste loading of these elements. 

Vitrification is suitable for the immobilisation of nuclear waste as it fulfils many 

of the criteria shown in Table 1-2 e.g. there are natural analogues (volcanic 

glasses, which are approximately 4 million years old with alteration layers of 
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thickness 200 µm [55]) which provide evidence for chemical durability over 

geologic time scales [56]. Glasses generally have a flexible network, which 

can adapt to various waste streams by incorporating many sizes of ions into 

the chemical structure, including over 30 different elements contained in many 

HLW streams [21]. Processing efficiency (which is linked to viscosity and 

melting temperature of the glass) must be considered and therefore a 

compromise is often made between this and the durability of the glass 

produced. However, glass wasteforms are intrinsically thermodynamically 

unstable and their durability is highly dependent upon composition, and 

crystallisation/elements which remain undissolved in nuclear waste glasses is 

undesirable. Glass wasteforms are currently being produced on an industrial 

scale at: La Hague, Sellafield, Savannah River, Karlsruhe, Trombay, West 

Valley, Hanford, Tokai, Tarapur, Mayak and Rokkasho-Mura [21]. 

 

There have been many different glass compositions designed for the 

immobilisation of different waste streams, however very few are used in 

practise. There are two main glass compositions which have been considered 

for nuclear waste immobilisation at present of which the majority of the 

literature is focussed: borosilicate and phosphate glasses, however others 

have also been investigated such as aluminosilicate glasses. The formulations 

in use today have been optimised to achieve the best compromise of the 

following factors for the target waste stream: operating parameters, waste 

loading glass properties and long term durability [57].  

2.6.1.1 Glass structure 

A glass is a material that has a structure which lacks long-range order and can 

be defined as being X-ray amorphous solid with a time dependent glass 

transition temperature [11]. The glass structure can be described as a three 

dimensional network of polyhedral structures, with distorted bond angles that 

give rise to the random network. Glasses form upon the rapid cooling of liquid 

which avoids the formation of a crystalline structure. Amorphisation can also 

occur as a consequence of the radiation damage on crystalline materials.  
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(2.5) 

The Zachariasen model for glass formation is the foundation of many 

descriptions of glass structure in the literature and proposed a random glass 

network where silica tetrahedra are connected by bridging oxygens with no 

ordering at distances > 8 Å. [59]. Zachariasen’s rules for the formation of a 

glass are: 

 

1. An oxygen atom must not be linked to > 2 other atoms.  

2. The number of oxygen atoms surrounding an atom must be small.  

3. The oxygen polyhedra can only share corners (rather than edges or 

faces).  

4. At least 3 of the corners of any polyhedra must be shared.  

 

The network possesses short range order from the central cation (1.5-2.9 Å), 

medium range order is also possible (2.9-5.5 Å) which corresponds to the 

tetrahedra, and long range order (3.5 to ~10 Å), and beyond 10 Å there is no 

order observed in the network [60]. This is the continuous random network, a 

model for glass structure which was only applicable to vitreous silica and was 

modified to better describe alkali silicate glasses with X-ray diffraction studies 

completed by Warren [61]. This modified model postulates that the addition of 

an alkali/alkaline earth element, which occupy space between the glass 

forming tetrahedra, cause a bridging oxygen (Si – O – Si) to become a non-

bridging oxygen (Si – O-) (see Equation 2.5 and Figure 2-5).  

 

Si – O – Si + Li2O  2(Si – O-) + 2Li+ 

 

Building upon this model further, there is also the modified random network 

model which was proposed by Greaves [62] who used XAS studies on alkali 

silicate glasses to further understand the structure of more complex glasses. 

The model introduces two separate but interlinked regions within the glass 

network, a network region containing network formers and an internetwork 

(see Figure 2-5).  
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Table 2-1 – Examples of elements which correspond to each category 

of cation in the glass network with associated Dietzel Field Strength 

range [63]. 

Cation type Field strength range Example elements 

Network former 1.4 - 2.0 Si, B, P 

Intermediate 0.5 - 1.0 Zr, Ti, Al, Fe 

Network modifier 0.1 - 0.4 Li, Na, K, Ca, Mg 

 

Glasses have several components which can be used to describe its structure: 

network former, intermediate structural elements and network modifiers. 

Examples of these elements can be found in Table 2-1. It should be noted that 

it is difficult to confirm whether an element is an intermediate component of 

the glass without knowledge of the local coordination number of the element 

in the glass [61].  

 

 

Figure 2-5 – A two dimentional representation of a continuous random 

network as described by the Zachariasen-Warren model (adapted from 

[64]) (left) and the modified random network (adapted from [1]) (right). 
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(2.6) 

A ratio related to the cation-oxygen radius (dC-O) and charge of an cation (Zc), 

referred to as the Dietzel field strength, can be used to classify an ion as an 

intermediate, glass former or network modifier Table 2-1. It is calculated as 

follows:  

 

𝐷𝑖𝑒𝑡𝑧𝑒𝑙 𝑓𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  
𝑍஼

𝑑(஼ିை)
ଶ  

 

The incorporation rate of a radionuclide into the glass depends on the ionic 

radius/field strength of the radionuclide, the composition and the structural role 

of each of the elements, and the synthesis conditions  

 

Glasses proposed for nuclear waste immobilisation are typically silica based 

e.g. borosilicate and aluminosilicate formulations. In silicate glasses, SiO4 

tetrahedra form a disordered network where Si-O-Si bond lengths and angles 

vary throughout the glass structure. Borosilicate glasses incorporate B as a 

network forming element, with the addition of B causing a reduction in the melt 

temperature of the glass. Fe and Al can also behave as network formers in the 

glass network. Alkali elements can also be added to charge balance the 

addition of high valence cations, such as Fe and Al into the glass melt, and aid 

their incorporation as glass network forming elements [65]. The solubility of 

lanthanide elements in a glass melt is increased with the quantity of alkali 

elements in excess of Al3+ within the melt, ensuring sufficient alkali cations are 

available for charge balancing.  

2.6.1.2 Glasses for Pu immobilisation 

Borosilicate glasses have been formulated for the immobilisation of HLW, 

typically incorporating alkali elements such as Li and Na, for example the MW 

(Mixed Windscale) glass which is the UK HLW glass formulation. The HLW 

glass formulations have also been adapted to increase the Pu wasteloading 

and include: lanthanum borosilicate (LABS), alkali tin silicate (ATS) [66], [67], 

and aluminoborosilicate glass [68], [69]. These formulations all compromise 

on either processing temperature, wasteloading or chemical durability, and 

were compared in a comprehensive study completed by Harrison et al. [70] 
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e.g. lanthanum borosilicate and aluminosilicate compositions are known to 

have high wasteloading (15 wt.% CeO2) and good chemical durability 

(normalised Ce dissolution rate (NRCe) = 2.92 x 10-2 g m-2 d-1), however they 

have a melt temperature of 1500 °C, which can be prohibitive for standard 

glass melting technologies such as induction melting and Joule heated 

ceramic melting [71]. This is compared to ATS glass, where a 15 wt.% CeO2 

waste loading was achieved at 1300 °C with NRCe = 1.21 x 10-1 g m-2 d-1, which 

compromises on chemical durability with reduced melt temperature. When 

considering the MW glass where only 10 wt.% CeO2 wasteloading was 

achieved at 1200 °C, with NRCe = 1.02 g m-2 d-1 [70], it is clear that the 

modifications to these compositions can help to achieve a glass suitable for 

the immobilisation of Pu. Phosphate glasses have also been investigated for 

HLW immobilisation, with some formulations adapted for Pu immobilisation 

including iron phosphate, lead iron phosphate and sodium aluminophosphate 

glasses [72]. These formulations were not considered in this thesis therefore 

will not be discussed further. 

2.6.2 Ceramics 

Ceramics are crystalline materials suggested for nuclear waste immobilisation, 

due to their enhanced chemical durability compared to borosilicate glasses. 

They can be single phase materials, targeted for the immobilisation of specific 

elements or multiphase ceramics such as the SYNROC suite of ceramics 

formulations, each developed to target specific nuclear waste streams. The 

basic premise for the use of ceramic materials for nuclear waste immobilisation 

is to target the waste ions onto specific sites of the wasteform. The ceramic 

formulations are selected based on the wasteform acceptance criteria 

described in Section 1.3. 

 

There are several different formulations of ceramic material which have been 

considered in the literature for Pu/actinide immobilisation. These are: 

SYNROC (specifically SYNROC-C), zirconolite, pyrochlore and zirconia. For 

pure materials, single phase ceramics are appropriate e.g. the majority of the 
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Pu stockpile in the UK, with multiphase ceramic materials more appropriate 

for complex waste streams such as HLW.  

2.6.2.1 Ceramics for Pu immobilisation 

2.6.2.1.1 Cubic zirconia 

Cubic zirconia, ZrO2, has a fluorite structure, with the general formula MO2-x, 

where M can accommodate lanthanides, actinides, or neutron absorbers. The 

structure adopts space group Fm-3m and is described as a face centred cubic 

array of M cations, with the O anions occupying the tetrahedral interstices. The 

M cations are often 8-fold co-ordinated at the centre of edge sharing MO8 

cubes. In the case of ZrO2, the radius Zr4+ cation is too small to accommodate 

8 O anions in the cubic structure, therefore trivalent cations are readily 

incorporated to introduce vacancies which stabilise the ZrO2-x structure. Gd is 

readily incorporated into the cubic zirconia structure for this reason, acting as 

a neutron absorber, as well as stabilising the chemical structure and reduce 

the processing temperature required. The chemical structure is highly resistant 

to radiation damage and subsequent amorphisation [73].  

2.6.2.1.2 Pyrochlore 

Pyrochlore is a mineral with a fluorite related structure, and has a general 

formula A2B2X6Y, where A and B are 8- and 6-fold coordinated cation sites 

and X and Y are 4-fold coordinated anions [74]. The pyrochlore structure, in 

space group Fd-3m, is derived from the fluorite structure by the presence of 

an ordered (alternating) arrangement of A and B cations on the face centred 

cubic lattice, coupled with the presence of ordered vacancies on one eighth of 

the oxygen sites. Actinides and lanthanides are typically targeted for 

substitution onto the A site, with Zr and/or Ti typically located on the B site. 

However, increased chemical flexibility is afforded, compared to zirconia, due 

to the ability to target onto both the A and B site with waste and neutron 

absorber elements with a variety of ionic radii. There are two types of 

pyrochlore generally investigated for nuclear waste immobilisation: zirconate 

and titanate [22], [75]. Zirconate, or ZrO2 - based pyrochlores are known to 
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retain their crystalline structure under high levels of radiation damage. 

However when compared to titanate, or TiO2-based pyrochlores, they often 

require sintering at higher temperatures to produce a fully densified material 

[76].  

2.6.2.1.3 Zirconolite 

Zirconolite is a titanate ceramic with a fluorite derivative structure and is a 

member of the pyrochlore mineral family [77]. It has a prototypical formula 

CaZrxTi3-xO7 where 0.8 < x < 1.35 and adopts the C2/c space group [78]. The 

crystal structure of zirconolite is composed of layers of CaO8 and ZrO7 

polyhedra interleaved with TiO6/TiO5 polyhedra displaying a hexagonal 

tungsten bronze motif. The repeating unit described above is the structure of 

the most common polytype, 2M [79], with variations in the stacking sequence 

contributing to other polytypes such as 3T, 3O and 4M [80]–[84]. The 

difference in the stacking sequence of these layers results primarily from 

changes in the cation site occupancy and vacancy distribution [85], however, 

oxygen fugacity and processing temperature are also contributing factors [86]. 

Zirconolite 4M is described as layers of zirconolite 2M alternating with 

pyrochlore structural units, which accommodates greater incorporation of 

actinide/lanthanide cations into the structure [87], and typically occurs as a 

result of the substitution of cations with large ionic radius onto the B site (e.g. 

substitution of Pu4+ (0.91 Å) onto Zr4+ site (0.78 Å) [88]) [89]. The composition 

of zirconolite is flexible, allowing the substitution of actinide elements onto both 

the Ca and Zr sites, dependent upon the valence of the ion, using appropriate 

charge compensating ions on the Ti site e.g. Ca0 8Ce0.2ZrTi1.8Al0.2O7 [90]. 

Alternatively, isovalent substitution onto the Zr site can also be targeted [89], 

e.g. CaZr0.8Ce0.2Ti2O7 [91], however this substitution mechanism is less 

common in natural zirconolite specimens. Examples of natural zirconolite 

exhibit a wide variety of compositions, frequently containing radioactive 

elements, and are up to 109 years old, demonstrating their feasibility for the 

immobilisation of nuclear waste [77], [92], [93].  
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Figure 2-6 – Structure of zirconolite 2M showing the Ca and Zr 

polyhedra, with alternating layers of Ti polyhedra. Taken from [87]. 

2.6.2.1.4 Perovskite 

Perovskite is a titanate ceramic, with general formula ABX3, in which the three 

dimensional network of corner sharing BX6 polyhedra are occupied by small 

cations, e.g. Ti, and the cuboctahedra interstices are occupied by the A cation, 

typically a larger alkali, alkaline earth, actinide or lanthanide cation. The parent 

structure, in space group Pm-3m, can also be described as close cubic packed 

AX3 layers, in which the B cation occupy the octahedral holes. This phase is 

proposed as part of the SYNROC formulation and is an accessory phase often 

formed when synthesising zirconolite ceramics [94]. However the durability of 

perovskite is several orders of magnitude less than other phases in the 

polyphase ceramic, which contain other titanate ceramic materials such as 

zirconolite and pyrochlore [95], [96].  

2.6.2.1.5 SYNROC 

SYNROC, or SYNthetic ROCk, is a multiphase ceramic material first 

developed at ANSTO by Ringwood et al. as an alternative wasteform to 

borosilicate glass for the immobilisation of HLW [97], [98]. There were several 

variants of the formulation developed, where SYNROC-C is a variant of the 
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SYNROC formulation, specifically formulated to immobilise HLW. The 

formulation contained hollandite (BaAl2Ti6O16), perovskite, zirconolite and 

rutile (TiO2) [99] It was found that actinide elements such as Pu, preferred to 

partition into the zirconolite phase, therefore this was investigated as a single 

phase ceramic waste stream as a consequence. SYNROC was also 

suggested for the immobilisation of Pu, with a pyrochlore rich variant 

developed to incorporate the Pu stockpile along with feedstock impurities 

[100]. These formulations were developed based on the behaviour of natural 

analogue minerals which were found to retain actinide and lanthanide 

elements for 106 - 109 years. The formulations can be adapted to 

accommodate neutron absorbers such as Hf and Gd, which are an important 

concern for maintaining the subcriticality of elements such as Pu. Pyrochlore 

and zirconolite are key actinide immobilising phases in this wasteform, leading 

to the investigation of the feasibility of these single phase wasteforms to be 

investigated as described above.  

 Waste form durability 

Chemical durability is arguably one of the most important factors in deciding 

upon a suitable wasteform for the immobilisation of a specific waste stream. 

This is to ensure that the wastes immobilised are not released into the 

environment prematurely. Laboratory tests to assess the chemical durability 

of wasteforms can provide an insight into their comparative performance 

against other wasteforms. Some tests can also allow a greater understanding 

of how the wasteform will perform in an envisaged geological repository 

environment. The release of radioactive species into the environment must be 

prevented, hence the importance of dissolution behaviour in contributing to the 

safety case of the disposal of these wasteforms in a GDF.  

2.7.1 Durability test methodologies 

Durability/dissolution tests involve the submersion of the wasteform in a 

solution, with the elemental concentration in solution measured over time. 

Static dissolution tests are defined by the low leachant renewal rate in the 

system and can be used to provide a greater understanding of the rate of 
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(2.7) 

saturation of elements in solution, as well as surface effects upon solution 

saturation. There are two main standard methodologies used for comparing 

the relative durability of waste, these are PCT-B [101] and MCC-1 [102]. 

Further information regarding the methodology employed in these standard 

tests can be found in Section 3.4. In static tests, the dissolution rate reduces 

over time as the solution reaches saturation of elements. These tests can 

provide information about the alteration layer formation and subsequent 

secondary phase precipitation [103]. Dynamic tests, such as single pass flow 

through tests (SPFT) can also be implemented to gain a greater understanding 

of the kinetic dissolution behaviour by maintaining dilute conditions [104], 

however these tests will not be considered in this thesis.  

2.7.2 Glass durability 

The durability of glass is determined by performing dissolution experiments, 

completed by submerging the glass in a solution/leachant. HLW borosilicate 

glasses display three key stages of dissolution, a theory which has been 

developed over many years, however this process is complex and there are 

still areas of this process which are still poorly understood. There have been 

many reviews about the process of glass dissolution, and this represents a 

condensed version [103], [105]–[108]. There are three stages of glass 

dissolution, illustrated by the changes in NL in Figure 2-7, and are described 

as follows.  

 

Stage I: This is the initial rate regime where ion exchange of the alkali ions 

(network modifiers) in the glass and the H+ ions in the leachant occurs, as 

described by Equation 2.7, where A is an alkali/alkaline earth element.  

 

Si – O – A + H2O  Si – OH + A+ + OH- 

 

This interdiffusion mechanism creates a surface layer depleted in 

alkali/alkaline earth elements as well as leading to hydrolysis of the network 

forming species (usually B, Al or Si). Hydrolysis can occur by two different 

reactions presented in Equation 2.8 and 2.9.  
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(2.8) 

(2.9) 

 

≡Si - O- + H2O  ≡Si -OH +OH- 

 

≡Si – O - Si≡ + OH-  ≡Si - OH(S) + ≡Si – O- 

 

This hydrolysis mechanism leads to the formation of an alteration layer on the 

surface of the glass, consisting of amorphous silica and water. The final stage 

of hydrolysis occurs with the release of silicilic acid (H2SiO4) into solution upon 

the completion of hydrolysis reactions in a silica tetrahedra. This initial rate of 

dissolution is the maximum rate of any glass under any particular experimental 

conditions, particularly for a static dissolution test, before the leachate 

becomes modified by the release of elements from the glass [109]. The 

dissolution of glasses can be congruent, where the leaching of elements from 

the glass is stoichiometric, with incongruent dissolution being related to the 

selective leaching of elements.  

 

Stage II – This is the residual rate stage which is reached when the solution 

becomes saturated in glass forming elements, an alteration layer is formed 

and low dissolution rates are maintained.  

 

Stage III – Rate resumption may occur after the formation of deleterious 

precipitates in Stage II, which deplete the solution of glass forming elements, 

triggering the resumption of glass dissolution.  
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Figure 2-7 – Stages of glass dissolution (taken from [105]). 

 

There are many variables which effect the rate of glass dissolution and the 

duration of each of the stages discussed above. These are pH, temperature, 

glass composition, leachant composition and the ratio of surface area of the 

material to the volume of the leachant [110], [111].  

2.7.3 Ceramic durability 

During dissolution, ceramic materials can undergo several different reaction 

such as hydrolysis, hydration, redox reaction and ion exchange, which can 

lead to the breakage of bonds within the crystal structure, releasing cations 

into solution [103]. As with glass, dissolution of ceramics can be either 

congruent or incongruent, with incongruent dissolution indicative of a 

multiphase system. Literature investigating the durability of ceramic materials 

is sparse relative to glass durability. This may be due to the challenges in 

completing dissolution experiments on these largely durable materials, with 

leach rates several orders of magnitude lower than borosilicate glass 

compositions. However there have been several PCT-B and MCC-1 tests 

reported on ceramic materials, particularly SYNROC-C [112], as well as 

zirconolite [113]–[116], pyrochlore [75], [117], [118] and cubic zirconia [92], 

[119] compositions developed for Pu/MA disposition.   
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3 Experimental Techniques 

A summary of the techniques used to synthesise the wasteform materials 

featured in this thesis and characterise them is given in this chapter, as well 

as details of the experimental parameters used for the techniques 

corresponding to each results chapter. Details of each dissolution experiment 

are also included.  

 Sample Synthesis and Thermal Treatment Processes 

3.1.1 Batching and milling 

In order to produce ceramic or glass materials, reagents must first be batched 

according to a ‘recipe’ or target stoichiometry. Reagents used are typically 

metal oxides or carbonates and require drying to remove any absorbed water 

vapour. In glass melts, reagents which decompose upon heating (e.g. 

carbonates) are commonly used as this reduces the melting temperature and 

generates bubbles which aid homogenisation [58].  

 

For ceramic wasteforms, the reagents are batched with a stoichiometric ratio 

according to a target composition. Milling allows for greater homogenisation of 

sample powders prior to thermal treatment, as well as reducing particle size. 

For HIPed ceramics, it is advantageous to use oxide powders as opposed to 

carbonates since the decomposition of these reagents can lead to 

unfavourable wasteform microstructures with porosity and lack of 

densification. 

 

Milling is typically achieved using a planetary mill, where zirconia milling balls 

are placed into a mill pot with the reagent powders and an appropriate milling 

fluid e.g. isopropanol, cyclohexane. Using a milling fluid allows particles to 

move around more freely when milling and ensure even distribution of powder 

particles. The slurry is milled, dried and sieved to separate the milling balls 

from the powder.   
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Experimental Parameters 

Chapter 4: Reagents were batched according to the formulation described in 

Bates et al. [66], with the target CeO2 wasteloading included, and mixed before 

placing into an alumina crucible in preparation for melting. 

Chapter 5: Reagents were also batched as in Chapter 4 with the exclusion of 

CeO2. A frit was produced by pouring the glass melt into water and then milled 

using a Fritsch Planetary Mill (Pulverisette 6) at 500 rpm for 1 min to produce 

a powder with particle size < 75 µm. This was mixed with CeO2 and Fe metal 

to produce a batch suitable for HIPing.  

Chapter 6: Oxide reagents were dried in an oven overnight at 180 °C prior to 

being weighed using a balance with accuracy to 0.0001 g. Reagents were 

weighed in a stoichiometric ratio to a 50 g batch size and placed into a 250 mL 

zirconia mill pot with zirconia milling media and 20 mL isopropanol milling fluid 

to make a slurry. A batch of samples were milled at 500 rpm for 20 min. The 

slurry was dried overnight at 90 °C and sieved using a 250 µm sieve to 

separate the powder from the milling media.  

Chapter 7: The matrix forming materials and neutron poisons were prepared 

by weighing out each precursor to 4 d.p, according to the target stoichiometry. 

The precursors were homogenised in a tumbling ball mill for 16 h, with yttria 

stabilised zirconia milling media and isopropanol as the milling fluid. The 

slurries were separated from the media using a sieve and dried overnight at 

90 °C. Once dry, the powder batches were passed through a 250 µm mesh 

sieve and the cerium surrogate was added. Homogenisation of the surrogate 

and the inert batch was completed using a rotary tumbling mixer for 16 h. This 

work was completed by Dr. Martin Stennett.  

Chapter 8: Oxide and chloride reagents were dried in an oven overnight at 

180 °C prior to being weighed using a balance with accuracy to 0.0001 g. 

Powders were weighed into 1 g batches and milled using a zirconia mill pot 

and milling media with the Fritsch Mini Mill 6 and isopropanol milling fluid. Salts 

were also weighed and milled using the same method with the exception of 

using cyclohexane as a milling fluid since a non-polar solvent was required. 

Salt and ceramic powders were mixed according to the correct molar ratio and 

milled once again in cyclohexane 
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3.1.2 Vitrification 

Vitrification involves the mixing of a batched quantity of raw materials which 

are then melted at an elevated temperature until a liquid is formed. During the 

cooling process, chemical and physical reactions occur which form an 

amorphous network at the atomic scale. Melts can either be static or stirred, 

with stirring aiding the homogenisation of the glass, particularly if there are 

reagents of high density which may otherwise stratify under gravity. The glass 

must then be cooled at a rate which is rapid enough to prevent recrystallization 

in the material. Annealing at a temperature 5 °C above the glass transition 

temperature and cooling a rate of 1 °C min-1 will remove any thermal stresses 

which may be present in the glass product.  

 

Experimental Parameters 

Vitrification is the main material synthesis technique for samples produced in 

Chapters 4 and 5. The glass precursors were batched and mixed according to 

Section 3.1.1 and placed into an alumina crucible where it was melted in an 

electric muffle furnace at a selected temperature between 1100 °C and 1300 

°C with a 3 h dwell. They were then cast into a stainless steel mould and 

annealed at 510 °C.  

 

In the case of materials produced in Chapter 5, a pre-formed glass frit was 

produced and utilised which was described in Section 3.1.1. The glass batch 

was melted at 1200 °C for 3 h in an electric muffle furnace. The glass melt was 

poured into a steel bucket filled with cold water to produce the frit.  

3.1.3 Cold pressing and reactive sintering (CPS) 

Cold uniaxial pressing and reactive sintering is a method of solid state 

synthesis, also known as the ‘shake and bake’ method [120], and involves 

sintering of batched oxide powders to produce dense ceramic bodies. Due to 

a lack of homogeneity at the atomic scale, producing dense and fully sintered 

materials using this method requires high temperatures and long furnace dwell 

durations to provide the thermal energy for the solid state reaction to occur.  
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The batched oxide powders are milled to improve the homogeneity of the 

powder and reduce sintering time (see Section 3.1.1) and are pressed into a 

pellet using a uniaxial hydraulic press and a stainless steel die to form a green 

body. The green body is sintered in a furnace to form a ceramic body or pellet. 

This body or pellet may have to be crushed, repressed and sintered once 

again to produce a fully homogeneous ceramic.  

 

Sintering is the densification of a powder by solid state diffusion between grain 

boundaries. It is driven by the reduction of the free energy at the surface of the 

grains (i.e. reducing the total surface area of the particles) by either 

coarsening, the rearranging of particles, or densification, material moving to fill 

pores (see Figure 3-1). Coarsening does not lead to the reduction in pore 

volume therefore does not contribute to the improvement of material 

properties.  

 

Figure 3-1 – Pathways of solid state diffusion between two idealised 

spherical particles. Adapted from [121]. 

 
Experimental Parameters 

Chapter 8: Salt and ceramic powders were milled as in Section 3.1.1 and 

pressed into a pellet using a hydraulic press and 10 mm hardened stainless 

steel die applying 2 x 105 Pa of pressure. The pellet was sintered in alumina 

boat crucible at 1200 °C for 2 h in an electric muffle furnace.  
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3.1.4 Molten salt synthesis 

Salts can be used as a liquid diffusion medium in which to synthesise ceramic 

powders. When heated to, or above, the melting point, the salt acts as a 

solvent, allowing the ceramic reagents to react more readily with each other to 

produce a more homogeneous product over shorter time scales and at 

reduced sintering temperatures when compared to a general solid state 

synthesis reaction [122]. It is also possible, in principle, to control the particle 

size and shape using this synthesis method. 

The general procedure for the molten salt synthesis of a ceramic material 

involves mixing the stoichiometric ceramic reagents with the salt, often with an 

intermediate milling step. The mixture is then uniaxially pressed into a pellet 

and heated to a temperature greater than the melting point of the salts. Once 

the pellet has cooled, a solvent (typically water in the case of chloride salts) 

can be used to dissolve the salt, leaving behind the ceramic powder. The salt 

used for this process can be a mixture of salts which form a eutectic and 

reduce the melting temperature e.g. NaCl and KCl.  

 

The particle size and shape can be controlled by taking advantage of two 

different bounding mechanisms which can occur during molten salt synthesis 

[123]:  

1. Solution precipitation – occurs when the solubility of all reagents within 

the molten salt are similar and results in product particles which show 

no obvious similarity in morphology to the reagents (see Figure 3-2(a)). 

2. Solution diffusion/templating [124] – one reagent (A) is more soluble 

that the other (B) resulting in the more soluble reagent dissolving into 

the molten salt and depositing onto the surface of the less soluble 

reagent, with subsequent reaction. This produces a product particle 

with the shape of the less soluble reagent (see Figure 3-2(b)).  
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Particle shape is highly dependent upon the reagents used and their 

solubility’s in the salt.  

 

Figure 3-2 – (a) Solution precipitation and (b) solution diffusion 

(adapted from [122]). 

 

The solution diffusion reaction has two stages: the first is the reaction phase 

and the second is the particle growth phase. Particle growth does not occur in 

stage one and this stage concludes once all reagents are consumed. Once 

stage two begins, particles larger than a critical size continue to grow [121] 

and smaller particles dissolve into the molten salt and precipitate onto the 

larger particles.  

 

The molten salt synthesis process is particularly relevant for the immobilisation 

of radioactive waste from future Generation IV fuel cycles which utilise 

pyrochemical reprocessing as an option for the reprocessing of SNF (see 

Section 2.4.2). The salt, which acts as medium for the separation of SNF, into 

U. Pu, MAs and FPs in pyroprocessing could also act as a wasteform 

synthesis medium with the addition of ceramic oxide powders. A ceramic 

nuclear wasteform immobilising the entrained radionuclides could potentially 

be produced in this way, allowing the salt to be reused in further 

pyroprocessing and reducing the volume of HLW requiring immobilisation. 
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Experimental Parameters 

Chapter 8: Salt and reagent powders were milled as in Section 3.1.1 and 

pressed into a pellet using a hydraulic press and 10 mm stainless steel die. 

The pellet was sintered at 1200 °C for 2 h in an electric muffle furnace. The 

sintered pellet was crushed using a pestle and mortar and washed with DIW 

using vacuum filtration to remove the salt.  

3.1.5 Hot isostatic pressing 

Hot isostatic pressing is a thermal treatment and powder densification process 

whereby simultaneous isostatic pressure and heat are applied to a material. 

The material is placed inside an appropriate metal carrier ‘can’ (which should 

not interact with the material) and then into pressure vessel where heat is 

supplied from a furnace. Simultaneously, an inert gas such as Ar surrounds 

the can, providing the isostatic pressure and densification by increasing the 

contact stress between the material particles. This results in a product with 

improved properties such as density at lower temperatures compared to 

processing using the CPS route.  

 

3.1.5.1 Wasteform preparation and HIPing procedure 

The general process for wasteform preparation at The University of Sheffield 

is as follows: 

1. Reagent material is batched, milled and placed into a 600 °C drying oven 

overnight. 

2. Material is then placed into a 316 stainless steel can and pressed using 

a hydraulic press to ensure the maximum quantity of material is in the 

can and densification can occur.  

3. Can is welded closed and attached to a vacuum pump to remove 

volatiles.  

4. A ‘bakeout’ at 600 °C while attached to the vacuum to drive away any 

other volatiles until a vacuum of <50 mTorr is reached.  

5. The evacuation tube is then crimped twice with the remainder of the top 

of the evacuation tube removed and the canister is ready to be HIPed.  
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6. The canister is placed into the HIP where the maximum temperature, 

ramp rate and maximum pressure can be controlled.  

7. Once the HIP cycle is complete, the canister is removed from the HIP 

vessel.  

8. The stainless steel canister is cut open using an Abrasimet™ 250 saw 

to reveal the HIPed wasteform inside. This process in described in more 

detail in [125]. 

 

 

Figure 3-3 – Typical stainless steel HIP cannisters produced at TUoS 

before HIPing (left) and after HIPing (right). 

3.1.5.2 Advantages of HIPing for nuclear waste applications 

HIPing of nuclear wasteforms offers multiple advantages such as 

accountability throughout the processing of the material. This means that 

inventories can remain accurately known, and criticality concerns can also be 

managed, which is especially important for Pu containing materials. Since the 

canister are hermetically sealed, there are no off gassing requirements 

throughout this process, therefore the release of volatiles is not a limiting 

concern [126]. HIPing also has the potential for a wide operating window since 

it is independent of wasteform properties and canisters at a variety of scales 

can be processed. Since the HIP operating plant does not come into contact 
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with the waste stream throughout the process, multiple waste streams can be 

processed at the same plant. HIPing also has the potential advantage of 

volume reduction of wastes, allowing for a waste storage facility with a smaller 

footprint and therefore reducing associated costs [127].  

 

 

Figure 3-4 – AIP 630H HIPing system used at The University of 

Sheffield. 

Experimental Parameters 

Chapter 5: The wasteforms in this chapter were HIPed using the University of 

Sheffield AIP 630H system (Figure 3-4). A glass frit was used with the addition 

of CeO2 and Fe metal when packing into the 316 stainless steel can. The 

molybdenum furnace with an operating temperature of 1250 °C was utilised, 

with a ramp rate of 10 °C min-1 at 20 MPa with a 4 h dwell. 30 mL 316 stainless 

steel canisters were produced in house for these samples (Figure 3-3).  

Chapter 6: The same HIPing system was used for these wasteforms as in 

Chapter 5 with the following HIPing conditions: 1320 °C at 100 MPa for 4 h. 

Chapter 7: HIPed externally with the following conditions: 1350 °C at 185 MPa 

for 6 h.   
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 Characterisation techniques 

3.2.1 X-ray diffraction (XRD) 

XRD can be used as a fingerprinting technique to determine the crystalline 

phases and whether any amorphisation is present within a material. An X-ray 

tube generates an X-ray beam by accelerating electrons across a potential 

(typically 30-50 keV). The electrons impinge on a metal anode, ionising the 

metal and creating an electron – hole pair. Relaxation of an electron at a higher 

energy level into the hole generates an X-ray with an energy that is 

characteristic of the metal anode. The X-ray beam also comprises a broad 

range bremsstrahlung wavelength generated when electrons are scattered by 

atoms in the anode.  

 

The X-rays which target the material must be monochromatic therefore the 

beam must be filtered. For example, electrons hitting a Cu anode will cause 2 

transitions: 2p  1s (Kα) and 3p1s (Kβ). A Ni filter is used to remove the Cu 

Kβ contribution. There are also two 2p spin states for the transitions 

contributing to the Kα emission, Kα1 (λ = 1.54051 Å) and Kα2 (λ = 1.54433 Å), 

which produce a weighted average wavelength of 1.5418 Å, and can be 

separated using a monochromator.  

 

Figure 3-5 – Diagram of Bragg’s law showing X-rays interacting with 

lattice planes. 
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(3.1) 

(3.2) 

(3.3) 

For an X-ray to be detected with the arrangement discussed above, Bragg’s 

law must be obeyed whereby diffraction can only occur with the constructive 

interference of X-rays. This happens when there is interaction between bound 

electrons in the material, as opposed to destructive interference caused by 

free electron interactions. With reference to Figure 3-5, for constructive 

interference to occur, the path difference between X-ray wavelets 1 and 2 must 

be equal to n number of wavelength [128].  

 

𝐴𝐵𝐶 = 𝑛𝜆  

 

𝐴𝐵 = 𝐵𝐶 = 𝑑𝑠𝑖𝑛𝜃 

 

Combining Eq. 3.1 and 3.2 gives the equation for Bragg’s law: 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜗 

 

Where n is the integer number of wavelengths, λ is the wavelength of X-ray 

(m), d is the interplanar spacing (m) and θ is the angle of incidence of the X-

ray.  

 

In summary, Bragg’s law states that the angle which X-rays are diffracted is 

determined by the distance between the lattice planes, providing that the 

wavelength of X-rays used is fixed. Powdered materials are often analysed 

and crystallites must be randomly oriented to ensure that each lattice plane is 

represented equally at all orientations. Data is presented as X-ray intensity vs. 

the difference in angle between incident and diffracted rays (2θ). The position 

of peaks in the pattern allows the symmetry and size of the unit cell to be 

ascertained, as well as the atomic positions from which the structure of the 

material can be inferred [120], [129].  

 

Diffuse scattering occurs when performing X-ray diffraction experiments on 

amorphous materials due to the lack of long range order present in the atomic 
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arrangement of these materials [128]. An example of this can be seen in Figure 

3-6. 

 

Figure 3-6 – XRD patterns of crystalline ceramics (top) and glass 

materials (bottom). 

3.2.1.1 Rietveld refinement 

Rietveld refinement is a computational method of fitting the XRD pattern to 

theoretical models of crystal structure [130]. This is an iterative process 

whereby input parameters can be modified to best fit the XRD data from a 

given material e.g. atomic coordinates and site occupancy. This data can be 

utilised to estimate the quantity of each phase present in the material and the 

unit cell parameters of each phase [131].  

 

Experimental Parameters 

A Bruker D2 Phaser diffractometer with LynxEye detector was used to analyse 

every wasteform synthesised in this project. It operates with Ni filtered Cu Kα 

radiation (λ = 1.5418 Å), a 10 mA current and 30 kV voltage. The ICDD PDF-

4 library was used for phase analysis. The Bruker TOPAS software was used 

for Rietveld refinement in all chapters [131]. 
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Chapters 4 and 5: Data was collected 10° < 2θ <70° with a step size of 0.02° 

2θ and count time of 9.45 s per step. For Fe containing glasses, the detector 

was windowed to reject the Fe fluorescence due to the use of Cu radiation. 

Chapters 6, 7 and 8: Data was collected 10° < 2θ <70° with a step size of 

0.02° 2θ and count time of 1.18 s per step. For Fe containing ceramics, the 

detector was windowed to reject Fe fluorescence due to the use of Cu radiation 

3.2.2 Scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDX) 

Scanning electron microscopy is an imaging technique used to analyse the 

surface of a material with a large range of magnifications, from micron to 

nanoscale, allowing the microstructure to be observed. This technique utilises 

an electron beam which is generated when primary electrons are accelerated 

to approximately 30 keV using an electron gun, and focused using 

electromagnetic lenses into a small beam on the surface of the material [120]. 

Elastic and inelastic scattering between the primary electrons and the material 

under observation lead to several types of emissions from the surface of the 

material, secondary electron, back scattered electrons, and X-rays, illustrated 

in Figure 3-7.  

 

 

Figure 3-7 – Emissions from a sample using SEM with illustrative 

depths  
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3.2.2.1 Back scattered electrons (BSE) 

Primary electrons are elastically scattered by the electrons in the material 

(depth < 1 µm) and consequently have high energy (maximum of 90% of the 

incident beam), compared to secondary electrons. The electrons are 

backscattered with intensity proportional to the Z of the scattering nuclei, since 

high Z nuclei are likely to scatter more electrons. As a consequence of this, 

images produced show contrast variation dependent upon the Z of the phase 

being imaged, with heavy elements, such as Ce and Pu, appearing brighter in 

the micrograph.  

3.2.2.2 Secondary electrons  

These electrons are emitted upon an inelastic collision between a primary 

electron and an electron in the conduction or valence band of the material. 

Only the electrons emitted close to the surface of the material (<10 nm) are 

detected due to their low energy (< 50 eV) and therefore can only provide 

information about the surface of the material e.g. topography. High resolution 

images can be produced due to their abundance and small sampling 

volume/scattering angle [132].  

3.2.2.3 X-ray analysis (EDX) 

The X-rays emitted can be used to provide compositional analysis of the 

material, when used in combination with BSE analysis. Electrons in the atoms 

of a material can be displaced by an incoming primary electron. When the 

energy of that electron is greater than the ionisation energy of the atom, a 

vacancy is created, which is then filled by a transitioning higher energy 

electron [133]. The transition of the electron to fill the vacancy causes the 

emission of an X-ray of discrete energy corresponding to the difference in 

energy levels between the electron and vacancy. This energy is characteristic 

of the element of the atom and can therefore be used to identify the elemental 

composition of the material. The intensity of the X-ray emission is proportional 

to the concentration of the element in the material and provides a semi-

quantitative or quantitative compositional analysis.  
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Experimental Parameters 

Chapters 4 - 7: Samples were prepared by first mounting in epoxy resin, cured 

overnight and then polished using P400, P800 and P1200 SiC grit papers 

followed by 6 µm, 3 µm and 1 µm polishing pads with corresponding diamond 

suspension. The samples were then carbon coated using the Agar Scientific 

Carbon Coater with sides coated with silver conductive paint to reduce 

charging on the surface of the sample. The SEM/EDX used at the MIDAS 

facility is the Hitachi TM3030 with Oxford Instruments Swift ED3000 Silicon 

drift detector. EDX mapping was processed using the Bruker Quantax 70 

software with maps collected for a minimum of 10 min.  

 

Chapter 8: Powder samples were mixed with isopropanol and sonicated. The 

mixture was pipetted onto a carbon tab and isopropanol left to evaporate 

leaving the powder evenly distributed on the carbon tab. The Philips XL30 FEG 

SEM was used to take images of the powders.  

3.2.3 X-ray absorption spectroscopy (XAS) 

XAS can be used to probe the oxidation state, coordination number and local 

atomic environment of a chosen element within the structure of a material. The 

photo electric effect is utilised, whereby a core electron absorbs the energy 

from an X-ray, is ejected, leaving behind a hole. The X-ray energy must be 

greater than the binding energy of the electron in this atom in order for the 

electron to be ejected and an absorption spectrum generated e.g. 5723 eV is 

the energy required to liberate the 2p electron in a Ce atom. There are two 

potential outcomes upon the generation of the photoelectron in this way: the 

hole is filled by an electron from a higher energy state transitioning and 

emitting a fluorescence X-ray which is characteristic of the material; or an 

Auger electron is emitted through an electron falling to a lower energy state to 

fill the hole.  

 

The absorption coefficient, µ, of the X-rays by the material at a given energy, 

E, can be quantified by Equation 3.4, where t is the thickness, I0 is the incident 

beam, and It is the transmitted beam [134]. The intensity of fluorescence X-
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rays or measurement the Auger electrons emitted can also be used to 

investigate the absorption.  

 

µ(𝐸) 𝑡 = ln ൬
𝐼଴

𝐼௧
൰ 

 

The energy of the X-rays is increased and the absorption is measured to 

create a spectrum similar to that in Figure 3-8.  

 

Figure 3-8 – A transmission XAS spectrum of CePO4 at the Ce L3-edge 

(5.723 keV) measured at ESRF BM26A. 

 

An XAS spectrum can be split into two distinct regions (see Figure 3-8): X-ray 

Absorption Near Edge Structure (XANES) which is within 50 eV of the 

absorption edge and Extended X-ray Absorption Fine Structure (EXAFS) 

where high energy photoelectrons contribute to the spectrum (50 – 1000 eV 

from the edge). XANES is used to determine the oxidation state of the material 

and the EXAFS region can be fitted to generate a model of the local chemical 

structure around the element analysed [135]. The pre edge feature is related 

to electron transitions commonly seen in the transition metals e.g. Fe.  

(3.4) 
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Linear combination fitting (LCF) is a technique that can be implemented to 

analyse XANES region data, where an estimate the average oxidation state of 

the selected element within a material is determined. XANES measurements 

of standards of a known oxidation state are measured and compared to the 

spectra of the sample spectra using the Athena software [136] to calculate the 

contribution of each standard to the spectra and give an average oxidation 

state. This is done by assigning weighting parameters to each standard 

spectrum, to total 100%, with the contribution of each standard spectra then 

varied to minimise the R-factor of the fit.  

 

The EXAFS region can provide information about the local coordination 

environment by modelling the background subtracted spectrum using the 

EXAFS equation. This region of the spectrum is generated due to the 

scattering of the photoelectron with electrons of neighbouring atoms. The 

equation is given by Equation 3.5, where: Nj
 is the coordination number of 

atoms j at distance Rj, S0 is the amplitude reduction factor, 𝑒ିଶ௞మఙమ௝ is the 

Debye-Waller factor and, 𝑒ିଶோೕ/ఒೕ is the mean free path.  

 

𝜒(𝑘) =  ෍
𝑆଴

ଶ𝑁௝𝑓௝(𝑘)

𝑘𝑅ଶ

௝

𝑒ିଶ௞మఙమ௝𝑒ିଶோೕ/ఒೕ𝑠𝑖𝑛ൣ2𝑘𝑅௝ + 2𝜙௝(𝑘) +  𝛿௝(𝑘)൧       

 

An EXAFS fit was performed using the Artemis software package, where a 

model of the neighbouring atoms of an element in a structure is generated 

based on fitted EXAFS spectra of a standard material with known structure. 

An example of this process implemented in this thesis can be found in Chapter 

4.  

 

Experimental Parameters 

Samples were prepared by mixing the quantity of material required for 1 

absorption length (calculated using the Hephaestus software [136]) with a 

minimal quantity of polyethylene glycol. The resulting powder was then 

uniaxially pressed into a 10 - 13 mm pellet to create a homogeneous pellet 

(3.5) 
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without pin holes. Athena software was used to process the spectra and 

Artemis was used for EXAFS fitting, both of which are part of the Demeter 

software package.  

 

Chapter 4: Ce L3-edge XANES – BM28 at ESRF by myself, Fe K-edge 

XANES/EXAFS – BM26A at ESRF by myself  

Chapter 5: Ce L3-edge XANES at BM28 ESRF by myself, Dr. Jack Clarke and 

Dr. Martin Stennett.  

Chapter 7: All data acquired at BM28 ESRF by myself, Dr. Martin Stennett 

and Prof. Neil Hyatt.  

All other XAS data collected by Dr. Martin Stennett, Dr. Bruce Ravel, Dr. Dan 

Bailey and Ms. Lucy Mottram.  

3.2.4 X-ray fluorescence (XRF) 

X-ray fluorescence can be used to analyse the bulk composition of a material. 

An X-ray is absorbed by an atom in the material, emitting an electron and 

creating a hole. The hole is then filled by an electron from a higher shell 

replacing into the hole and a fluorescence X-ray is emitted. The energy is 

discrete since it corresponds to distinct transition from shell and is therefore 

characteristic of the elements present in the material. The signal received is 

proportional to the concentration of the element therefore gives a 

measurement of the elemental composition of the material. 

 

Experimental Parameters 

Chapters 4 and 5: Powder samples of four wasteform compositions used in 

dissolution testing were sent to AMG Analytical Services for XRF analysis.  

Chapters 6 and 7: Powder samples of eight wasteform compositions used in 

dissolution testing were sent to AMG Analytical services for XRF analysis. 

3.2.5 Mössbauer spectroscopy 

In Mössbauer spectroscopy, gamma rays emitted by the radioactive decay of 

certain source materials (such as Fe-57 and Sn-119) can be used to probe the 

oxidation state and coordination environment of elements similar to that of the 
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radioactive source. The radiation generated is highly monochromatic since 

they are characteristic of the decay mechanism of the isotope. The Doppler 

effect is used to precisely tune this monochromatic energy by moving the 

source away from the material at constant velocity, thereby changing the 

incident energy [120].  

 

The radiation emitted from the source is absorbed by the atom in the material. 

The gamma ray is then reemitted with a lower energy and analysed to 

understand the nuclear interactions which have occurred.  

 

If the source and material have atoms in the same chemical environment, a 

resonant spectrum will be produced. For those atoms with different 

environment, nuclear interactions can occur with the following effects: isomer 

shift, quadrupolar splitting and hyperfine splitting [137]. 

1. Chemical/isomer shift – Caused by the difference in the s shell electron 

density between the standard, usually α-Fe, and the material. Can be 

used to measure the proportion of Fe2+ and Fe3+ in the material since 

Fe3+ has less shielding from d shell electrons so has a lower isomeric 

shift.  

2. Quadrupolar splitting – In atoms with angular momentum > ½ (i.e. 

quadrupolar), the charge distribution is uneven. This changes the 

nuclear energy levels in the material creating a splitting of the nuclear 

energy levels to produce a doublet and can give information about the 

local environment of the atom.  

3. Hyperfine splitting – When in the presence of a magnetic field from the 

nucleus, the change in doublet experienced due to quadrupolar splitting 

will then become a sextet.  

 

Experimental Parameters 

Chapters 4 & 5: Powdered samples were measured at room temperature 

using a Wissel MRG-500 spectrometer with a 57Co/Rh source and a velocity 

range ± 10 mm s-1. Samples were calibrated relative to an α-Fe reference 

standard. The Recoil software package was used to deconvolute the data by 



 
74 

 

assigning Lorentzian doublets to represent Fe oxidation states and co-

ordination numbers using the Recoil analysis software [138].  

3.2.6 Inductively coupled plasma spectrometry 

Inductively coupled plasma (ICP) spectrometry can be used to determine the 

concentration of elements in a liquid. A nebuliser creates an aerosol from the 

solution which then passes over an Ar plasma torch. The plasma torch heats 

a spiral of Ar gas using an RF field to a maximum of 10000 °C. The aerosol 

passes through this hot plasma to produce ions due to collisions with the Ar+ 

and e- in the plasma. 

 

For ICP-Optical Emission Spectroscopy (ICP-OES), ionisation causes the 

release of radiation which is characteristic of the elements in the solution and 

released with intensity proportional to the concentration of the element 

present. The photons released are separated using a diffraction grating. 

Photomultipliers are used to detect the photons.  

 

The ions produced by the plasma torch can also be sent to a mass 

spectrometry system as in ICP-Mass Spectrometry (ICP-MS). This system 

works by using a quadrupole to separate the singly charged ions by mass and 

only allowing ions of a single mass to pass through to the detector at any one 

time. The ICP-MS counts are directly proportional to the concentration of the 

element in solution and can be compared to concentration in a known standard 

to analyse the concentration of the element in a liquid. This technique is more 

sensitive compared to ICP-OES has a sensitivity in the ppt (ng L-1) range. 

 

Experimental Parameters 

Chapters 4 and 5: iCAP 6300 ICP-OES operated under the supervision of Dr. 

Claire Corkhill and Dr. Colleen Mann and using Fluka elemental standards. 

AMG Analytical Services analysed 4 samples for Li and B concentration using 

ICP-MS.  

Chapters 6 and 7: iCAP RQ ICP-MS was operated under the supervision of 

Dr. Colleen Mann and using Fluka elemental standards.  
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3.2.7 Gas pycnometry 

The density of solid materials can be measured using gas displacement in gas 

pycnometry. An inert gas such as helium is used due to its small particle size 

allowing it to completely penetrate the accessible internal porosity of particles. 

The pycnometer consists of two chambers of known volume, one a reference 

chamber and the other containing the sample. The gas fills the sample 

chamber to a predefined pressure. This same volume of gas then fills the 

reference chamber, with the difference in pressure allowing the software to 

calculate the sample volume. The volume of gas displaced by the sample is 

used to calculate the density for a sample of known mass [121].  

 

Experimental Parameters 

Chapters 4 - 7: A Micromeritics Accupyc 1340 II pycnometer was used to 

measure the density of samples and sample mass was measured to an 

accuracy of ±0.0001 g prior to measurement. Samples were placed in a 1 cm3
 

chamber with a fill pressure of 19.5 psig for 25 purges and 25 cycles each. 

 Use of surrogates 

Surrogate materials for active isotopes are important in the preliminary studies 

of a potential wasteform, when optimising the synthesis parameters. The 

criteria that must be taken into consideration when selecting a candidate are 

electron configuration, ionic radius and oxidation state. These must be 

compared to the active counterpart to assess their suitability.  

 

Several candidate surrogate elements have been proposed when 

investigating the immobilisation of Pu, the most ubiquitous of which is Ce. This 

is because Ce4+ and Pu4+ have similar ionic radii (0.087 nm and 0.086 nm 

respectively) [139]. Also, Ce exhibits trivalent and tetravalent oxidation state, 

similarly to Pu. For example in borosilicate glass, the Ce oxidation state shows 

a high dependence on the melting temperature of silicate glasses [140] where 

Ce3+ is more soluble than Ce4+ at increased temperature. The same is true for 

Pu, where Pu3+ is more soluble than Pu4+ in borosilicate glass. The same result 

is shown in the presence of a reducing agent within the glass melt [54]. 
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However, it should be noted that the redox potential of Ce4+ is significantly 

smaller than Pu4+, therefore Pu4+ is more stable in reducing conditions.  

 

Lopez et al. [140] also compared Ce to Nd and Hf in borosilicate glass melts. 

Nd exists in a trivalent state only and Hf exists in a tetravalent state only. For 

the same processing temperature (1300 °C), Nd showed a similar solubility to 

Pu3+ compared to Hf, which showed similar solubility to Pu4+. This confirms 

the results observed on the temperature dependence of the solubility of Ce.  

 

An extensive study of other potential waste surrogates was completed by 

Bingham et al. [141] and highlights the importance of exercising caution when 

using surrogate materials, since there are no perfect replacements for the 

active counterparts. In the case of Ce and Pu, they have different redox 

potentials and Ce is more easily reduced to its Ce3+ state, compared to Pu, 

which should be considered in the interpretation of results from surrogate 

experiments. 

 

Experimental Parameters 

Chapters 4 - 7: CeO2 used as a PuO2 surrogate in all samples.  

Chapter 8: CeO2 used as a MA surrogate for the entrained actinides in 

pyrochemical reprocessing wastes, as well as PuO2.  

 Wasteform durability 

A measure of the suitability of a wasteform for immobilisation of a waste 

stream can be ascertained by assessing the aqueous durability of the material 

relative to other wasteform materials. Since the material is required to 

immobilise the waste for over 100,000 years [7], several techniques are used 

to accelerate the test including increased the temperature of the test and using 

acidic solutions for dissolution.  

 

There are two types of dissolution tests which have been developed with the 

most commonly used being the Product Consistency Test B (PCT-B) [101] and 

the Materials Characterisation Centre 1 (MCC-1) [102] methods, which have 
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ASTM standards describing each methodology. These standardised methods 

allow for comparison between tests on different wasteforms.  

3.4.1 PCT-B 

The Product Consistency Test B is a test of the durability of powdered 

wasteforms and allows for a variety of temperatures, particle size, durations 

and leachants. The test must be performed in either PTFE or stainless steel 

vessels. The ASTM also describes Test A which has very specific 

experimental parameters, constraining the temperature to 90 °C and with 

stainless steel vessels. Both tests are performed in static conditions.  

Sample surface area can be calculated using pycnometry measurements 

[142] For both glass and ceramic materials, an approximation can be made 

that the particles are spherical, leading to pycnometry being the most accurate 

approximation of surface area in this instance [101]. 

 

The elemental concentration of the leachate is analysed using ICP-OES or 

ICP-MS. Normalised elemental mass loss (NLi in g m-2) and normalised 

elemental mass loss rate (NRi in g m-2 d-1) are calculated using the equations: 

 

𝑁𝐿௜ =
(𝑐௜ − 𝑐௜,௕)

𝑓௜
   𝑆𝐴

𝑉ൗ
 

 

𝑁𝑅௜ =  
𝑁𝐿௜

𝑡
  

 

Where: ci (g L-1) is the average element i concentration of the triplicate sample, 

ci,b (g L-1) is the average element i concentration of the duplicate blank, fi is the 

fraction of element i in the sample, SA/V (m-1) is the surface area to volume 

ratio of the sample in the test, t (d) is the duration of the experiment. 

3.4.2 MCC-1 

Monolith durability testing is described by the MCC-1 ASTM standard and is 

used to provide more detail about the initial rates of dissolution by reducing 

(3.6) 

(3.7) 
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the SA/V compared to powder dissolution tests. Monoliths are sectioned to 10 

mm x 10 mm x 5 mm, polished and cleaned by sonicating three times in 

isopropanol and dried at 90 ± 2 °C overnight. Each monolith is placed on a 

PTFE basket in a 60 mL PTFE vessel with 40 mL of UHQ water to give a SA/V 

of 10 m-1. The vessels are prepared in triplicate with duplicate blanks, sealed 

and placed in an oven at 90 ± 2 °C until sacrificial sampling at selected time 

point. At each sampling time point, an aliquot of leachate is removed from each 

vessel, the pH measured, acidified with 20 µL of ultrapure HNO3 and the 

solution analysed for elemental composition. The monoliths are dried, 

mounted in epoxy resin and analysed using SEM/EDX to provide information 

about any surface alteration effects. The mass of each element released is 

used to calculate the normalised elemental loss using Equations 3.8 and 3.9 

respectively, where: mij is mass of element i released from sample j (g), Cij is 

the concentration of element i measured in leachate from sample j (g L-1), Vfj 

is the final volume of leachate in test vessel containing sample j (L), Bik is the 

concentration of element i measured in blank test k (g L-1), VBk
 is the final 

volume of solution in test vessel containing sample j (L), a is the total number 

of blank solutions, NLij is normalised mass loss of element i from sample j (g 

m-2), fi is the mass fraction of element i in sample j and, Sj is the surface area 

of sample j (m2).  

 

𝑚௜௝ = ൫𝑐௜௝ × 𝑉௜௝൯ − ෍ 𝑉஻௞ ×
𝐵௜௞

𝑎

௔

௞ୀଵ

 

 

𝑁𝐿௜௝ =
𝑚௜௝

𝑓௜ × 𝑆௝
 

 
The normalised dissolution rate (NRi) in g m-2 d-1 is calculated using Equation 

3.7, where t is the dissolution time in d. The SA/V should be adjusted at each 

time point to account for the evaporative losses. The surface area is calculated 

geometrically.  

  

(3.8) 

(3.9) 
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3.4.3 Geochemical modelling 

The elemental concentrations measured using ICP-MS and ICP-OES can be 

used with the PHREEQC geochemical modelling software [143] to model the 

potential mineral phases which may precipitate out of the solution. 

Thermodynamic and kinetic data can be used to simulate chemical reactions 

in systems which are either in or out of equilibrium [144]. The SI (saturation 

index) of a phase was calculated in this software using Equation 3.10, where: 

IAP is the ion activity product for the phase and Ks0 is the standard solubility 

constant of the phase.  

 

𝑆𝐼 = log ቆ
𝐼𝐴𝑃

𝐾௦
଴ ቇ 

 

The IAP is calculated using the parameters of the experiment (e.g. 

temperature and solution pH) and Ks0 of a mineral phase is provided by 

inputting an appropriate thermodynamic database into the software (whereby 

the Lawrence Livermore National Laboratory thermodynamic database was 

used throughout this thesis).  

 

Experimental Parameters 

Chapter 4: There were three durability tests performed on the selected 

wasteforms produced for this chapter: 

1. PCT-B: 18 MΩ cm-1 UHQ water at 90 ± 2 °C with SA/V of 1200 m-1 in 

15 mL PTFE vessels. Samples were in triplicate with duplicate blanks 

for 1, 3, 7, 14, 21 and 28 d sampling points. 10 mL of solution was 

removed from each pot, filtered with 0.22 µm cellulose acetate filters, 

placed into a centrifuge tube and acidified with 20 µL ultra-pure HNO3. 

ICP-OES analysis was performed on each centrifuge tube. 

2. PCT-B: As above with a SA/V = 10,000 m-1.  

3. MCC-1: 18 MΩ cm-1 UHQ water at 90 ± 2 °C with SA/V of 10 m-1 in 60 

mL PTFE vessels with basket. Cuboidal monoliths were polished with 

P1200 SiC grit on each face, with their dimensions measured using 

calipers (± 0.005 mm). Samples were in triplicate with duplicate blanks 

(3.10) 
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for 1, 3, 7, 14, 21, 28, 42, 56, 70 and 84 d sampling points. 10 mL of 

solution was removed from each pot, filtered with 0.22 µm cellulose 

acetate filters, placed into a centrifuge tube and acidified with 20 µL of 

ultra-pure HNO3 solution. ICP-OES analysis was performed on each 

centrifuge tube. 

 

Chapter 5: A PCT-B test identical to Chapter 4 Test 1 was used.  

Chapter 6 and 7: A modified PCT-B type test was used using 0.01M HNO3 as 

a leachant at 90 ± 2 °C. 60 mL PFA Teflon vessels were used with 40 mL of 

0.01 M HNO3 solution (pH = 2), to give a surface area to volume ratio (SA/V) 

equal to 100 m-1. Triplicate sample and blank vessels were prepared. At each 

sampling time point (1, 2, 3, 4, 7 and 10 d), an aliquot of leachate (0.4 mL) was 

removed from each vessel, diluted using 10 mL of ultra high quality (UHQ, 18 

MΩ cm-1) water and passed through a PTFE syringe filter. Each vessel was 

then sealed and returned to the oven. Upon completion of the experiment, 

each solution was analysed for elemental concentration using an ICP-MS 

(Thermofisher iCAP RQ). 
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Abstract 

A suite of alkali tin silicate (ATS) glasses were produced for the immobilisation 

of the UK PuO2 stockpile, with Ce used as a surrogate for Pu. Overall, ATS 

glasses were successfully fabricated at all waste loadings with a maximum 

waste loading of 5.6 mol.% CeO2 achieved at 1100 °C, using metallic Fe0 as 

a reducing agent for Ce by exploiting the increased solubility of trivalent 

actinides and lanthanides in borosilicate glasses. The oxidation state and local 

coordination environment of Ce and Fe were investigated with a combination 

of XANES, EXAFS and Mössbauer spectroscopy. The total reduction of Ce4+ 

to Ce3+ was achieved with the addition of Fe0, where Fe was shown to be 

majority 3+ oxidation state and with an average 5-fold coordination, suggesting 

the role of Fe as a both network former and modifier in the glass. The 

normalised mass loss of B and Si were in agreement with durability values 

reported for other ATS glass formulations, revealing that the addition of Fe0 

improved the short term chemical durability. Despite this, the addition of Fe0 is 

known to promote the formation of secondary Fe-rich clay phases, which are 

detrimental to the long term durability of borosilicate glasses.  

 

Key words: ATS glass, cerium, plutonium stockpile, immobilisation, 

glass dissolution, wasteform durability  
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 Introduction 

On completion of civil nuclear fuel reprocessing in the UK in 2020, a total of 

140 tHM of separated PuO2 will be stored as a zero value asset at the 

Sellafield site [11]. The current UK government policy for this material is to 

fabricate mixed oxide ((U,Pu)O2) (MOX) fuel, however, this option presents 

challenges due to the lack MOX fuel uptake for use in current and future light 

water reactors [145]. A small proportion of the stockpile (approximately 5 mT) 

is heavily contaminated (e.g. Am-241 ingrowth or chloride arising from 

radiation damage to PVC storage containment [14]) and is unsuitable for 

recycle as MOX fuel so must be immobilised for disposal. In the event that 

recycling the plutonium stockpile via MOX fuel cannot be delivered, 

immobilisation and disposal is the only alternative and credible disposition 

route. There is also increasing pressure for the UK government to ensure the 

proliferation resistance for this material and, therefore, progress towards a 

management end point, which should be based on evidenced maturity and 

value for money of both reuse and immobilisation technologies [14]. 

 

Borosilicate glass is currently used in the UK for high level waste (HLW) 

immobilisation, specifically using the MW composition defined in Table 4-1. 

Vitrification technology was selected for the immobilisation of UK HLW based 

on the technical maturity of the process, tolerance of the glass composition to 

changes in waste feed chemistry, chemical durability and the resistance to 

self-radiation damage of the vitrified products, which are key considerations 

for disposability [21], [40]. The concentration of actinides in HLW borosilicate 

glasses, such as those produced at Sellafield, is at trace level, since U and Pu 

are effectively removed from HLW raffinate by the PUREX process, leaving 

only the minor actinides behind (Np, Am, Cm) [146]. For the purpose of PuO2 

immobilisation by vitrification, several glass compositions have been 

considered, including silicate based (aluminosilicate, lanthanum borosilicate 

(LaBS), lanthanum aluminosilicate (LaAS) and calcium borosilicate [54], [147], 

[148]) and phosphate based glasses (including sodium aluminium phosphate, 

iron phosphate and lead iron phosphate) [45], [149]. The use of each glass 

type presents a compromise in the processing temperature, durability, 
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radiation tolerance and/or aqueous durability, which have been compared in 

more detail in previous research [68], [150], [151].  

Table 4-1 – Comparison of UK HLW glass composition, MW, and 

reported ATS compositions with experimental ATS compositions used 

in this work. N.B. 5.6CeFe refers to the addition of Fe0 in an equimolar 

quantity to the CeO2.  

 

 

One potential family of glass compositions developed for PuO2 immobilisation 

are the alkali tin silicate (ATS) glasses, first developed by Bates et al. [66] for 

the immobilisation of US defence Pu. The composition includes an increased 

quantity of alkali elements (Li, Na, K), which bind to trivalent or tetravalent 

elements such as Pu, with the effect of increasing waste incorporation into the 

glass network [67]. These elements reduce the viscosity of the glass, which 

may be advantageous for processing, but also reduce the chemical durability, 

which is undesirable for PuO2 immobilisation. To counter for these deleterious 

effects, Sn (in addition to other tetravalent elements, e.g. Zr and Ti) is included 

in the batch composition to improve durability and balance the effect of an 

increased alkali loading on glass performance. Bates et al. observed that PuO2 

Oxide 

MW 

[13]  

 

ATS  [15] 

Bates et al. 

ATS  [16] 

Harrison et al. 

 

ATS 

2.9Ce 

 

ATS 

5.6Ce 

 

ATS 

5.6CeFe 

 

wt.% wt.% mol.% wt.% mol.% wt.% mol.% wt.% mol.% wt.% mol.% 

SiO2 60.27 43.31 51.25 40.78 49.32 45.20 50.48 42.11 49.15 40.39 48.17 

B2O3 24.11 12.59 12.86 11.74 12.25 12.98 12.51 12.10 12.18 11.60 11.94 

Na2O 10.88 9.57 10.97 9.13 10.70 10.31 11.17 9.61 10.87 9.21 10.66 

Li2O 4.75 4.18 9.96 4.09 9.94 4.73 10.62 4.40 10.34 4.22 10.13 

Al2O3 - 2.41 1.68 2.35 1.67 2.60 1.71 2.42 1.67 2.33 1.63 

CeO2 - - - - - 7.32 2.86 13.65 5.56 13.09 5.45 

Cs2O - 0.71 0.18 0.52 0.13 - - - - - - 

Fe - - - - - - - - - 4.10 1.85 

Gd2O3 - 3.34 0.65 3.30 0.66 - - - - - - 

HfO2 - - - 15.0 5.18 - - - - - - 

K2O - 5.40 4.08 5.13 3.96 5.87 4.18 5.47 4.07 5.24 3.99 

PuO2 - 8.51 2.19 - - -  - - - - 

SnO - 2.34 1.10 2.61 1.26 2.89 1.44 2.69 1.25 2.58 1.37 

TiO2 - 2.11 1.88 1.91 1.74 2.12 1.78 1.98 1.73 1.89 1.50 

ZrO2 - 5.53 3.19 5.39 3.18 5.97 3.25 5.57 3.17 5.34 3.11 
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was not fully incorporated in their ATS glass melt, with the Pu content of the 

glass phase estimated to be 7.2 ± 0.3 wt.% Pu [66], which is equivalent to 8.5 

wt.% or 2.2 mol.% PuO2 within the glass phase (the undissolved fraction was 

present as crystalline PuO2). PCT-B [152] dissolution testing performed on a 

1.39 mol.% PuO2 waste loaded ATS glass by Chamberlain et al. [67], 

demonstrated the relatively low normalised mass loss of this composition (NLB 

= 0.48 g m-2 and NLSi = 0.26 g m-2 after 28 d), with the same order of magnitude 

observed for MW UK HLW glass modified to target Pu immobilisation (NLB = 

0.65 g m-2 and NLSi = 0.30 g m-2 after 28 d [153]). 

 

Following the seminal work of Bates et al. in 1996, further investigations in the 

UK made a preliminary assessment of the potential of ATS glass, alongside 

other glass compositions, for the immobilisation of the UK PuO2 stockpile [68]–

[70], [153]. The aim of the preliminary study by Harrison et al. was to provide 

an assessment for the optimum vitreous wasteforms for PuO2 immobilisation 

which could then be compared to other ceramic and glass-ceramic options. Hf 

was used as a surrogate for Pu in this work, with the motivation that Pu is a 

stable tetravalent element in borosilicate glass, and hence Hf would best 

represent Pu redox behaviour, despite Hf having a smaller ionic radius [141]. 

A Hf solubility of 5.18 mol.% was achieved in ATS glass at a melt temperature 

of 1300 °C, whilst durability testing (PCT-B) revealed relatively low normalised 

mass loss (NLB = 0.43 g m-2 and NLSi = 0.25 g m-2 at 28 d) [153] in agreement 

with previous literature for ATS glasses [67].  

 

The solubility of lanthanide and actinide elements in borosilicate glasses is 

known to be higher for the 3+ oxidation state compared to the 4+ oxidation 

state (primarily relevant to Ce/Pu) [147]. This is due to the competition of the 

element with network formers, such as Si, in bonding with oxygen in the glass 

network. At lower oxidation state, in an environment with lower oxygen activity, 

lanthanide and actinide cations can more readily bond with oxygen anions and 

incorporate into the glass network [7]. This effect can be attributed to the 

Dietzel field strength, F, of a cation, M, at a particular valence, Z, which is 

dependent on the ratio Z/d2, where d is the cation oxygen bond distance (Å) 
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[154]. Network formers such as Si and B typically have higher field strength (F 

> 1.3) due to their high valence, but the opposite is true for network modifiers, 

such as Na where F < 0.4 [63]. Elements with the 3+ oxidation state have a 

lower field strength and therefore act like network modifiers whereas species 

with the 4+ oxidation state have a higher field strength causing them to behave 

closer to a network former [155]. Controlling the oxidation state of Pu and 

surrogates such as Ce, is an important consideration in optimising the 

incorporation rate of these elements. Cachia et al. [54] successfully 

demonstrated a doubling of the PuO2 waste loading from 0.45 mol.% to 0.9 

mol.% in alkali borosilicate glass. This was achieved by reduction of Pu4+ to 

Pu3+ with either the inclusion of a reducing agent (e.g. aluminium nitride) or 

increasing the melt temperature to effect auto-reduction [54], with the reducing 

agent being most effective mechanism for the reduction of Pu4+ to Pu3+. This 

steered our research to modify the processing conditions (1100 - 1300 °C) and 

batch composition to effectively increase the waste loading of the glass whilst 

controlling the speciation of the waste cation. 

 

In this study, CeO2 is used as inactive surrogate for PuO2, to avoid the hazard 

and cost of working with PuO2, as is common practice in wasteform design, 

formulation and development research. Although Ce cannot fully emulate the 

behaviour of Pu, the similar ionic radius and availability of Ce3+/Ce4+ oxidation 

states, albeit with different redox potential, enable useful and more 

comprehensive investigation of the relevant wasteform phase diagram and 

materials properties [140], [141]. In the original work of Bates et al., Cs2O and 

Gd2O3 were included in the batch composition to act, respectively, as a 

proliferation deterrent (if spiked as 137Cs2O, resulting in a high gamma field) 

and as a neutron poison. In the context of the current UK immobilisation 

strategy, a proliferation deterrent gamma field is not a requirement (as in the 

US spent fuel standard [156]). It is possible that a disposability assessment 

could require addition of Gd2O3 as a neutron poison, preliminary calculations 

for plutonium wasteforms suggest a ratio of Pu/Gd = 0.03 would suffice, which 

would not be expected to significantly impact the glass forming ability or 
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PuO2/CeO2 solubility. Therefore, these components were not included in the 

formulation design for this study.  

 

A suite of ATS glasses were developed in this study, with the aim of 

investigating their potential to immobilise the UK civil PuO2 stockpile, with the 

formulations shown in Table 4-1 in comparison to those of Bates et al. and 

Harrison et al. [66], [69]. The initial ATS glass formulations targeted CeO2 

incorporation at 2.9 mol.% (7.3 wt.%) and 5.6 mol.% (13.7 wt.%), to enable 

direct comparison with the chemical durability of PuO2 in ATS glasses reported 

by Bates et al. [66]. Additionally, metallic Fe0 was included into the 5.6 mol.% 

CeO2 glass composition, equivalent to one third of the Ce concentration i.e. 

1.9 mol.%, to effect complete reduction of Ce4+ to Ce3+ according to the redox 

reaction: 3 CeO2 + Fe = 1.5 Ce2O3 + 0.5 Fe2O3, which was postulated to 

improve Ce waste loading within ATS glasses. The structural environment of 

Ce and Fe within the glass network was investigated using X-ray absorption 

spectroscopy and Mössbauer spectroscopy, to provide a greater 

understanding of the relative roles of these elements in the glass network as 

the redox environment of the glass changes. The chemical durability of these 

formulations was also investigated, using PCT- B and MCC-1 methodologies, 

to offer a preliminary understanding of the dissolution behaviour of these ATS 

glasses, and therefore underpin the safety case for use of these materials in 

a geological disposal environment.  
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 Experimental  

4.2.1 Glass processing 

The following high purity (> 99.9%) materials were selected for the batching of 

each glass melt: Al(OH)3, H3BO3, CeO2, Fe filings, K2CO3, Li2CO3, Na2CO3, 

SiO2, SnO, TiO2, ZrO2. The materials were batched to 60 g with compositions 

shown in Table 4-1, all dry precursors were mixed well before placing into an 

alumina crucible. The filled crucible was placed into a muffle furnace (in air), 

heated at 3 °C min-1 until the desired melt temperature (1100 °C, 1200 °C or 

1300 °C) was reached and held for 2 h. The melt was poured into preheated 

stainless steel block moulds, after which the glass monoliths were immediately 

placed into a muffle furnace to anneal in air at 510 °C for 1 h, and then cooled 

at 1 °C min-1 to room temperature.  

4.2.2 Materials characterisation  

4.2.2.1 X-ray Diffraction (XRD) 

A small representative aliquot of each glass type was crushed into a fine 

powder and analysed using powder XRD. A Bruker D2 Phaser diffractometer 

with LynxEye detector was used with Ni filtered Cu Kα radiation (λ = 1.5418 

Å), a 10 mA current and 30 kV voltage. Data was collected between 10° < 2θ 

< 70° with a step size of 0.02° 2θ and count time of 9.45 s step-1. For Fe 

containing glasses, the detector was windowed to reject Fe fluorescence due 

to the use of Cu radiation. The ICDD PDF-4 library was used for phase 

identification. 

4.2.2.2  Scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM/EDX) 

Specimens of each glass were mounted in epoxy resin and polished to 1 µm 

diamond finish. The mounted specimens were carbon coated and painted with 

conductive silver paint to reduce charge build up. SEM analysis was performed 

using the Hitachi TM3030 with Bruker Quantax EDX with an accelerating 

voltage of 15 kV, with backscattered electron (BSE) micrographs collected at 
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a working distance of 8.0 mm. EDX mapping was completed using the Bruker 

Quantax 70 software with maps collected for a minimum of 20 min. 

 

4.2.2.3  X-ray absorption spectroscopy (XAS) 

The oxidation state of Ce was determined using Ce L3-edge (5723.0 eV) X-ray 

absorption near edge spectroscopy (XANES) at BM28, ESRF. The optical 

arrangement consisted of a Si(111) double crystal monochromator, a toroidal 

focussing mirror and a Si/Rh harmonic rejection mirror. Incident beam intensity 

was measured using an ionisation chamber, filled with mixtures of He and N2 

gas, operated in a stable region of the I/V curve. Ce L3-edge fluorescence 

radiation was detected using a Vortex Si Drift Detector.  

 

The oxidation state and coordination environment of Fe was investigated using 

Fe K-edge (7112.0 eV) XANES at BM26A, ESRF. The beamline was 

configured with a Si(111) channel cut monochromator and Si mirror for 

harmonic rejection [157]. Incident and transmitted beam intensities were 

measured using ionisation chambers, filled with mixtures of He and N2 gases, 

operated in a stable region of their I/V curve. Fitting of the Fe K-edge XANES 

pre-edge region, from 7106 - 7120 eV, was completed using the method 

described by Wilke et al. [158], [159]. The normalised data was fitted using a 

maximum of three Gaussian functions to describe the pre-edge region, with 

an arctangent function used to describe the background of the pre-edge 

region. The weighted mean centroid and height of the Gaussian functions were 

used to calculate the integrated pre-edge intensity, which is diagnostic of the 

oxidation state and coordination environment when compared to fitted 

standard reference compounds of known Fe environment.  

 

Extended X-ray Absorption Fine Structure (EXAFS) data at the Fe K-edge 

were collected on selected ATS glass compositions and appropriate reference 

compounds at the National Synchrotron Light Source II (NSLS-II) at 

Brookhaven National Laboratory (Upton, New York) on beamline 6-BM. NSLS-

II operates at 3 GeV storage ring with a 400 mA current and 6-BM utilises a 3-
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pole wiggler to deliver X-rays in the energy range between 4.5 and 23 keV. 

The optical arrangement consists of a parabolic collimating mirror, a Si(111) 2 

monochromator, a toroidal focussing mirror, and a harmonic rejection mirror.  

 

Specimens for XAS analysis were prepared by mixing the quantity of material 

required for 1 absorption length (calculated using the Hephaestus software 

[136]) with a minimal quantity of polyethylene glycol. The resulting powder was 

then uniaxially pressed into a 10-13 mm pellet to create a homogeneous pellet 

without pin holes. Calibration, dead time correction [160], integration, 

normalisation, background subtraction of XAS data was achieved using the 

Athena software package [136] and analysed for average oxidation state using 

linear combination fitting (LCF) where appropriate. The EXAFS data were 

analysed using the Artemis software package [136]. A structural model (FEFF7 

[161]) of a reference compound was created, comprising of X-ray scattering 

paths taken from a CIF model (using the corresponding file to the reference 

compound data on ICSD). 

 

Bond valence sum calculations provide validation for the structural models 

generated using EXAFS fitting, by comparing the expected oxidation state to 

the calculated oxidation state (Vi), which is generated using the bond length in 

the EXAFS model. They were calculated according to the Brown – Altermatt 

equations which is given by Equation 4.1: 

 

𝑉௜ = ෍ exp ቀ
𝑟଴ − 𝑟௝

𝐵
ቁ

௝

 

 

where r0 and rij are the tabulated and observed bond distance between atoms 

i and j respectively (Å), and B is a constant. The tabulated values for B and r0 

are published by Brese and O’Keeffe [162].  

4.2.2.4  Mössbauer spectroscopy 

Powdered samples were measured at room temperature using a Wissel MRG-

500 spectrometer in transmission mode with a 57Co/Rh source and a velocity 

(4.1) 
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range ± 10 mm s-1. Samples were calibrated relative to an α-Fe reference 

standard. The Recoil software package was used to deconvolute the spectra 

by assigning Lorentzian doublets to represent Fe oxidation states and co-

ordination numbers using the Recoil analysis software [138]. 

 

4.2.2.5  Compositional analysis 

The composition of two glasses (1200 °C 5.6Ce and 5.6CeFe) was measured 

by X-ray fluorescence (XRF) spectroscopy and Inductively Coupled Plasma – 

Optical Emission Spectroscopy (ICP-OES) prior to conducting dissolution 

experiments on these glasses. AMG Analytical Services completed this 

analysis, where ICP-OES was utilised for compositional analysis of B and Li. 

For XRF analysis, powders were pressed into pellets and analysed under 

vacuum using the Panalytical PW 2404 with a Rh source. For Li and B 

compositional analysis, the Thermo Jarrell Ash IRIS Advantage ICP-OES was 

used, where the powdered glass was completely digested in acid prior to 

analysis.  

4.2.3 Dissolution experiments 

4.2.3.1 Powdered glass tests 

Batch dissolution experiments were completed using a derivative of the ASTM 

PCT-B method [101]. Glass material was crushed using a percussion mortar 

and sieved to retain the 75 – 150 µm size fraction. The resulting powder was 

sonicated in isopropanol to remove adhered fines and dried overnight at 90 ± 

2 °C. The clean glass powder was placed into a 15 mL PTFE vessel with 10 

mL of ultra high quality (UHQ, 18 MΩ cm-1) water with a surface area to volume 

ratio (SA/V) of 1200 m-1. Each experiment was performed in triplicate with 

duplicate blanks, the sealed vessels were stored in an oven at 90 ± 2 °C until 

sacrificial sampling at the following time points: 1, 3, 7, 14, 21 and 28 d. At 

each sampling point, selected vessels were removed, allowed to cool to room 

temperature and an 8 mL aliquot removed. After the removal of aliquots, 

powders were dried at room temperature and analysed using XRD and 

SEM/EDX. The aliquot pH was measured, then acidified using 20 µL ultra pure 
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HNO3 and analysed for elemental concentration (ci) by ICP-OES 

(ThermoFisher iCAPDuo 6300). The normalised mass loss (NLi) of elements 

from the glass was calculated using Equation 4.2, where: NLi is the normalised 

mass loss (g m-2), ci is the concentration in leachate (mg L-1), ci,b is the 

concentration in blank (mg L-1), fi is the fraction of element i in the glass, SA/V 

is the surface area to volume ratio (m-1). 

 

𝑁𝐿௜ =
(𝑐௜ − 𝑐௜,௕)

𝑓௜
   𝑆𝐴

𝑉ൗ
 

 

𝑁𝑅௜ =  
𝑁𝐿௜

𝑡
 

 

The normalised dissolution rate (NRi) in g m-2 d-1 was calculated using 

Equation 4.3, where t is the dissolution time in d.  

 

The SA/V was adjusted to account for evaporative losses (if any) at each time 

point. The surface area was calculated geometrically using the density of the 

glass, which was determined using a Micromeritics Accupyc 1340 II 

pycnometer. 

 

This methodology was repeated at SA/V = 10,000 m-1 to enable the 

investigation of the performance of this wasteform in the residual rate regime.  

4.2.3.2 Monolith glass test 

Static dissolution experiments were completed using a derivative of the MCC-

1 ASTM [102] method. Glass monoliths were sectioned to 10 mm x 10 mm x 

5 mm using a Buehler Isomet 1000 low speed saw and polished to P1200 grit 

finish using SiC abrasive paper. The monoliths were cleaned by sonicating 

three times in isopropanol and dried at 90 ± 2 °C overnight. Each monolith was 

placed on a PTFE basket in a 60 mL PTFE vessel with 40 mL of UHQ water 

to give a SA/V of 10 m-1. The vessels were prepared in triplicate with duplicate 

blanks, sealed and placed in an oven at 90 ± 2 °C until sacrificial sampling at 

the following time points: 1, 3, 7, 14, 21, 28, 42, 56, 70 and 84 d. At each 

(4.2) 

(4.3) 
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sampling time point, a 10 mL aliquot was removed from each vessel, the pH 

measured, acidified with 20 µL of ultrapure HNO3 and the solution analysed 

for elemental composition as described above. The monoliths were dried at 

room temperature, mounted in epoxy resin and analysed using SEM/EDX. The 

mass of each element released was used to calculate the normalised 

elemental loss using Equations 4.4 and 4.5 respectively, where: mij is mass of 

element i released from sample j (g), Cij is the concentration of element i 

measured in leachate from sample j (g L-1), Vfj is the final volume of leachate 

in test vessel containing sample j (L), Bik is the concentration of element i 

measured in blank test k (g L-1), VBk
 is the final volume of solution in test vessel 

containing sample j (L), a is the total number of blank solutions, NLij is 

normalised mass loss of element i from sample j (g m-2), fi is the mass fraction 

of element i in sample j and, Sj is the surface area of sample j (m2).  

 

𝑚௜௝ = ൫𝑐௜௝ × 𝑉௜௝൯ − ෍ 𝑉஻௞ ×
𝐵௜௞

𝑎

௔

௞ୀଵ

 

 

𝑁𝐿௜௝ =
𝑚௜௝

𝑓௜ × 𝑆௝
 

 
The normalised dissolution rate (NRi) in g m-2 d-1 was calculated using 

Equation 4.3, where t is the dissolution time in d. The SA/V was adjusted at 

each time point to account for the evaporative losses. The surface area was 

calculated geometrically. The thickness of the alteration layer was measured 

using 10 separate measurements using representative SEM micrographs for 

monoliths at each sampling time point.  

  

(4.4) 

(4.5) 
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4.2.3.3 Geochemical modelling 

Geochemical modelling using the elemental composition and pH of the 

leachates was completed using PhreeqC v.3 software [163] with the LLNL 

database [144] to find the saturation indices of mineral phases from the 

database. The saturation index (SI) of a phase was calculated in this software 

using Equation 4.6, where: IAP is the ion activity product for the phase and Ks0 

is the standard solubility constant of the phase. 

 

𝑆𝐼 = log ቆ
𝐼𝐴𝑃

𝐾௦
଴ ቇ (4.6) 
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 Results and discussion 

4.3.1 XRD 

Figure 4-1 shows the powder XRD patterns of each ATS glass, where the melt 

temperature was varied from 1100 – 1300 °C for three different compositions: 

(i) 2.9 mol.% CeO2 (ii) 5.6 mol.% CeO2 and (iii) 5.6 mol.% CeO2 with equimolar 

addition of Fe0. At 1100 °C, diffuse scattering between 15° < 2θ < 35° revealed 

the presence of a largely amorphous material consistent with the formation of 

a glass, in addition to Bragg reflections, which were indexed to CeO2. The 

addition of equimolar Fe0 at 5.6 mol.% CeO2 resulted in a reduction in the 

relative intensity of the CeO2 reflections. This clearly demonstrates that the 

inclusion of Fe0 successfully promoted a higher incorporation rate of CeO2 into 

the glass phase when compared to the compositions without Fe0. Diffuse 

scattering was present in all glasses melted at 1200 °C with weak CeO2 

reflections observed in both glasses at 5.6 mol.% waste loading, whilst in the 

2.9 mol.% glass, no crystalline CeO2 was evident, indicating full CeO2 

incorporation at this waste loading. At 1300 °C, CeO2 was fully dissolved into 

the glass phase for the 2.9 mol.% and 5.6 mol.% compositions, as indicated 

by the presence of diffuse scattering with no observable reflections attributable 

to CeO2. At 5.6 mol.% CeO2 loading, the addition of Fe0 at 1300 °C resulted in 

the detection of weak reflections for CeO2.  

 

Figure 4-1 - XRD pattern of each glass produced at melt temperatures 

1100 °C, 1200 °C and 1300 °C with miller indices indicating the primary 

reflections of CeO2 (PDF - 01-081-0792) : (i) 2.9 mol.% CeO2, (ii) 5.6 

mol.% CeO2 and (iii) 5.6 mol.% CeO2 + Fe. 
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4.3.2 SEM/EDX  

For ATS glasses melted at 1100 °C, the SEM micrographs in Figure 4-2 display 

a dark grey matrix with bright white crystallites, which correspond to ATS glass 

and CeO2 respectively, confirmed by EDX analysis and as expected from XRD 

analyses (Figure 4-1). Micrographs in Figure 4-3A and B show a comparison 

between CeO2 crystallites, with size < 1 µm in the 1100 °C 5.6 mol.% CeO2 

composition, and larger CeO2 crystallites, at approximately 20 µm, observed 

in the 1100 °C 5.6 mol.% CeO2 + Fe glass. The increase in crystallite size upon 

the addition of Fe0 to the glass melt suggests that a small quantity of CeO2 has 

precipitated from the melt and crystallised in the glass. These crystallites were 

associated with a darker phase in the glass (Figure 4-3C and D), which is 

richer in Al (Figure 4-4). 

 

 

Figure 4-2 – Representative BSE micrographs of each ATS glass (2.9 

mol.% CeO2, 5.6 mol.% CeO2 and 5.6 mol.% CeO2 + Fe) at each melt 

temperature (1100 °C, 1200 °C and 1300 °C).  
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The SEM micrographs for glasses melted at 1200 °C are shown in Figure 4-2, 

with the features observed in these micrographs in agreement with 

corresponding XRD analysis (Figure 4-1). Small quantities of undissolved 

CeO2 for the 2.9 mol.% CeO2 and 5.6 mol.% CeO2 compositions were 

observed, with precipitated CeO2, which is larger in diameter, associated with 

a darker phase observed in the 5.6 mol.% CeO2 + Fe composition. These 

observations are also in agreement with observations made of ATS glasses 

melted at 1100 °C and 1300 °C. 

 

Figure 4-3 – BSE micrographs A, B: 1100 °C 5.6 mol.% CeO2 showing 

unreacted CeO2 crystallites of particle size < 1 µm, C, D: 1100 °C 5.6 

mol.% CeO2 + Fe showing reprecipitated CeO2 crystallites of 20 µm.  
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Figure 4-4 – BSE micrograph of ATS 1300 °C 5.6 mol.% CeO2 + Fe glass 

with associated EDX analysis showing phase separation and CeO2 

crystallites. 

The BSE micrographs for ATS glasses melted at 1300 °C are also shown in 

Figure 4-2, with the features observed in these micrographs in agreement with 

corresponding XRD analysis (Figure 4-1). The BSE micrograph for the 1300 

°C 5.6 mol.% CeO2 + Fe glass (Figure 4-4) shows phase separation with areas 

that are darker in contrast, which are enriched in Al according to the 

corresponding EDX maps. This phase separation was also apparent for 5.6 

mol.% CeO2 + Fe compositions synthesised at 1100 °C (Figure 4-3) and 1200 

°C (Figure 4-2), with the crystalline CeO2 associated with the darker contrast 

phase. The presence of crystalline CeO2 in the glasses is in agreement with 

XRD analysis, however, the quantity of CeO2 within this sample was low (as 

judged from relative intensity of reflections). This was demonstrated in Figure 

4-2, where the bulk of all glasses produced in this study are amorphous (with 

the exception of 1100 °C 5.6 mol.% CeO2 composition). The glasses were all 

melted in alumina crucibles and, since Ce is dense in comparison to the other 

glass forming elements, it was apparent that some stratification of CeO2 

occurred.  
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The BSE micrographs and EDX maps in Figure 4-2 - Figure 4-4 reveal CeO2 

crystallites in each of the glasses, with different crystallite sizes suggesting 

different formation mechanisms. Small crystallites observed in glasses without 

Fe0 suggests that some CeO2 remains unincorporated into the glass network. 

Upon the addition of Fe0 to the composition at all melt temperatures, a growth 

in crystallite size suggests that the CeO2 observed was a consequence of the 

solubility limit of CeO2 being reached in the glass, causing CeO2 to precipitate. 

The CeO2 crystallites in the 5.6 mol.% CeO2 + Fe compositions was observed 

to be associated with an Al-rich phase within the glass at all melt temperatures, 

suggesting that Ce solubility was lower in the Al-rich phase. This could be due 

to Al and Ce adopting similar structural roles within the glass network and, 

since Al has a higher field strength it therefore preferentially incorporated into 

the glass. This caused CeO2 to precipitate and crystalise in the Al-rich phase. 

The presence of these crystallites in the glass is undesirable since Ce must 

be incorporated into the glass for immobilisation, proliferation resistance and 

criticality considerations [41]. 

 

4.3.3 Ce structural analysis 

The local coordination environment and oxidation state of Ce in each glass 

was investigated using Ce L3-edge X-ray absorption spectroscopy, to further 

understand how the change in melt temperature and addition of Fe0 influence 

Ce within the glass structure. Ce L3-edge XANES (Figure 4-5) were acquired 

for each glass to calculate the average Ce oxidation state. The following 

reference spectra were also acquired: CeO2 (Ce4+ in 8-fold coordination) and 

CePO4 (monazite; Ce3+ in 9-fold coordination). The Ce L3-edge XANES of 

CePO4 presents a single intense feature on the rising absorption edge, 

whereas CeO2 presents three features, of lower relative intensity which have 

been described in previous studies [164], [165]. The ATS glass spectra were 

analysed using linear combination fitting (LCF) to estimate the proportion of 

Ce3+ and Ce4+ in each glass using the reference spectra (Table 4-2). Spectra 

were fitted over the range 5710 – 5760 eV, under the constraint that the 

fractional weights of the reference spectra sum to unity (100%). 
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Figure 4-5 – Ce L3-edge XANES spectra of 2.9 mol.% CeO2 (2.9Ce), 5.6 

mol.% CeO2 (5.6Ce) and 5.6 mol.% CeO2 + Fe (5.6CeFe) ATS glasses 

synthesised at 1100 °C, 1200 °C and 1300 °C compared with CePO4 

(Ce3+) and CeO2 (Ce4+) reference compounds.  

 

The Ce L3-edge XANES spectra and LCF results, shown in Figure 4-5 and 

Table 4-2 respectively, illustrated that increasing the melt temperature of the 

glass increased the proportion of Ce3+ from 22 ± 1% at 1100 °C to 94 ± 1% at 

1300 °C, for the 5.6 mol.% CeO2 composition. This result was expected due 

to the auto-reduction of CeO2 in borosilicate glasses with increasing melt 

temperature, which has been widely reported in the literature [54], [155]. The 

introduction of Fe0 into the melt resulted in the complete reduction of Ce4+ to 

Ce3+ at all melt temperatures, hence creating a sufficiently reducing 

environment in the glass melt. These results, in combination with the results 

from XRD (Figure 4-1), demonstrate a greater incorporation of CeO2 within the 

glass structure at 1100 °C, compared to the 5.6 mol.% CeO2 composition at 

the same temperature, which can be attributed with Ce being 100 % present 

as Ce3+ (Table 4-2), caused by the introduction of Fe0 to the glass melt. This 

total reduction of Ce in the Fe containing glasses is contradictory to the result 

of the XRD in Figure 4-1, since the presence of CeO2 would suggest a quantity 

of Ce4+ present. However, the intensity of the reflections in the XRD patterns 
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for the Fe containing glasses is small, caused by small quantities of crystalline 

CeO2 associated with the alumina rich phase in these glasses (see Figure 4-3 

C-D and Figure 4-4). This contribution would be within the error of the Ce 

XANES linear combination fitting.  

Table 4-2 – Linear combination fitting of Ce L3-edge XANES spectra in 

Figure 4-5, showing the Ce speciation in each composition (2.9 mol.% 

CeO2 (2.9Ce), 5.6 mol.% CeO2 (5.6Ce) and 5.6 mol.% CeO2 + Fe 

(5.6CeFe)), errors are reported in parentheses.  

 

A waste loading of 5.6 mol.% CeO2 was achieved at 1100 °C, due to the 

addition of Fe0 into the glass melt, with minimal crystalline CeO2 observed. The 

increased incorporation of CeO2 observed at this melt temperature was due to 

the total reduction of Ce to the Ce3+ oxidation state, which increased solubility 

as observed by Lopez et al. [140]. This processing temperature was also 

significantly lower than the temperatures required for melting other glass 

compositions considered for Pu immobilisation such as; LaBS at 1475 °C [166] 

and iron phosphate glass at 1400 °C [70]. This lower melt temperature would 

be advantageous for consideration of future industrial operational costs [21]. 

This finding is promising for the successful incorporation of Pu into the glass 

structure since Pu has shown a similar redox response to a reducing agent in 

borosilicate glass as Ce, with a reduction towards Pu3+ upon the addition of 

Composition 
Ce speciation (%) Average ox. 

state 
R factor 

Ce3+ Ce4+ 

1100 °C 

2.9Ce 33(1) 67(1) 3.67 0.01 

5.6Ce 22(1) 78(1) 3.78 0.003 

5.6CeFe 100(2) 0(2) 3.00 0.03 

1200 °C 

2.9Ce 63(2) 37(2) 3.37 0.02 

5.6Ce 59(2) 41(2) 3.41 0.03 

5.6CeFe 100(2) 0(2) 3.00 0.03 

1300 °C 

2.9Ce 78(2) 22(2) 3.22 0.02 

5.6Ce 75(2) 25(2) 3.25 0.02 

5.6CeFe 100(2) 0(2) 3.00 0.02 
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Si3N4 to the melt facilitating a doubling of the reported PuO2 solubility from 

0.45 mol.% to 0.9 mol.% [155]. The structural role of Ce and Pu in borosilicate 

glass is also very similar since they are both classified as intermediate cations 

using the Dietzel field strength parameter [151], [167]. This means that they 

can behave as either network formers or modifiers dependent upon the glass 

composition and the oxidation state of the cation, with lower oxidation state 

cations behaving more like network modifiers, aiding their incorporation into 

the glass network.  

4.3.4 Fe structural analysis 

The oxidation state and coordination environment of Fe in the ATS glass 

network was investigated using three independent techniques:  

1. Fe K-edge X-ray Absorption Near-Edge Spectroscopy (XANES) pre-

edge region fitting – analysed the average oxidation state and 

coordination number of all Fe sites in the glass network.  

2. Fe K-edge Extended X-ray Absorption Fine Structure (EXAFS) – 

analysed the average coordination number of Fe in the glass network, 

as well as the Fe-O bond distance.  

3. 57Fe Mössbauer spectroscopy – detailed information about the 

oxidation state and coordination number of the distinct Fe sites within 

the glass.  

These techniques were used in tandem to provide a complete analysis of the 

structural role of Fe in the glass network, how this role changes with increasing 

melt temperature and to elucidate further information on how the addition of 

Fe influenced the role of Ce in the glass network.  

 

The Fe K-edge XANES spectra of each Fe containing ATS glass are shown in 

Figure 4-6 alongside the spectra of four reference compounds: Fe2SiO4 (Fe2+ 

with 6-fold coordination), staurolite (Fe2+ with 4-fold coordination), NaFeSi2O6 

(Fe3+ with 6-fold coordination) and FePO4 (Fe3+ with 4-fold coordination). The 

area under the pre-edge peaks is dependent upon the site symmetry, showing 

a linear relationship between average co-ordination environment for a given 

oxidation state. The pre-edge region was fitted according the method 
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presented by Farges et al. [168] and Wilke et al. [158] with a maximum of three 

Gaussian peaks fitted to the spectral envelope. A weighted mean of the height 

and energy position of these Gaussian peaks was used to describe the total 

spectral envelope. This fitting process was repeated for the data collected on 

the reference compounds; an example is shown in Figure 4-7.  

 

Figure 4-6 – Fe K-edge XANES spectra of reference compounds and 

three ATS 5.6 mol.% CeO2 + Fe glasses produced at melt temperature 

1100 °C, 1200 °C and 1300 °C (left) with detailed view of the pre-edge 

regions of the spectra (right).  
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Figure 4-7 – Example of the fitting of Fe K-edge XANES pre-edge region 

(1100 °C 5.6 mol.% CeO2 + Fe glass). The dotted line shows the data 

with the bold solid line showing the fit. Dashed lines represent the 

fitted gaussian peaks with the solid line showing the arctangent fitted 

to the background.  

 

Figure 4-8 – Graphical representation of the centroid position and total 

integrated intensity of ATS 5.6 mol.% CeO2 + Fe glasses and reference 

standard compounds determined by fits to the Fe K-edge pre-edge 

region. The oxidation state and coordination environment of Fe for 

each reference material is labelled in red, with the position of each ATS 

5.6 mol.% CeO2 + Fe glass also labelled. 
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Table 4-3 – Intensity weighted centroid position and total integrated 

intensity of the fitted pre-edge region of Fe K-edge XANES spectra for 

all 5.6 mol.% CeO2 + Fe ATS glasses and reference compounds. Data 

presented in Figure 4-8. 

 

Composition 

Centroid 

position (eV)  

(± 0.3) 

Total integrated 

intensity 

(± 0.03) 

Average 

oxidation state 

(± 0.1) 

Average 

coordination 

no (± 0.2) 

1100 °C 7114.1 0.23 2.8 4.7 

1200 °C  7114.0 0.22 2.8 4.7 

1300 °C 7114.2 0.24 2.9 4.8 

NaFeSi2O6 7114.4 0.07 3 6 

FePO4 7114.4 0.33 3 4 

Fe2SiO4 7112.6 0.07 2 6 

Staurolite 7112.9 0.19 2 4 

 

Figure 4-8 shows the centroid position and total integrated intensity/area of the 

pre-edge peaks of reference compounds and three 5.6 mol.% CeO2 + Fe ATS 

glasses using data from Table 4-3. The centroid position of all glasses at ~7114 

eV was consistent with dominant Fe3+, as shown in comparison to reference 

standards in Figure 4-8. Linear interpolation of the glass centroid position 

using the average centroid position of the Fe2+ standards (7112.75 ± 0.3 eV) 

and Fe3+ standards (7114.4 ± 0.3 eV) from Table 4-3, yielded an average Fe 

oxidation state of 2.8 ± 0.1 at 1100 °C, rising to 2.9 ± 0.1 at 1300 °C. The area 

under the pre-edge curves of the ATS glasses was intermediate between 4-

fold and 6-fold coordination when compared to the Fe3+ reference compounds. 

Linear interpolation of the average coordination number using the areas for 

the Fe3+ reference compounds gave an average coordination number of Fe of 

4.7 – 4.8 ± 0.2 for all 5.6 mol.% CeO2 + Fe ATS glasses.  

 

The local coordination environment of Fe in the 5.6 mol.% CeO2 + Fe ATS 

glass compositions was further investigated using Fe K-edge EXAFS analysis. 

For the coordination number of Fe to be accurately analysed, the amplitude 

reduction factor (S02) was independently determined using an appropriate 

reference compound, NaFeSi2O6, since S02 is directly correlated with the 
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coordination number. S02 is generally assumed to be transferrable between 

different materials analysed at the same edge at the same beamline [169], 

enabling determination of the coordination number of Fe in ATS glass. 

Consequently, NaFeSi2O6 EXAFS data was fitted with seven paths from the 

FEFF calculation, with structural parameters shown in Table 4 and the fit 

shown in Figure 9. The degeneracy (NFe-i) for each path was held constant 

while S02, the interatomic distance (RFe-i) and Debye-Waller factor (σi2) were 

allowed to refine. The NaFeSi2O6 theoretical fit gave S02 = 0.67 ± 0.08, with the 

Fe-O distance 2.01 ± 0.01 Å, and the BVS is calculated as 3.0 ± 0.1, in 

agreement with Fe3+ oxidation state in NaFeSi2O6. 

 

Figure 4-9 – Model fit to the Fe K-edge EXAFS spectra for NaFeSi2O6, 

where A – k3χ(k), B – FT of k3χ(k), with dashed black lines represent the 

data and solid blue lines present the theoretical fits. The fitting window 

is shown by a solid orange line. 
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Table 4-4 – Fitted structural parameters for the EXAFS model of 

NaFeSi2O6 in Figure 4-9. RFe-i is the average interatomic distance for a 

given Fe-i pair, σ2i is the Debye-Waller factor and NFe-i is the 

coordination number fixed in the model. The fit range in k was from 3 to 

11 Å-1 and in R from 1 to 5.5 Å. The R factor was 0.012 and the ΔE0 = 

1.83 ± 1.35. The number of independent variables (Nv) and data (Nip, 

determined from the Nyquist theorem) was Nv = 24.7 and Nip = 16, 

respectively. 

 

 

  

NaFeSi2O6 RFe-i (Å) ± σ2i ± NFe-i 

Fe-O1 2.01 0.01 0.011 0.002 6 

Fe-Fe1 3.13 0.08 0.003 0.009 2 

Fe-Si1 3.08 0.08 0.01 0.02 6 

Fe-Na1 2.90 0.08 0.01 0.01 3 

Fe-O2 3.78 0.08 0.01 0.02 8 

Fe-O3 3.60 0.09 0.01 0.04 6 

Fe-Si2 4.41 0.04 0.005 0.005 2 
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Table 4-5 – Structural parameter for the 5.6 mol.% CeO2 + Fe ATS glass 

Fe K-edge EXAFS fits. RFe-i is the average interatomic distance between 

Fe and i, σ2i is the Debye-Waller factor and NFe-i is the refined number of 

scatterers in the first oxygen shell. The amplitude reduction factor, 

refined from the NaFeSi2O6 fit, was fixed at S02 = 0.67. BVS is the bond 

valence sum for the first oxygen coordination shell.  

 

Glass 1100 °C 1200 °C 1300 °C  
  ±  ±  ± 
E0 (eV) -2.3 0.9 -4.8 0.9 -5.6 1.2 
RFe-O1 (Å) 1.90 0.01 1.89 0.007 1.89 0.01 
NFe-O1 5.5 0.4 5.5 0.4 5.1 0.4 
σ2O (Å2) 0.009 0.001 0.009 0.001 0.006 0.001 
RFe-Si1 (Å) 3.19 0.04 3.17 0.03 3.21 0.04 
NFe-Si1 2 - 2 - 2 - 
σ2Si (Å2) 0.017 0.005 0.017 0.005 0.016 0.007 
R-factor 0.006 - 0.005 - 0.005 - 
BVS 
(v.u.) 

3.2 0.2 3.2 0.2 3.2 0.2 
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Figure 4-10 – k3χ(k) and the FT of k3χ(k) at the Fe K-edge EXAFS data of 

all 5.6 mol.% CeO2 + Fe ATS glasses. Dashed black lines represent the 

data and solid blue lines present the theoretical fits. The fitting window 

is shown by a solid orange line.  
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The Fe K-edge EXAFS spectra in k3χ(k) and respective FT waveforms of the 

ATS 5.6 mol.% CeO2 + Fe glasses are shown in Figure 4-10, along with the 

fitted waveforms, with refined structural parameters for these fits in Table 4-5. 

The waveforms show a simple damped sine wave, with relatively few 

components, characteristic of amorphous materials. The spectra were fitted 

using S02 = 0.67, calculated using the NaFeSi2O6 theoretical fit as reported 

above. The theoretical fits for ATS glass spectra used a scattering path based 

on the first oxygen shell with the degeneracy (NFe-i), the interatomic distance 

(RFe-i) and Debye-Waller factor (σi2) allowed to refine. The addition of a second 

path, Fe-Si, optimised the fit, typically reducing the R factor by two thirds, 

giving a refined value of NFe-Si of 1.7 ± 1.5. The precision of this value was low, 

as expected for a disordered system, therefore for the final stage of 

refinement, we fixed NFe-Si = 2 which afforded a reasonable RFe-Si path length 

and significant reduction in the R-factor. The quality of the fit was validated for 

each model using a BVS, with results in Table 4-4, which were consistent with 

the oxidation state values calculated using Fe K-edge XANES pre-edge fitting 

in Table 4-3. Modelling the EXAFS data determined an Fe coordination 

number of 5.5 ± 0.4 for the ATS glasses produced at 1100 °C and 1200 °C 5.6 

mol.% CeO2 + Fe glasses, and 5.1 ± 0.4 for the glass produced at 1300 °C. 

 

The 57Fe Mössbauer spectra for 5.6 ATS 5.6 mol.% CeO2 + Fe glasses 

produced at 1100 °C, 1200 °C and 1300 °C are shown in Figure 4-11 along 

with the fitted contribution to the spectral envelope. For each glass, two 

quadrupolar doublet sites were fitted with values for the isomer shift, 

quadrupolar shift and full width half maximum of each doublets reported in 

Table 4-6. Each doublet represents a separate crystallographic site for Fe 

present in the glass, which suggests there are two separate Fe environments 

within the glass structure, referred to as site A and site B. The values 

associated with the fitting of Mössbauer spectra are well defined, particularly 

the isomer shift, which is sensitive to the Fe coordination number and oxidation 

state. Quadrupolar shift is also indicative of the oxidation state with ferrous 

ions having a larger quadrupolar splitting than ferric ions, however, due to the 
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large range of possible environments in an amorphous environment, these 

results must be carefully interpreted.  

 

Figure 4-11 – Room temperature 57Fe Mössbauer spectra of all ATS 5.6 

mol.% CeO2 + Fe glasses. Pink line - fitted doublet; blue line - data fit; 

black dots - data.  
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Table 4-6 – 57Fe Mössbauer parameters for site A and B for ATS 5.6 

mol.% CeO2 + Fe glasses where: δ – isomer shift (mm s-1), Δ – 

quadrupolar shift (mm s-1) and Γ – full width half maximum (mm s-1). 

The proportion of site A relative to the total is also shown.  

 

Composition 

A Site B site 
Fe(A)/ 

ΣFe 
δ  

(mm s-1) 

Δ  

(mm s-1) 

Γ 

 (mm s-1) 

δ 

 (mm s-1) 

Δ  

(mm s-1) 

Γ  

(mm s-1) 

1100 °C 0.27(1) 0.91(2) 0.31(1) 1.00(2) 1.99(3) 0.29(2) 0.70(2) 

1200 °C 0.27(1) 0.94(1) 0.33(1) 1.01(2) 2.01(5) 0.30(4) 0.81(2) 

1300 °C 0.27(1) 1.02(1) 0.33(1) 1.06(3) 2.00(7) 0.19(5) 0.92(2) 

 

Using the information about the fitted values for each site (Table 4-6) in 

combination with the data on 57Fe Mössbauer spectroscopy collated by Dyar 

et al. [170], [171], site B was assigned as Fe2+ in 6-fold coordination, however 

it should be noted that the isomer shift values for Fe2+ were at the low end of 

the boundary for 6-fold coordination [172]. Site A, with Δ = 0.91(2) - 1.04(1) 

(mm s-1), was assigned to Fe3+, with 5-fold coordination, however, the 

boundary in quadrupolar splitting between 4- and 5-fold coordinated Fe3+ is 

poorly defined particularly for amorphous materials [173]. The recoil free 

fraction was assumed to be unity in these glasses since it has been shown in 

silicate glass melts that Mössbauer spectroscopy and wet chemical analysis 

produce the same average bulk Fe oxidation state [174]. Although the 

assignments of oxidation state can be given over a wide range of isomer shift 

and quadrupolar splitting values, the values in Table 4-6 and their respective 

assignments were supported by published data for crystalline materials with 

well-defined 57Fe Mössbauer spectroscopy parameters [170], [171]. There 

was a higher proportion of site A in the glass as the melt temperature 

increased, which therefore confirmed that Fe3+ speciation increased with melt 

temperature, from 70 ± 2% at 1100 °C to 92 ± 2% at 1300 °C. The coordination 

number decreased from 5.3 ± 0.2 at 1100 °C to 5.1 ± 0.2 at 1300 °C. These 

values are in excellent agreement with Fe XANES pre-edge fit values reported 

in Table 4-3.  
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Fe XANES, EXAFS and Mössbauer spectroscopy results are in agreement 

and show that the quantity of Fe3+ in 5-fold coordination increased with 

increasing temperature, with the remainder being a small contribution of Fe2+ 

in 6-fold coordination. The dominant Fe3+ oxidation state was to be expected 

due to the redox environment of the glass i.e. the glass was melted in an 

oxidising environment with the presence of the Ce redox couple. The literature 

states that Fe in borosilicate glass typically favours the Fe3+ oxidation state 

and 4-fold coordination environment [65], [172], acting as a network former in 

the glass structure, especially with the redox coupling with Ce providing an 

oxidising environment. However the presence of 5-fold coordinate Fe3+ in 

silicate glass melts has been reported [158], [173], [175], [176] using both 

XANES and molecular dynamics, but it has been suggested that these findings 

could be attributed to distorted tetrahedral and octahedral Fe in the glass 

network [177]. There is also a contribution of Fe2+ in 6-fold coordination, 

decreasing with increasing temperature, suggesting that Fe is initially oxidised 

from Fe0 to Fe2+, at which point it is incorporated into the glass and oxidised 

further to Fe3+. This observation could be attributed to repolymerisation of the 

glass with increasing temperature associated with the reduction in quantity of 

Fe2+ in 6-fold coordination. The diffusion of alkali network modifying cations 

through the glass network controls the kinetics of this reaction [178].  

4.3.5 Compositional analysis 

The composition of two glasses, 1200 °C 5.6 mol.% CeO2 and 5.6 mol.% CeO2 

+ Fe, were determined using a combination of XRF and ICP-OES (for Li and 

B) and are presented in  

Table 4-7. These compositions were chosen for chemical durability 

assessment because they showed minimal presence of crystalline Ce and to 

allow the effect of Fe incorporation on the overall durability to be determined 

at a fixed melt temperature. In the 5.6 mol.% CeO2 composition, approximately 

half of the batched quantity of CeO2 was incorporated into the glass, 

postulated due to low Ce4+ solubility in the glass, of which there was 41 ± 2 % 

in this composition (Table 4-2). Upon the addition of Fe, the batched CeO2 

was fully incorporated into the glass. Both compositions were enriched in Al2O3 



 
113 

 

(by 1 – 2.5 mol.%) due to corrosion of the alumina crucible, as observed from 

SEM/EDX (Figure 4-4).  

Table 4-7 – Comparison of batched composition and XRF/ICP-OES 

results for two ATS glasses: 1200 °C 5.6 mol.% CeO2 and 1200 °C 5.6 

mol.% CeO2 + Fe.  

 

 

4.3.6 Dissolution behaviour 

PCT-B tests were performed on the materials prepared at 1200 °C, with and 

without Fe0, to assess and compare their chemical durability. Two SA/V ratios 

were selected for the 5.6 mol.% CeO2 + Fe composition, with the higher value 

giving insight to dissolution behaviour in the residual rate regime. The solution 

pH for both glass compositions rapidly reached a value of 10.2 ± 0.1 after 1 d 

of dissolution (Figure 4-12). For the duration of the experiment, the pH for the 

lower SA/V experiments remained between pH 10 and 10.5, while the higher 

SA/V experiment showed a slightly higher pH (~pH 11). This reflects the 

greater reaction progress imposed by the high SA/V.  

Oxide 

    1200 °C 5.6 mol.% CeO2 

(mol.%) 

   1200 °C 5.6 mol.% CeO2 + Fe 

(mol.%) 

Batch ICP/XRF  (± 0.05) Batch  ICP/ XRF (± 0.05) 

Al2O3 1.67 3.95  1.63 2.49 

B2O3 12.18 11.81 11.94 11.93 

CeO2 5.56 2.68 5.45 5.11 

Fe 0.00 0.07 1.63 1.93 

K2O 4.07 3.72 3.99 3.42 

Li2O 10.34 11.56 10.13 11.19 

Na2O 10.87 10.57 9.21 8.89 

SiO2 49.15 49.32 48.17 46.11 

SnO2 1.25 1.43 1.37 1.26 

TiO2 1.73 1.78 1.50 1.64 

ZrO2 3.17 3.02 3.11 2.57 
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Figure 4-12 – Normalised elemental mass loss (NLi) of Al, B, Ce, Fe, K, 

Li, Si, Na, Sn, Ti and Zr, and the pH for 5.6 mol.% CeO2 (5.6Ce) and 5.6 

mol.% CeO2 + Fe (5.6CeFe) PCT-B tests. 
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The normalised mass loss of elements from the 5.6 mol.% CeO2 glass showed 

incongruent dissolution: B, Li and Na leached at similar rates (Table 4-8), 

however, the normalised mass loss of Si and Al were much lower, indicating 

the attainment of steady state, or residual rate conditions, during which time a 

silica-rich gel layer and/or silicate secondary phases typically form [109]. This 

behaviour is reflected in the NLi of other elements, for example, the NLCe 

initially increased but after 1 d of dissolution the rate of increase slowed to a 

plateau, with a dissolution rate of 3.30(3) x 10-5 g m-2 d-1.  

 

When Fe was added to the glass formulation, the NRi of B, Li and Na was an 

order of magnitude lower than for the 5.6 mol.% CeO2 composition (Table 4-8). 

The NLSi was comparable with the Fe-free composition, however, suggesting 

that any gel layer formation processes occurred at a similar rate for both 

glasses. Since the NLFe showed similar behaviour to NLSi (Figure 4-12), this 

indicates that the silica gel/silicate secondary phases formed likely also 

incorporate Fe [179], [180]. The NLi of other elements, including Ti, Zr and Ce 

was also lower for this glass, with the resulting NRCe being two orders of 

magnitude lower.  

 

For the PCT-B experiment at SA/V = 10,000 m-1, similar behaviour was 

observed, however, owing to the greater SA/V value, the NLi of B, Na and Li 

were greater than for the SA/V = 1200 m-1 counterparts.  
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Table 4-8 – Normalised elemental loss rate (NRi calculated from 7 – 

28 d) calculated using linear regression for each PCT-B experiment 

(where 5.6Ce = 5.6 mol.% CeO2 compositions and 5.6CeFe = 5.6 mol.% 

CeO2 + Fe). For MCC-1, the normalised elemental loss rate was 

calculated from 21 – 84 d. ND (not detected) signifies that the element 

was below the detection limit for ICP-OES measurement.  

 

NRi Experiment (error = ± 1%) 

(g m-2 d-1) 5.6Ce 5.6CeFe 
5.6CeFe  

SA/V = 10000 m-

1 

5.6CeFe 
MCC-1 

B 3.57 x 10-2 4.98 x 10-3 4.45 x 10-3 0.35 
Ce 3.30 x 10-5 6.65 x 10-7 1.35 x 10-5 ND 
Fe ND 0 9.41 x 10-5 ND 
K 6.45 x 10-3 3.57 x 10-5 2.36 x 10-3 0.15 
Li 2.31 x 10-2 4.49 x 10-3 3.99 x 10-3 0.22 
Na 2.60 x 10-2 6.79 x 10-3 1.79 x 10-3 0.11 
Si 6.89 x 10-4 7.91 x 10-4 6.87 x 10-4 0.14 

 

To explore the dissolution behaviour of the glass further and to examine the 

nature of the silica gel and/or secondary phases formed, monolith experiments 

were performed using the MCC-1 methodology. Figure 4-13 shows the 

corresponding normalised mass loss (NLi) of Al, B, Si, Na, Li and K from these 

experiments. Given the much lower SA/V ratio than the PCT-B experiments 

described above, the concentrations of Ce, Sn, Ti and Zr were below the 

detection limit of the ICP-OES and, as such, no data are shown. Within error, 

all elements reached saturation, and therefore the residual rate, by 28 d. It 

should be noted that the normalized mass loss values were significantly higher 

than those from the PCT-B experiments, despite the lower SA/V ratio as 

reported in several other studies [181]. This is postulated to be caused by an 

underestimation of the surface area attributed to the polishing of the monoliths.  
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Figure 4-13 – Normalised elemental mass loss (NLi) of Al, B, Si, K, Li, 

Na and Fe alongside the pH for the 5.6 mol.% CeO2 + Fe MCC-1 test.  

 

Figure 4-14 shows SEM micrographs of the cross section of monoliths from 7 

- 84 d from the 5.6 mol.% CeO2 + Fe MCC-1 test (monoliths for 1 and 3 d do 

not have an observable alteration layer when using SEM). A gel layer on the 

outer edge of the pristine glass was observed, with a thickness that increased 

as a function of time; at 7 d the average thickness was 8.4 ± 0.9 µm, compared 

to 24.0 ± 0.4 µm at 84 d. The thickness increased linearly up to 42 d, after 

which time it the rate of gel layer growth slowed. This is consistent with the 

normalised mass loss values, which showed that elements were released 

more slowly after 42 d (Figure 4-13), and suggests that the alteration layer is 

passivating in nature. EDX mapping of the cross section of the 70 d monolith 

shows that the gel layer contained Si, Ce, Fe, Ti and Zr, with smaller 
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concentrations of Na and K. The outer edge was particularly enriched in Ce 

and Zr, as shown in Figure 4-15, with a depletion in Al, Na, Si and K compared 

to the pristine glass.  

 

Figure 4-14 – BSE micrographs of the cross section of 5.6 mol.% CeO2 

+ Fe MCC-1 samples from 7 – 84 d, along with EDX maps of the 70 d 

micrograph. A graphical representation of the change in thickness of 

the alteration layer with time is also included 

 

Geochemical modelling (using PhreeqC) was used to determine which 

secondary crystalline phases were saturated with respect to the solution, 

based on elemental concentration analysis and pH values from PCT-B 

experiments. For the 5.6 mol.% CeO2 + Fe composition, the Fe-containing clay 

mineral nontronite ((H,Na,K)0.33Fe2Al0.33Si3.67H2O12) was predicted to form, 

with similar results observed when analysing the MCC-1 dissolution data, 

however, no secondary phases were predicted for the dissolution of the 5.6 

mol.% CeO2 glass. 
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Figure 4-15 – EDX line scans showing the number of counts of each 

element along the cross section imaged, which shows the alteration 

layer of the 5.6 mol.% CeO2 + Fe ATS glass after 84 d MCC-1 test. 

Dashed lines represent the alteration layer limits. 
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It is apparent from these results that 5.6 mol.% CeO2 + Fe glass was more 

durable than the 5.6 mol.% CeO2 glass. This may be because: (1) the 

presence of Fe caused a higher degree of polymerisation in the glass network 

[172], which is known to improve the chemical durability of glasses; (2) the Ce 

content of the Fe-containing glass was twice that of the Fe-free counterpart ( 

Table 4-7), and this additional Ce, also known to enhance polymerisation of 

the glass network [65], may have promoted greater durability. Since Fe is 

generally understood to decrease glass durability, due to the precipitation of 

Fe-silicate phases that drive the thermodynamic equilibrium of the leaching 

media towards silica dissolution, the second option seems the most probable 

to dominate the dissolution, however it is postulated that both are contributing 

factors to the improved dissolution. The normalised mass loss at 28 d for B 

and Si for the 5.6 mol.% CeO2 + Fe composition were of the same order of 

magnitude as reported for other ATS glass compositions, which do not contain 

Fe [67], further highlighting the positive role of Ce on durability. 

 

The NLCe from the Fe-containing glass was on the order of 10-3 g m-2 at 28 d, 

which is comparable in magnitude to NLPu derived from Pu-containing ATS 

glass by Bates et al. [67] (NLPu = 2 x 10-3 g m-2). The use of CeO2 as a 

surrogate for PuO2 in the leaching tests, therefore, seems to be well justified. 

In high temperature Vapour Phase Hydration testing (VHT method) of ATS 

glass (Bates et al.) the formation of an Fe and Al-containing clay phase was 

observed approximately 5 nm in size at 56 d, which is in good agreement with 

the geochemical modelling results performed here, despite the fact that such 

phases were not experimentally observed. It is likely that longer time durations 

may be required for these phases to form under the PCT-B and MCC-1 

conditions employed in the present study. It should be noted that the gel layer 

was rich in the elements required to form such clays, which can nucleate within 

the gel layer itself [180], [182]. As noted above, the presence of iron-rich clay 

precipitates typically accelerates glass dissolution [183], [184] and can lead to 

“stage III” dissolution rate resumption [185]. Further investigation of dissolution 

over longer time scales is required to evaluate whether such behaviour may 

occur.  
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In the VHT experiment performed by Bates et al., it was found that the 

secondary phases contained no/negligible Pu, and that Pu was incorporated 

within the silica gel [66]. In the present study, Ce also accumulated within the 

gel layer, but was concentrated on the outer edge. However, it is possible that 

other Ce-oxide, or even silicate phases that are not included within 

geochemical modelling databases, could precipitate. The outer edge of the gel 

layer is formed at the beginning of the glass hydrolysis process; therefore, 

another explanation could be the initial solubilisation of Ce3+ from the glass, 

which was incorporated within the silica gel to charge compensate silicate 

anions, forming a dense outer layer. Future work should be directed at 

understanding the role of Ce/Pu in alteration products on ATS glasses, and in 

borosilicate glass compositions proposed for PuO2 immobilisation. 

 Conclusion 

Vitrification is suggested for the immobilisation of the UK civil PuO2 stockpile 

due to the technological readiness advantages over other proposed waste 

form technologies for PuO2. A series of CeO2 doped ATS glasses were 

developed for this purpose, with a waste loading of 5.6 mol.% CeO2 achieved 

at 1100 °C, showing minimal crystalline CeO2 present due to recrystallisation 

upon reaching the solubility limit within an Al rich second glass phase. This 

waste loading was achieved at this temperature with the use of a reducing 

agent, metallic Fe0, in the glass, allowing the complete reduction of Ce4+ to 

Ce3+ at lower melt temperatures than previously reported, since Ce3+ was 

more readily incorporated into the borosilicate glass structure. The introduction 

of Fe0 into the glass showed a short-term improvement in the durability of the 

wasteform, demonstrated by all elements reaching saturation more rapidly 

than glass compositions without the presence of Fe0. However, this increase 

in durability is postulated to primarily be caused by the introduction of a greater 

quantity of Ce into the glass matrix, which is known to cause repolymerisation 

in the glass network. 
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Supplementary Information 

 

Supplementary Figure 4-1 - Example of fitting of Ce L3-edge XANES pre-

edge region of 1100 °C 5.6 mol.% CeO2 glass measured in fluorescence 

mode. The dotted line shows the data with the bold solid line showing 

the fit. Dashed lines represent the Ce reference standards (light blue = 

CePO4, dark blue = CeO2).  
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Abstract 

The potential application of hot isostatic pressing (HIPing) to the 

immobilisation of the UK PuO2 stockpile using vitrification was investigated in 

this work. ATS glasses were produced in stainless steel (SS) HIP canisters, 

targeting a 5.6 mol.% CeO2 waste loading, where CeO2 was used as a 

surrogate for PuO2. The effect of HIPing, and addition of Fe0, on CeO2 

solubility in the glass was investigated, along with the chemical durability of 

these glasses, compared to other ATS glass formulations. When HIPed at 

1100 °C, CeO2 was not fully incorporated into the glass, despite being fully 

reduced upon the addition of Fe0. However, when HIPed at 1250 °C, Ce was 

fully incorporated into the glass and fully reduced to Ce3+ irrespective of the 

quantity of Fe0 added. SEM/EDX and structural analysis of Fe in the glass 

using 57Fe Mössbauer spectroscopy found that interaction between the glass 

wasteform and the SS canister walls induced the retention of Fe metal and the 

formation of Fe-Cr spinel phase in the glass at when HIPed at 1250 °C. These 

crystalline phases were found not to be detrimental to the short term chemical 

durability of the wasteform in static dissolution experiments (in deionised 

water, at 90 ± 2 °C, surface area/volume ratio = 1200 m-1, up to 28 d). 

 

Key words: Hot isostatic pressing, ATS glass, cerium, plutonium 

stockpile, immobilisation, glass dissolution, wasteform durability. 
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 Introduction 

Upon cessation of civil nuclear fuel reprocessing in the UK, there will be a total 

of 140 tHM of separated PuO2 stored as a zero value asset at the Sellafield 

site [11]. The fabrication of mixed oxide ((U,Pu)O2, MOX) fuel is the current 

chosen end state for this material by the UK government, however, the lack 

MOX fuel uptake in the UK nuclear fuel cycle at present suggests this 

approach may not be deliverable [145]. A small fraction of the stockpile 

(approximately 5 mT) is contaminated due to Am-241 ingrowth or Cl derived 

from radiation damage of PVC storage containment [14]. This material is 

therefore unsuitable for recycle as MOX fuel and so must be immobilised for 

disposal. Immobilisation and subsequent disposal is the only alternative and 

credible disposition route, in the event that recycling of this stockpile cannot 

be delivered. The proliferation resistance of this material is also of public 

concern, therefore there is increasing pressure for the UK government to 

progress towards a management end point, which should be based on 

evidenced technology maturity and value for money of both reuse and 

immobilisation technologies [14]. 

 

When considering the immobilisation of high activity nuclear wastes, 

vitrification is the current disposition route for high level waste (HLW) in the 

UK, using an optimised borosilicate glass composition, known as MW (Mixed 

Windscale) glass (Table 5-1). This technology has reached maturity for 

nuclear waste immobilisation and could therefore be a suitable choice for PuO2 

immobilisation. However, compositions appropriate for HLW, such as the MW 

glass, have low solubility limits for actinides such as Pu [187]. Investigations 

of promising glass compositions for PuO2 immobilisation include: silicate 

based glasses (e.g. aluminosilicate, alkali tin silicate (ATS), lanthanum 

borosilicate (LaBS), lanthanum aluminosilicate (LaAS) and calcium 

borosilicate [54], [66], [70], [147], [148]) and phosphate based glass (including 

sodium aluminium phosphate, iron phosphate and lead iron phosphate [45], 

[149]). Each glass type presents different compromises in the processing 

temperature, durability, radiation tolerance and aqueous durability, which have 

been considered in previous research [68], [150], [151] 
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Table 5-1– Comparison of UK HLW glass composition MW and reported ATS compositions with experimental 

batched HIPed ATS compositions used in this work. (N.B 5.6Ce1.00Fe corresponds to 5.6 mol.% CeO2 with 

equimolar addition of Fe0, therefore 5.6Ce0.50Fe corresponds to half of the required equimolar addition of Fe0). 

 

Oxide 

MW 
[188] 

ATS 
Bates et al. 

 [66] 

ATS 
Harrison et al. 

[153] 

ATS 
5.6Ce0.00Fe 

ATS 
5.6Ce0.50Fe 

ATS 
5.6Ce0.75Fe 

ATS 
5.6Ce1.00Fe 

wt.% wt.% mol.% wt.% mol.% wt.% mol.% wt.% mol.% wt.% mol.% wt.% mol.% 
SiO2 60.27 43.48 53.44 46.9 51.91 42.11 49.15 41.22 48.62 40.84 48.42 40.39 48.17 
B2O3 24.11 5.06 5.37 13.5 12.89 12.10 12.18 11.84 12.05 11.73 12.00 11.60 11.94 
Na2O 10.88 9.60 11.49 10.5 11.32 9.61 10.87 9.40 10.75 9.32 10.71 9.21 10.66 
Li2O 4.75 4.20 10.39 4.7 10.46 4.40 10.34 4.31 10.23 4.27 10.18 4.22 10.13 
Al2O3 - 6.04 4.37 2.7 1.76 2.42 1.67 2.37 1.65 2.35 1.64 2.33 1.63 
CeO2 - - - - - 13.65 5.56 13.36 5.5 13.24 5.48 13.09 5.45 
Cs2O - 0.71 0.19 0.6 0.14 - - - - - - - - 

Fe - - - - - - - 2.12 0.94 3.02 1.35 4.10 1.84 
Gd2O3 - 3.35 0.68 3.8 0.70 - - - - - - - - 
K2O - 5.42 4.25 5.9 4.16 5.47 4.07 5.35 4.03 5.30 4.01 5.24 3.99 

PuO2 - 12.12 3.24 - - - - - - - - - - 

SnO - 2.35 1.29 3 1.48 2.69 1.25 2.64 1.39 2.61 1.38 2.58 1.37 
TiO2 - 2.12 1.96 2.2 1.83 1.98 1.73 1.93 1.72 1.92 1.71 1.89 1.70 
ZrO2 - 5.56 3.33 6.2 3.35 5.57 3.17 5.45 3.13 5.40 3.12 5.34 3.11 
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Alkali tin silicate (ATS) glasses were initially developed by Bates et al. [66] for 

the immobilisation of US defence Pu. The composition was modified to 

increase the waste loading with an increased quantity of alkali elements (Li, 

Na, K), which charge compensate the non-bridging oxygens on tetravalent 

elements, such as Pu, in the structure of the glass [67]. Sn (in addition to other 

tetravalent elements, e.g. Zr and Ti) were added to the glass composition to 

counter for the reduced chemical durability resulting from increased alkali 

concentration [57]. When synthesising these glasses doped with Pu, Bates et 

al. observed that PuO2 was not fully incorporated in the ATS glass melt, with 

the dissolved Pu content of the glass phase estimated to be 7.2 ± 0.3 wt.% Pu 

[66], which is equivalent to 2.2 mol.% PuO2 within the glass phase (the 

undissolved fraction was present as crystalline PuO2). PCT-B dissolution 

testing performed on a 1.39 mol.% Pu waste loaded ATS glass by 

Chamberlain et al. [67], demonstrated relatively low normalised mass loss 

values for this composition (NLB = 0.48 g m-2 and NLSi = 0.26 g m-2 after 28 d), 

which were in the same order of magnitude as a MW UK HLW glass modified 

to target PuO2 immobilisation (NLB = 0.65 g m-2 and NLSi = 0.30 g m-2 after 28 

d [153]).  

 

Preliminary assessments of the potential of a variety of glass compositions 

deemed to suitable for PuO2 immobilisation were completed, and included 

ATS glasses [68]–[70], [153]. In these studies, tetravalent HfO2 was used as a 

surrogate for PuO2, with the motivation that Pu is a stable tetravalent element 

in borosilicate glass, and hence Hf would best represent Pu redox behaviour, 

despite Hf having a smaller ionic radius [141]. For these experiments with ATS 

glass, a 5.2 mol.% HfO2 incorporation was achieved at a melt temperature of 

1300 °C, whilst PCT-B durability testing PCT-B revealed relatively low 

normalised mass loss (NLB = 0.43 g m-2 and NLSi = 0.25 g m-2 at 28 d) [153], 

in agreement with previous literature for ATS glasses [67]. Further work on 

ATS glasses was completed by the current authors, producing ATS glasses 

with a waste loading of 5.6 mol.% CeO2 at 1100 °C; PCT-B durability tests 

showed a material of comparable durability to those mentioned above (NLB = 

0.38 ± 0.01 g m-2 and NLSi = 0.17 ± 0.01 g m-2 at 28 d). CeO2 was used as an 
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inactive surrogate for PuO2 to avoid the hazard and cost of working with Pu, 

as is common practice in wasteform design, formulation and development 

research. Although Ce cannot fully emulate the behaviour of Pu, the similar 

ionic radius and availability of Ce3+/Ce4+ oxidation states, albeit with different 

redox potential, enable useful and more comprehensive investigation of the 

relevant wasteform phase diagram and materials properties [140], [141]. 

 

The tetravalent oxidation state of actinides and lanthanides is known to be less 

soluble in borosilicate glass compositions, compared to the trivalent oxidation 

state [147]. This is due to competition with other tetravalent network forming 

elements to bond with oxygen in the glass network, where in the trivalent 

oxidation state, lanthanide and actinide cations can more readily bond with 

oxygen anions and incorporate into the glass network [7]. This effect can be 

explained with the Dietzel field strength, F, of a cation at a particular valence, 

Z, which is dependent on the ratio Z/d2, where d is the cation oxygen bond 

distance (Å) [154]. Network forming elements, for example Si and B, generally 

have higher field strength values (F > 1.3) due to their typically high valence, 

but the opposite is true for network modifiers, such as the alkali elements (Li, 

Na and K) where F < 0.4 [63]. Using the Dietzel field strength, it is clear that 

trivalent actinide and lanthanide elements have a lower field strength than their 

tetravalent counterparts and therefore act as network modifiers in the glass 

structure, whereas the tetravalent species, have a higher field strength and 

therefore behave closer to a network forming element [155]. The oxidation 

state of Pu and surrogates such as Ce is an important consideration in 

optimising the incorporation and subsequent immobilisation of these elements. 

Cachia et al. [54] successfully demonstrated a doubling of the Pu waste 

loading from 0.45 mol.% to 0.9 mol.% in alkali borosilicate glass. This was 

achieved by reduction of Pu4+ to Pu3+ with either the inclusion of a reducing 

agent (e.g. aluminium nitride) or increasing the process temperature (from 

1200 °C to 1400 °C) to effect auto-reduction [54]. This study revealed that the 

inclusion of a reducing agent was the most effective method for facilitating the 

reduction of Pu4+ to Pu3+.  
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Thermal treatment using hot isostatic pressing (HIPing), which involves 

applying simultaneous heat and pressure to a hermetically sealed canister, 

offers several advantages over conventional vitrification methods. This is 

particularly true for the immobilisation of Pu, where the batch-to-batch 

processing allows for full accountancy of the waste material inventory and the 

process parameters can also be adjusted for changes in feedstock and 

criticality concerns. HIPing also minimises the production of secondary wastes 

and can help to reduce to overall volume of the waste packages via 

consolidation. HIPing is an immobilisation technology that is currently applied 

more widely to ceramic materials [53], [127], [189]–[191], however the 

advantages listed above also make it a suitable technology to investigate for 

the vitreous immobilisation of the PuO2 stockpile.  

 

In this study, a suite of ATS glasses were developed using hot isostatic 

pressing as the chosen thermal treatment method, with the formulations 

shown in Table 5-1, which also compared the formulations of Bates et al. and 

Harrison et al. [66], [69]. This work builds on previous investigation into the 

immobilisation of the PuO2 stockpile using ATS glasses by the current authors 

using conventional glass melting techniques [192], with CeO2 as inactive 

surrogate for PuO2. The formulations in Table 5-1 targeted CeO2 incorporation 

at 5.6 mol.% (13.7 wt.%), to enable direct comparison with the chemical 

durability of PuO2 in ATS glasses reported by Bates et al., as well as 

comparison to the formulations fabricated previously by the current authors by 

conventional melting [192]. Additionally, metallic Fe0 was added to the glass 

composition, equivalent to one third of the Ce concentration (i.e. 1.9 mol.%), 

to effect complete reduction of Ce4+ to Ce3+ according to the redox reaction: 3 

CeO2 + Fe = 1.5 Ce2O3 + 0.5 Fe2O3, which has been proven to improve the 

CeO2 incorporation rate within ATS glasses [192]. A range of Fe0 

concentrations was investigated to account for the potential effect of the SS 

canister on the redox environment within the canister; these were: equimolar 

addition (5.6Ce1.00Fe), 75% equimolar addition (5.6Ce0.75Fe) and 50% 

equimolar addition (5.6Ce0.5Fe). The effect of HIPing on the chemical 

durability of these formulations was also investigated to provide a preliminary 
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understanding of the dissolution behaviour of ATS glasses using a modified 

PCT-B methodology, in order to underpin the safety case required for the 

application of these materials in a geological disposal environment. 

 Experimental  

5.2.1 Glass material processing 

To produce an ATS glass frit, a 200 g batch was weighed using a 4 d.p. 

balance, with compositions shown in Table 5-1 (excluding Fe and CeO2), using 

high purity (> 99.9 %) reagents: Al(OH)3, H3BO3, K2CO3, Li2CO3, Na2CO3, SiO2, 

SnO, TiO2, ZrO2. All precursors were mixed well before placing into an alumina 

crucible. The crucible was placed into a muffle furnace at 1200 °C in air and 

held for 2 h. The melt was poured onto a SS mesh in a bucket filled with cold 

water to produce a granular frit. The frit was dried overnight at 90 °C and then 

milled using a Fritch 23 planetary mill, then sieved using a SS mesh 150 µm. 

The frit was well mixed with the appropriate quantity of waste surrogate (CeO2) 

and Fe fillings according to the ratio in Table 5-1. It should be noted that this 

process is simple two-step process of generating a frit and combining with the 

waste material, in comparison to the milling and calcining pre-treatment steps 

required for the processing of ceramics when HIPing. 

5.2.2 Hot isostatic pressing (HIPing) 

The glass frit and waste surrogate mixture were heated to 600 °C in a muffle 

furnace overnight. The dried batch was packed and sealed into a 30 mL SS 

canister, with a further in-canister bake out under vacuum at 600 °C to 

minimise volatile production in the HIP canister; this methodology was applied 

as described in Thornber et al. [52]. The cans were placed into an overpack 

and HIPed using the AIP-630H facility at The University of Sheffield. Ar gas 

was using as the pressurising medium and applied to a maximum of 20 MPa 

for all canisters. The temperature was increased at a rate of 10 °C min-1 to a 

maximum of either 1100 °C or 1250 °C, where it was held for 4 h. Post HIPing, 

canisters were sectioned using a Buehler Abrasimet 250 to remove the SS 

canister from the glass wasteform.  
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5.2.3 Materials characterisation  

5.2.3.1 X-ray diffraction (XRD) 

A sample representative of each glass type was crushed into a fine powder 

using a Fritsch Pulverisette 23 micro mill and analysed using powder XRD. 

Diffraction patterns were collected using a Bruker D2 Phaser diffractometer 

with LynxEye detector with the following parameters: Ni filtered Cu Kα 

radiation (λ = 1.5418 Å), 10 mA current, 30 kV voltage. Data was collected 

between 10° < 2θ < 70° with a step size of 0.02° 2θ and count time of 9.45 s 

per step. Due to the presence of Fe in each of the glasses, the detector was 

windowed to reject Fe fluorescence due to the use of Cu radiation. The ICDD 

PDF-4+ library was used for phase analysis. 

5.2.3.2  Scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM/EDX) 

Specimens of each glass and a section of SS canister wall from each canister 

were mounted in epoxy resin, cured overnight and polished to 1 µm diamond 

finish. All mounted specimens were carbon coated and painted with 

conductive silver paint to reduce charge build up. Back scattered electron 

(BSE) micrographs were collected using the Hitachi TM3030 with Bruker 

Quantax EDX with an accelerating voltage of 15 kV and a working distance of 

7.7 mm. EDX mapping was processed using the Bruker Quantax 70 software 

with maps collected for a minimum of 20 min. 

5.2.3.3  X-ray absorption spectroscopy (XAS) 

The Ce oxidation state in each glass was determined from analysis of X-ray 

absorption spectroscopy (XAS) data at the Ce L3-edge (5723.0 eV). 

Measurements were conducted at the National Synchrotron Light Source II 

(NSLS-II) at Brookhaven National Laboratory (Upton, New York) on beamline 

6-BM. NSLS-II operates at 3 GeV storage ring with a 400 mA current and 6-

BM utilises a 3-pole wiggler to deliver X-rays in the energy range between 4.5 

and 23 keV. The optical arrangement consists of a parabolic collimating mirror, 

a Si(111) monochromator, a toroidal focusing mirror, and a harmonic rejection 

mirror. For this study, an unfocussed beam was used, with the beam size 
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limited to 0.5 mm in the vertical and 6 mm in the horizontal using slits. An 

ionisation chamber was used to measure the incident X-ray energy and the 

fluorescence signal was collected using a SII Vortex ME4 (4-element) Si drift 

detector. To optimise collection efficiency, the samples were mounted at 45° 

to both the incident X-ray beam and the vortex detector. The fluorescence 

signal was dead-time corrected as previously described in Woicik et al. [160]. 

Spectra were recorded between 5533 and 5965 eV with energy steps of 10 

eV (5533 – 5693), 2 eV (5693 – 5713), 0.3 eV (5713 – 5783) and 0.05k (5783 

– 5965). An accumulation time of 0.5 s step-1 was used for the first three 

regions and 0.25k step-1 for the final region. Multiple scans were collected for 

each sample and averaged to improve the signal to noise ratio. To ensure 

energy reproducibility (± 0.1 eV) a CeO2 standard was measured 

simultaneously with each sample; the CeO2 standard was placed downstream 

of the sample and the transmitted intensity was measured using an ionisation 

chamber. Absolute energy calibration was performed by measuring a Cr foil 

and setting the position of the first inflection point in the derivative spectrum to 

5989 eV [193]. The spectra of three reference materials with known oxidation 

state and coordination number were measured to use as standards; CePO4 

(Ce3+, 9-fold), Ce2Si2O7 (Ce3+, 7 and 8-fold) and CeO2 (Ce4+, 8-fold).  

 

Specimens for XAS analysis were prepared by mixing the quantity of material 

required for 1 absorption length (calculated using the Hephaestus software 

[136]) with a minimal quantity of polyethylene glycol. The resulting powder was 

then uniaxially pressed into a 10-13 mm pellet to create a homogeneous pellet 

without pin holes. Calibration, dead time correction, integration, normalisation, 

back-ground subtraction of XAS data was achieved using the Athena software 

package [136] and analysed for average oxidation state using linear 

combination fitting (LCF).  

 

5.2.3.4  57Fe Mössbauer spectroscopy 

A Wissel MRG-500 spectrometer in transmission mode was used to measure 

powdered samples with a 57Co/Rh source and a velocity range ± 10 mm s-1. 
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Samples were calibrated relative to an α-Fe reference standard at room 

temperature. The Recoil software package was used to deconvolute the data 

by assigning Lorentzian doublets to represent Fe oxidation states and co-

ordination numbers using the Recoil analysis software [138]. 

 

5.2.3.5  Compositional analysis 

The composition of two glasses was measured by X-ray fluorescence (XRF) 

spectroscopy prior to dissolution experiments. AMG Analytical Services 

completed this analysis with powdered specimens, including ICP-OES for 

measurement of boron and lithium. Powders were pressed into pellets and 

analysed under vacuum using the Panalytical PW 2404 with a Rh X-ray 

source. For Li and B compositional analysis, the Thermo Jarrell Ash IRIS 

Advantage ICP-OES was used, where the powdered glass was completely 

digested in acid prior to analysis.  

5.2.4 Dissolution experiments 

Dissolution experiments were performed using a derivative of the ASTM PCT-

B methodology [101]. Glass material was crushed using a percussion mortar 

and sieved to retain the 75 – 150 µm size fraction. The resulting powder was 

sonicated in isopropanol to remove any fines and dried overnight at 90 ± 2 °C. 

The clean powder was placed into a 15 mL PFA Teflon vessel with 10 mL of 

ultra high quality (UHQ, 18 MΩ cm-1) water with a surface area to volume ratio 

(SA/V) of 1200 m-1. Each experiment was performed in triplicate with duplicate 

blanks and the sealed vessels were stored in an oven at 90 ± 2 °C until testing 

at the following time points: 1, 3, 7, 14, 21 and 28 d. At each time point, 

selected vessels were removed, allowed to cool to room temperature and an 

8 mL aliquot removed. After the removal of aliquots, powders were dried at 

room temperature and analysed using SEM and XRD. The aliquot pH was 

measured, acidified with 20 µL of ultra pure nitric acid and then analysed for 

elemental concentration (ci) using an ICP-OES (ThermoFisher iCAPDuo 

6300). The normalised mass loss (NLi) of elements from the glass was 

calculated using Equation 5.1, where: NLi is the normalised mass loss (g m-2), 
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ci is the concentration in leachate (mg L-1), ci,b is the concentration in blank 

(mg L-1), fi is the fraction of element i in the glass and, SA/V is the surface area 

to volume ratio (m-1). 

 

𝑁𝐿௜ =
(𝑐௜ − 𝑐௜,௕)

𝑓௜
   𝑆𝐴

𝑉ൗ
 

 

𝑁𝑅௜ =  
𝑁𝐿௜

𝑡
 

The normalised mass loss rate (NRi) in g m-2 d-1 was calculated using Equation 

5.2, where t is the dissolution time in d. The SA/V was adjusted at each time 

point to account for the evaporative losses. The surface area was calculated 

geometrically using the density of the glass, where sample density was 

determined using a Micromeritics Accupyc 1340 II pycnometer and sample 

mass was measured to an accuracy of ± 0.0001 g prior to measurement. 

5.2.4.1 Geochemical modelling 

Geochemical modelling using the elemental composition and pH of leachates 

was completed using PhreeqC v.3 software [163] with the LLNL database 

[144] to find the saturation indices of mineral phases from the database. The 

saturation index (SI) of a phase was calculated in this software using Equation 

5.3, where: IAP is the ion activity product for the phase and Ks0 is the standard 

solubility constant of the phase. 

 

𝑆𝐼 = log ቆ
𝐼𝐴𝑃

𝐾௦
଴ ቇ 

 

(5.1) 

(5.2) 

(5.3) 
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 Results and discussion 

5.3.1 XRD 

The powder XRD patterns for each HIPed glass are shown in Figure 5-1, 

where Fe denotes the addition of Fe0 to the glass frit in a mole ratio with CeO2. 

For all materials, diffuse scattering was observed between 15° < 2θ < 35° 

which revealed the presence of a largely amorphous material consistent with 

the formation of a glass.  

 

 

Figure 5-1- XRD patterns of each HIPed (20 MPa, 4 h) glass produced at 

1100 or 1250 °C, where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 

1.00)Fe is the proportion of equimolar Fe0 added. Tick marks indicate 

the Bragg reflections for the corresponding phases: CeO2 (PDF: 01-081-

0792), Fe (PDF: 01-071-3763) and FeCr2O4 (PDF: 00-060-0690).  
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Bragg reflections indexed to CeO2 were apparent in the XRD data of the 

material HIPed at 1100 °C. These reflections appear reduced in relative 

intensity, upon the addition of Fe to the glass, suggesting a higher waste 

incorporation was achieved. In glasses HIPed at 1250 °C, Bragg reflections 

indexed to Fe metal were observed, including the glass where Fe0 was not 

added prior to HIPing. The glasses with additional Fe0 also exhibit reflections 

indexed as FeCr2O4 spinel. These observations confirm that when HIPed at 

1250 °C, there was an interaction between the HIP SS canister walls and the 

glass resulting in Fe and Cr incorporation, generating a crystalline spinel 

phase within the glass. However, in the glasses HIPed at 1250 °C, CeO2 was 

fully incorporated into the glass structure for all formulations studied (0.00Fe, 

0.50Fe, 0.75Fe and 1.00Fe). 

5.3.2 SEM/EDX  

For glasses HIPed 1100 °C, the SEM micrographs in Figure 5-2A and B show 

the microstructure, displaying a dark grey matrix which corresponds to ATS 

glass, with bright crystalline regions corresponding to CeO2. These bright 

crystalline regions composed of small (< 1 µm) crystals agglomerating into 

larger 10 - 50 µm regions, as also observed by Cachia et al. [54]. This 

illustrates that CeO2 has failed to fully incorporate into the glass structure, in 

agreement with the corresponding XRD patterns (Figure 5-1).  
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Figure 5-2 – BSE micrographs of each HIPed ATS glass where: A – 1100 

°C 5.6Ce, B – 1100 °C 5.6Ce1.00Fe, C - 1250 °C 5.6Ce, D – 1250 °C 

5.6Ce0.50Fe, E – 1250 °C 5.6Ce0.75Fe, F – 1250 °C 5.6Ce1.00Fe (5.6Ce is 

5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 1.00)Fe is the proportion of 

equimolar Fe0 added). 
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Figure 5-3 – BSE micrograph and EDX maps of the 1250 °C 5.6Ce1.00Fe 

HIPed ATS glass, showing Fe cubic crystallites and Fe/Cr rich dendritic 

crystallites, with corresponding EDX spectra for each phase.  

 

For glasses HIPed at 1250 °C, a dark grey bulk of ATS glass was observed 

with bright cubic Fe metal inclusions of approximately 6 µm diameter in Figure 

5-2(C-F) and Figure 5-3. The unincorporated Fe metal was also associated 

with dendritic Fe/Cr rich crystallites in the 5.6Ce0.00Fe and 5.6Ce1.00Fe 

compositions. These findings are in agreement with the XRD analysis in Figure 

5-1, which identified the formation of FeCr2O4. These glasses also show no 

presence of undigested CeO2, suggesting that Ce has fully incorporated into 

the glass structure, unlike materials produced at 1100 °C. 

 

The interface between the SS HIP canister and the 5.6Ce1.00Fe composition 

produced at 1250 °C, is shown in the BSE micrograph with associated EDX 

maps in Figure 5-4. There is evidence in Figure 5-4 that interaction occurred 

between the SS and the glass, resulting in the canister wall to become 

enriched in Sn, K and Ni, and depleted in Fe. This interaction between the 

canister wall and the glass showed two correlated interaction regions, labelled 

as primary and secondary in Figure 5-4, with the primary interaction region 

being brighter in contrast than the SS canister. The primary interaction region 

showed almost complete depletion in Fe, with enrichment of Sn and a small 
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increase in concentration of K relative to the unreacted SS can. The secondary 

interaction region was concentric to the primary interaction region, with bright 

spots on a dark grey SS matrix. EDX maps of this region displayed less 

enrichment of Sn and no depletion of Fe and was observed to a maximum 

depth of 60 µm. 

 

Figure 5-4– BSE micrograph and EDX maps of ATS HIP 1250 °C 

5.6Ce1.00Fe glass at the boundary between the SS HIP canister and the 

glass melt. 

 

Overall, the SEM observations in Figure 5-2 - Figure 5-4 were consistent with 

the XRD patterns indexed in Figure 5-1. The presence of Fe metal in all 

samples HIPed at 1250 °C was observed, with the increase in Fe metal 

causing an increase in spinel phase formed, due to saturation of Fe in the 

glass; however, this is challenging to fully quantify due to the diffuse scattering 

from the amorphous phase in XRD data. Supplementary Figure 2 presents an 

SEM micrograph of the 5.6Ce0.50Fe composition HIPed at 1250 °C, showing 

a cubic Fe metal inclusion alongside a region where Fe metal was removed 

during sampling polishing. The associated EDX maps provide evidence of the 

presence of Cr surrounding the Fe metal crystallite, despite the lack of 

observed formation of FeCr2O4 in this glass from Figure 5-2.  
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5.3.3 Ce L3 XANES analysis 

XANES spectra collected at the Ce L3-edge on all HIPed ATS glasses are 

shown in Figure 5-5, along with three reference spectra: CeO2 (Ce4+, 8-fold), 

Ce2Si2O7 (Ce3+, 7- and 8-fold) and CePO4 (Ce3+, 9-fold). The Ce L3-edge 

XANES of CePO4 and Ce2Si2O7 both present a single intense feature on the 

rising absorption edge, whereas CeO2 presents three features of lower relative 

intensity, which have been described in previous work [164], [165]. The sample 

spectra were analysed using linear combination fitting (LCF) to estimate the 

ratio of Ce3+/Ce4+ in each glass using the reference spectra (Table 5-2). 

Spectra were fitted over the range 5710 – 5760 eV, under the constraint that 

the fractional weights of the reference spectra sum to unity (100%). 

 

Figure 5-5 – Ce L3-edge XANES spectra of all HIPed ATS glasses 

synthesised at 1100 °C and 1250 °C and doped with 5.6 mol% CeO2, 

compared with CePO4 (Ce3+), Ce2Si2O7 (Ce3+) and CeO2 (Ce4+) standards 

(where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 1.00)Fe is the 

proportion of equimolar Fe0 added).  
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Table 5-2– Results of linear combination fitting of Ce L3-edge XANES 

spectra of all HIPed ATS glasses in Figure 5, errors are reported in 

parentheses (where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 

1.00)Fe is the proportion of equimolar Fe0 added). 

 

 

The XANES spectra and LCF fits demonstrate that Ce was completely 

reduced to Ce3+ in all glasses, with the exception of the 5.6Ce0.00Fe 

composition HIPed at 1100 °C, where 44 ± 1 % remained as Ce4+. This 

contribution of Ce4+ is expected to originate from the undigested CeO2 

observed in this glass. For the 5.6Ce1.00Fe composition HIPed at 1100 °C, 

Ce4+ was successfully reduced to Ce3+ caused by the addition of Fe0, however 

upon inspection of Figure 5-1 (XRD) and Figure 5-2B (SEM), there was 

evidence of unincorporated CeO2 within the glass matrix. This suggests that 

the reduction of Ce4+ to Ce3+ was not sufficient to support full incorporation of 

Ce into the glass at 1100 °C, and that it is likely that the Ce solubility limit for 

ATS glass was exceeded at this temperature.  

 

In glasses HIPed at 1250 °C, all Ce was reduced to Ce3+, irrespective of an 

addition of Fe0 to the glass. There are several factors that could be contributing 

to the reduction of Ce and effecting the overall redox environment in the can, 

including: the inert atmosphere inside the HIP can, interactions with the SS 

can wall, the temperature of the melt and the addition of Fe0 to the melt.  

Composition 
Ce speciation ΣCe3+ 

(%) 

R 

factor Ce(3+)PO4 Ce2(3+)Si2O7 Ce(4+)O2 

1100 °C 5.6Ce0.00Fe 55(3) 0(3) 44(1) 55(3) 0.006 

1100 °C 5.6Ce1.00Fe 89(1) 11(1) 0 100 0.010 

1250 °C 5.6Ce0.00Fe 93(1) 7(1) 0 100 0.010 

1250 °C 5.6Ce0.50Fe 91(1) 9(1) 0 100 0.010 

1250 °C 5.6Ce0.75Fe 89(3) 11(3) 0 100 0.005 

1250 °C 5.6Ce1.00Fe 78(3) 21(3) 0 100 0.005 
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5.3.4 57Fe Mössbauer analysis 

The oxidation state and coordination environment of Fe in the HIPed ATS 

glass network was investigated using 57Fe Mössbauer spectroscopy to verify 

the Fe contributions from XRD/SEM analysis. 57Fe Mössbauer spectroscopy 

provides detailed information about the oxidation state and coordination 

number of the separate Fe sites within the glass. The 57Fe Mössbauer spectra 

for all HIPed Fe-containing ATS glasses are shown in Figure 5-6 along with 

the fitted contribution to the spectral envelope. For each glass, two 

quadrupolar doublet sites were fitted with values for the isomer shift, 

quadrupolar shift and full width half maximum of each doublets reported in 

Table 5-3. Each doublet represents a distinctive chemical environment for Fe 

present in the glass, which suggests there are two such Fe environments 

within the glass structure, referred to as site A and site B. For the 1250 °C 

glasses, a third distinctive environment (site C), in the form of a sextet, was 

also fitted to the spectral envelope, indicating the presence of Fe within an 

additional magnetic phase. The values for the parameters of each site are 

shown in Table 5-3, along with the ratio of each site in each material. The 

values associated with the fitting of Mössbauer spectra are well defined, 

particularly the isomer shift, which is sensitive to the Fe coordination number 

and oxidation state. Quadrupolar shift is also indicative of the oxidation state 

with ferrous ions having a larger quadrupolar splitting than ferric ions, however 

due to the large range of possible environments in an amorphous environment, 

these results must be carefully interpreted 
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Figure 5-6– Room temperature 57Fe Mössbauer spectra of all Fe-

containing HIPed ATS glasses. Pink line - fitted doublet; blue line - data 

fit; black dots – data (where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 

and 1.00)Fe is the proportion of equimolar Fe0 added).  

.   
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Table 5-3 – 57Fe Mössbauer parameters from the spectra in Figure 5-6 for site A, B and C for all Fe-containing 

HIPed ATS glasses where: δ – isomer shift (mm s-1), Δ – quadrupolar shift (mm s-1) and Γ – full width half maximum 

(mm s-1). Errors in parentheses, 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 1.00)Fe is the proportion of 

equimolar Fe0 added.   

 

Composition 

A Site B site C site 
Relative site speciation 

(%) 

 

Fe(A):Fe(B):Fe(C) 

δ Δ Γ Δ Δ Γ Δ Δ Γ 

(mm s-1) 

1100 °C 1.00Fe 0.35(7) 0.64(2) 0.47(1) 0.98(3) 2.09(6) 0.33(4) - - - 41(6): 59(6): 0 

1250 °C 0.00Fe 0.11(3) 0.14(4) 0.13(4) 1.01(1) 1.92(2) 0.32(2) 0.01(1) 0.01(1) 0.21(2) 6(1): 50(2): 44(3) 

1250 °C 0.50Fe 0.08(3) 0.37(6) 0.14(4) 1.01(1) 2.00(2) 0.31(2) 0.04(2) 0.01(2) 0.23(3) 7(1): 59(3): 34(4) 

1250 °C 0.75Fe 0.01(3) 0.28(5) 0.19(3) 0.97(3) 2.14(5) 0.28(2) 0.03(2) 0.03(2) 0.26(4) 23(2): 45(3): 32(4) 

1250 °C 1.00Fe 0.31(1) 0.29(3) 0.28(2) 0.98(3) 1.99(4) 0.32(3) 0.03(2) 0.01(1) 0.22(3) 8(2): 55(3): 36(4) 
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Using the refined Mössbauer parameters for each site, Table 5-3, in 

combination with the reference data collated by Dyar et al. [170], [171], it was 

determined that site A may be interpreted as Fe3+ in 4-fold coordination and 

site B interpreted as Fe2+ in 6-fold coordination within the glass phase. 

However, it should be noted that the isomer shift values for Fe2+ were at the 

low end of the boundary for 6-fold coordination [172]. Site C corresponds to a 

sextet which indicates the presence of magnetic ordering within the glass. 

When compared to parameters for isomer shift and quadrupolar splitting in the 

literature [170], this contribution to the Mössbauer spectra was identified to 

derive from metallic Fe in the glass, in agreement with the SEM/EDX findings. 

For all glasses, the majority of the Fe was represented by site B, suggesting 

the majority of the Fe in the glass network was in the Fe2+ oxidation state and 

6-fold coordinated. The values in Table 5-3 were supported by published data 

for crystalline materials with well-defined 57Fe Mössbauer spectroscopy 

parameters [170], [171]. The recoil free fraction was assumed to be unity in 

these glasses since it has been shown that for silicate glass melts, Mössbauer 

spectroscopy and wet chemical analysis establish the same Fe oxidation state 

[174]. The contribution from the chromite spinel phase, Fe2+ in 4-fold 

coordination, was not detected in these spectra, postulated to be due to the 

low volume fraction of this phase within the glass.  

 

The 57Fe Mössbauer data is in agreement with the XRD and SEM/EDX data 

acquired, showing the presence of Fe metal within all glasses HIPed at 1250 

°C. There are three factors contributing to overall redox environment in the 

glass with respect to Fe: the inert environment caused by the hermetically 

sealed HIP canister, the reducing effects of the SS canister wall and the 

oxidative effect of the Ce redox couple. These have combined to oxidise Fe0 

to Fe2+ with some minor further oxidation to Fe3+, demonstrating that the redox 

couple with Ce is still the dominant factor, as observed by previous work of the 

authors [192]. Fe0 was added to the glass composition with the sole aim of 

reducing Ce4+ to Ce3+ and therefore increasing the waste loading/incorporation 

of Ce into the glass, however the reducing effect of the stainless steel canister 
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interaction as well as autoreduction known to occur at these temperatures, Ce 

reduced without additional Fe0, as seen in Figure 5-5.  

5.3.5 Compositional analysis 

The compositions of 5.6Ce0.00Fe and 5.6Ce1.00Fe glasses HIPed at 1250 

°C, were measured using a combination of XRF and ICP-OES (for Li and B) 

in preparation for chemical durability analysis. These compositions were 

chosen for chemical durability assessment in order to directly compare their 

durability to those ATS glasses previously determined by the authors [192]. 

Compositional analysis revealed that both glasses have approximately 

identical compositions (Table 5-4). The interaction with the can wall, as shown 

in Figure 5-4, appears to have enriched both glasses with 1 – 1.2 mol.% Cr2O3 

and approximately 0.1 mol.% Mn3O4. This interaction with the can wall has 

also caused both compositions to become depleted in SnO by approximately 

1.2 mol.%. Both compositions were slightly enriched in Al2O3 (by 3.2 – 3.5 

mol.%), which was due to corrosion of the alumina crucible when producing 

the glass frit, as previously observed from SEM/EDX and compositional 

analysis in Mason et al. [192]. 
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Table 5-4 – Comparison of batched composition and XRF/ICP-OES 

results for two HIPed ATS glasses: 1250 °C 5.6Ce0.00Fe and 1250 °C 

5.6Ce1.00Fe (where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 1.00)Fe is the 

proportion of equimolar Fe0 added). 

 

 

5.3.6 Dissolution behaviour  

PCT-B tests were performed on the 5.6Ce0.00Fe and 5.6Ce1.00Fe 

compositions HIPed at 1250 °C, using a modified PCT-B methodology in order 

to make direct comparisons of the durability of counterpart glasses produced 

by conventional melting. Each test was performed with a SA/V = 1200 m-1, 

using UHQ water as a leachant at 90 ± 2 °C. The pH and normalised mass 

loss (NLi) values for each experiment are reported and compared in Figure 14. 

The pH for both compositions was similar to other borosilicate glasses under 

similar dissolution conditions [194], reaching a value of (10.3 - 10.5) ± 0.1 at 1 

d, increasing to (10.6 - 11.0) ± 0.1 by 28 d (Figure 5-7). 

 

The normalised elemental mass loss (NLi) of both compositions showed 

typical alkali borosilicate glass element dissolution behaviour, with an initial 

rapid release of elements, after which point the residual rate (steady state 

Oxide 
HIP 1250 °C  5.6Ce0.00Fe HIP 1250 °C 5.6Ce1.00Fe 

Batch (mol.%) 
 

ICP/XRF (mol.%) 
(± 0.1) 

Batch (mol.%) 
 

ICP/ XRF (mol.%) 
(± 0.1) 

Al2O3 1.67 4.86 1.63 5.12 
B2O3 12.18 11.75 11.94 11.43 
CeO2 5.56 5.71 5.45 5.46 

Fe 0.00 1.68 1.63 2.05 
K2O 4.07 3.26 3.99 3.22 
Li2O 10.34 11.47 10.13 11.22 
Na2O 9.61 9.26 9.21 9.35 
SiO2 49.15 46.26 48.17 46.63 
SnO 1.25 0.04 1.37 0.05 
TiO2 1.73 1.62 1.50 1.64 
ZrO2 3.17 2.74 3.11 2.72 
Cr2O3 0.00 1.22 0.00 1.01 
Mn3O4 0.00 0.08 0.00 0.07 
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dissolution) was attained [195], [196],[105], [197]. The NLB, NLLi and NLNa 

reached a peak at 3 d, after which time the normalized mass loss did not 

increase significantly, giving values of between 0.15 - 0.75 ± 0.01 g m-2 at 28 

d. For elements Ce, Fe, Ti and Zr, the normalised mass loss upon reaching 

the residual rate at 3 d was three orders of magnitude lower than that of B, Li 

and Na. All elements exhibited a similar trend in normalised mass loss across 

both compositions, indicative of similar dissolution behaviour, the one 

exception was Sn, which had a NLSn that was a factor of 4 greater in the 

5.6Ce0.00Fe composition, compared to the 5.6Ce1.00Fe composition.   
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Figure 5-7– Normalised elemental mass loss (NLi) of Al, B, Ce, Fe, K, Li, 

Si, Na, Sn, Ti and Zr, alongside the pH for HIPed ATS 1250 °C 

5.6Ce0.00Fe and 5.6Ce1.00Fe PCT-B tests (where 5.6Ce is 5.6 mol.% 

CeO2 and (0.00 and 1.00)Fe is the proportion of equimolar Fe0 added). 

Error bars correspond to the SD of triplicate measurements.  

 

In accordance with the lower elemental release of Ce, Fe, Ti and Zr, the 

normalised residual dissolution rates (NRi), quantified by linear regression, for 
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both compositions revealed that incongruent dissolution occurred (Table 5-5). 

This was apparent by comparing the B, Li and Na elemental release, which 

achieved similar NRi (0.001 - 0.004 g m-2 d-1), whereas the rate of dissolution 

for Al, K and Si were negative (whilst being of the same order of magnitude). 

In the literature, negative leach rates are typically associated with the 

formation of secondary phases (such as (alumina)silicate gel and/or 

precipitates) on the surface of the glass [183]–[185].  

 

Geochemical modelling of the solution chemistry of both glass compositions 

revealed that at 28 d of the dissolution experiment, magnetite (Fe3O4), 

hematite (Fe2O3), goethite (FeO(OH)), as well as nontronite 

((H,K,Na)0.33Fe2Al0.33Si3.67H2O12) were likely to precipitate as a secondary 

phases. As with the previous work performed on ATS glass by the authors 

[192], it is suggested that the presence of Fe in a borosilicate glass network 

can result in the precipitation of these Fe-silicate secondary phases, which 

have been shown to be detrimental to the long term durability of the glass 

[183]–[185]. Despite this, it was not possible to detect the formation of such a 

phase, nor other phases, which is not unsurprising given the short duration of 

the experiment; extended time scales, of more than 50 d, are typically required 

for the formation of secondary phases in quantities that are detectable by 

techniques such as XRD, or observable by SEM. 

Table 5-5 – Normalised residual dissolution rate (NRi calculated from 7 

– 28 d) for each PCT-B experiment (where 5.6Ce is 5.6 mol.% CeO2 and 

(0.00 and 1.00)Fe is the proportion of equimolar Fe0 added). 

 

Element 
Rate (g m-2 d-1) 

5.6Ce0.00Fe 5.6Ce1.00Fe 
Al 0 0 
B 0.004(2) 0.003(1) 
K 0 0 
Li 0.0024(8) 0.0012(4) 
Na 0.0013(7) 0.0002(7) 
Si 0 0 
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When comparing the two glass compositions, the NLi and NRi values were 

very similar for all elements, with NLB = 0.49 ± 0.01 g m-2 and NLSi = 0.22 ± 

0.01 g m-2 for the 5.6Ce0.00Fe composition, and NLB = 0.38 ± 0.01 g m-2 and 

NLSi = 0.17 ± 0.01 g m-2 for the 5.6Ce1.00Fe composition after 28 d. This could 

be due to both glasses having similar final compositions, despite the different 

batched compositions (Table 5-1), due to the effect of the SS canister 

interacting with the glass melt during HIPing (Table 5-4). These NLi values are 

also comparable to the results obtained from PCT-B tests on the counterpart 

5.6Ce1.00Fe composition produced by conventional melting (NLB = 0.38 g m-

2 and NLSi = 0.17 g m-2 after 28 d) [192], and results from similar durability tests 

completed on other ATS glasses (NLB = 0.48 g m-2 and NLSi = 0.26 g m-2 after 

28 d) [67]. The results are also within the same order of magnitude as an MW 

UK HLW glass modified to target Pu immobilisation (NLB = 0.65 g m-2 and NLSi 

= 0.30 g m-2 after 28 d [153]).The values presented here indicate that ATS 

glasses, and those processed using HIPing, should perform equally as well as 

UK HLW glasses for which there is significant technological maturity, hence 

adding to the safety case for the use of ATS glasses as an immobilisation 

matrix for the UK PuO2 stockpile.  

 Conclusion 

Hot isostatic pressing has been successfully demonstrated as a promising 

thermal treatment technology for the vitrification of the UK PuO2 stockpile, with 

a series of HIPed, 5.6 mol.% CeO2-doped ATS glasses. CeO2 was not fully 

incorporated into the glass at 1100 °C, therefore the melt temperature and the 

addition of Fe0 reductant were varied to understand the required conditions for 

full Ce incorporation. CeO2 was fully incorporated into glasses HIPed at 1250 

°C and fully reduced to Ce3+ at all levels of Fe addition, including without the 

addition of Fe0. Fe-Cr crystallites formed within the glass at all Fe0 dopant 

levels at 1250 °C, caused by glass interactions with the can wall at this 

increased temperature. SEM confirms that glass-SS interactions had taken 

place, where Sn and Fe exchanged into and out of the can walls respectively. 

HIPing has shown to have no detrimental effect on the chemical durability of 

the glasses produced despite the introduction of crystalline phases from glass 
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interaction with the can wall. However, a compromise in processing 

temperature could affect the total incorporation of Ce into the glass network 

without activating the HIP canister – glass interaction observed in this work. 

Overall, this work shows considerable promise in development of a simple 

processing route for plutonium immobilisation, which may find particular 

application to contaminated residues which pose a challenge to ceramic 

wasteforms (the glass component providing a flexible immobilisation matrix). 
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Supplementary Information 

 

 

Supplementary Figure 1 - Example of fitting of Ce L3-edge XANES 

spectra of HIPed 1100 °C 5.6Ce0.00Fe glass measured in transmission 

mode (where 5.6Ce is 5.6 mol.% CeO2 and 0.00Fe is the proportion of 

equimolar Fe0 added). The dotted black line shows the data with the 

bold solid black line showing the fit. Dashed lines represent the Ce 

reference standards (light blue corresponds to CePO4, dark blue 

corresponds to CeO2).  
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Supplementary Figure 2 – BSE micrograph and corresponding EDX 

maps of 5.6Ce0.50Fe showing the presence of Cr surrounding a Fe 

metal crystallite in the glass (where 5.6Ce is 5.6 mol.% CeO2 and 0.00Fe 

is the proportion of equimolar Fe0 added). 
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Abstract 

A matrix of zirconolite wasteforms was developed using hot isostatic pressing 

as a thermal treatment method, to investigate their potential for the 

immobilisation of the UK PuO2 stockpile. CeO2 was used as a surrogate for 

PuO2, targeting 0.2 formula units (f.u.) onto the Ca site and 0.1 f.u. onto both 

the Ca and Zr site. Appropriate Ti4+ site charge compensating ions, Al3+, Mg2+ 

and Fe3+, were selected which balance excess charge when targeting Ce4+ on 

the Ca2+ site. The resulting wasteforms were characterised using XRD, 

SEM/EDX, Ce L3-edge and Fe K-edge XANES. Favourable phase 

assemblages resulted from the single site substitution of Ce4+ onto the Ca2+ 

site. The reduction of Ce4+ to Ce3+ resulted in the stabilisation of Ce-bearing 

perovskite phases in all formulations. Dissolution experiments using the PCT-

B protocol, applying aggressive conditions (90 ± 2 °C with 0.01M HNO3 (pH = 

2) leachant at 100 m-1), showed a direct correlation between the quantity of 

unincorporated CeO2/perovskite present and the resulting leach rates, with the 

most homogeneous formulation generating the lowest leach rate 

(Ca0.8ZrCe0.2Ti1.6Fe0.4O7 with NRCe = 0.0(11) x 10-5 g m-2 d-1). This 

demonstrates that optimisation of the formulation with complete incorporation 

of the waste into the zirconolite structure, is key to optimising the performance 

of the wasteform. 

Key Words: zirconolite, PuO2 stockpile, HIPing, chemical durability 
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 Introduction 

In the UK, there is a stockpile of separated PuO2 derived from nuclear fuel 

reprocessing, that is set to exceed 140 tHM in 2021, by which time both UK 

reprocessing plants (Magnox and ThORP) will have ceased operation [11], 

[13]. The stockpile is classified as a zero value asset and currently situated in 

an interim storage facility at the Sellafield site. Prior to the cancellation of the 

Fast Reactor Program in 1994, this material was designated for use in mixed 

oxide ((U,Pu)O2) (MOX) fuel, however since this time, the fabrication of MOX 

fuel has become an increasingly unattractive proposition given the current 

design of UK nuclear reactor fleet. Despite this, the current strategy favoured 

by UK government is to utilise this material to fabricate MOX fuel for use in a 

new fleet of light water reactors. A dual track strategy of immobilisation and 

MOX fabrication has been promoted since a small fraction (~ 5 t) of the 

stockpile is already unsuitable for recycle as MOX fuel (due to contamination 

by Cl from PVC packaging degradation or Am-241 ingrowth) [16], [18]. 

Immobilisation will also provide a passively safe and proliferation resistant 

alternative solution if recycle in MOX fuel cannot be delivered.  

 

Ceramic matrices, such as zirconolite, are well documented as successful 

candidates for the immobilisation of actinides, due to their radiation tolerance, 

chemical durability, high waste loading and proliferation resistance [40], [92]. 

The existence of natural analogues containing radioactive elements provides 

vital context for a geological disposal environment, due to retention of actinide 

elements for millions of years [198]. SYNROC, or synthetic rock, is a 

multi.phase crystalline material designed at ANSTO (Australian Nuclear 

Science and Technology Organisation) for the immobilisation of high level 

waste (HLW), where zirconolite is assigned as the main actinide bearing host 

phase [199], [200]. Zirconolite, with the general formula ABC2O7 and 

prototypically CaZrxTi3-xO7 where 0.8 < x < 1.35, exhibits several polytypes 

(2M, 3O, 3T, 4M and 6T), with 2M being the most commonly observed [80], 

[82], [94], [201]. The crystal structure of zirconolite 2M consists of a hexagonal 

tungsten bronze layer composed of corner sharing TiO6 and TiO5 polyhedra 
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(with the Ti (5-fold) site being 50% occupied), alternating with a layer of CaO8 

and ZrO7 polyhedra. The zirconolite polytype which crystallises is determined 

by the stacking sequence of these layers and results primarily from changes 

in the cation site occupancy and vacancy distribution [85], however, oxygen 

fugacity and processing temperature are also contributing factors [86]. 

Zirconolite 4M is described by layers of zirconolite 2M alternating with 

pyrochlore structural units, which accommodates greater incorporation of 

actinide/lanthanide cations into the structure [87], and typically occurs as a 

result of the substitution of cations with large ionic radius onto the B site (e.g. 

substitution of Pu4+ (r = 0.91 Å) onto Zr4+ site (r = 0.78 Å) [88])  [89]. Due to the 

chemical flexibility of the zirconolite structure, Pu4+ immobilisation can be 

achieved by targeting substitution onto both the A (Ca2+) site and the B (Zr4+) 

site. Pu4+ is able to reside directly on the B (Zr4+) site due to having equivalent 

oxidation state, however, to substitute onto the A site (Ca2+), charge balancing 

species are required on the C site (Ti4+). This is typically achieved with the 

incorporation of divalent or trivalent cations such as; Mg2+, Al3+ and Fe3+ onto 

the Ti site which is demonstrated in both synthetic (e.g. 

Ca2+0.8Nd3+0.2Zr4+Ti4+1.8Al3+0.2O7 [202]) [90], [203], [204] and natural 

zirconolites [81], [205].  

 

The chemical durability of zirconolite for nuclear waste immobilisation have 

been assessed in several works, particularly those focussed on the durability 

of zirconolite in SYNROC [206]–[208]. Monolith durability tests, such as the 

MCC-1 test [102], are the favoured methodology in the literature, however 

leach rates are very low for durable ceramics in these conditions, particularly 

when using water as a leachant (e.g. NRCe = 1.2 x 10-6 g·m-2·d-1 at 42 d for 

zirconolite [209]). PCT-B tests have also been performed on zirconolite (Ca1-

xZr1-xCe2xTi2O7) by Meng et al. [210], where NRCe = 10-6 – 10-7 g·m-2·d-1 using 

UHQ as a leachant at 90 °C for 7 d. An approach considered for making 

comparisons between the relative durability of ceramic materials, is to 

accelerate the leaching process by modifying the pH of the leachant. This can 

be performed using a modified PCT-B test [101], as completed by Stennett et 

al. [211] and Corkhill et al. [212] whereby 0.01M HNO3 was used as a leachant 
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at SA/V = 500 m-1 to assess the relative durability of spent nuclear fuel 

simulants, such as CeO2, synthesised under several different conditions. 

Leach rates (NLCe) in the range of 10-3 - 10-5 g m-2 d-1 were measured at 28 d, 

ensuring that the comparison of dissolution rates between the samples 

synthesised under different conditions were measurable in a short duration. 

Based on the above leach rates, it should be noted that analysis of the 

resultant phase assemblage is of importance to identify the location of the 

PuO2 surrogate, CeO2, in the chemical structure. This will determine the 

eventual durability of the material, since the NRCe of unincorporated CeO2 and 

secondary phases such perovskite, are reported to be several orders of 

magnitude than zirconolite under similar conditions [95], [213]. 

 

Hot isostatic pressing (HIPing) has been effectively utilised as a thermal 

treatment method for ceramic materials [127], [189]–[191], [214], whereby 

simultaneous heat and isostatic pressure are applied using an inert gas (e.g. 

Ar), in order to sinter inside a hermetically sealed stainless steel canister, to 

provide wasteform consolidation and densification to near theoretical density. 

The UK Nuclear Decommissioning Authority (NDA) have reported that HIPing 

is the preferred thermal treatment technology for PuO2 disposition [14] due to 

the advantages of minimising secondary wastes as well as batch-to-batch 

processing allowing for criticality concerns to be addressed and full 

accountancy throughout waste processing [126]. Inactive surrogates are 

important in avoiding the hazards, and inevitable costs, of working with 

radioactive materials and have been implemented when investigating the 

feasibility of HIPing for the immobilisation of PuO2 [189], [215].  

 

In this work, a matrix of eight zirconolite materials were synthesised using 

HIPing as the thermal treatment technology, with Ce used as an inactive 

surrogate for Pu due to their similar ionic radii [141]. The objective was to 

investigate and compare the efficacy of different zirconolite ceramic 

formulations as an immobilisation matrix for Pu, considering two different Ce 

incorporation mechanisms and charge compensation species. Two ceramic 

formulations were devised (Table 6-1), which targeted Ce incorporation at 0.2 
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formula units (f.u.), equivalent to a ~15 wt.% PuO2 waste loading, within the 

range of interest for the application. A-site formulations targeted 0.2 f.u. of Ce4+ 

incorporation on the Ca2+ (A) site, with charge compensation with an 

appropriate amount of Al3+, Fe3+ or Mg2+ on the Ti4+ site. AB-site formulations 

targeted 0.1 f.u. Ce4+ incorporation on both the Ca2+(A) and Zr4+ (B) site (i.e. 

total of 0.2 f.u. Ce), again with charge compensation with an appropriate 

amount of the same charge compensating ion on the Ti4+ site. For comparison, 

A-site and AB-site formulations were also fabricated, with the omission of 

charge compensating species (Table 6-1). Note, however, that the 

Ca0.9Zr0.9Ce0.2Ti2O7 formulation is effectively charge compensated assuming 

Ce3+ incorporation. The resulting phase assemblage was analysed using X-

ray diffraction and scanning electron microscopy, in addition to X-ray 

absorption spectroscopy which was applied to analyse the Ce and Fe 

oxidation states. The relative chemical durability was assessed using a 

modified PCT-B test on select compositions in order to determine the effect of 

the charge compensating ions on the chemical durability of the wasteforms.  

Table 6-1 – Summary of zirconolite compositions synthesised in this 

work. 

 

  

Formulation target compositions 

A-site  AB-site  

Ca0.8Ce0.2ZrTi2O7 Ca0.9Zr0.9Ce0.2Ti2O7 

Ca0.8Ce0.2ZrTi1.6Al0.4O7 Ca0.9Zr0.9Ce0.2Ti1.8Al0.2O7 

Ca0.8Ce0.2ZrTi1.8Mg0.2O7 Ca0.9Zr0.9Ce0.2Ti1.9Mg0.1O7 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 
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 Experimental 

6.2.1 Materials synthesis 

Zirconolite compositions summarised in Table 6-1 were batched 

stoichiometrically using the following reagents, which were dried overnight at 

180 °C: CaTiO3 (Alfa Aesar, purity 98%), TiO2 (anatase) (Sigma Aldrich, 99% 

purity), ZrO2 (Sigma Aldrich, purity 99%), Fe2O3 (Alfa Aesar, purity 98%), MgO 

(Fisher Scientific, purity >99%), Al2O3 (Fisher Scientific, purity >99%) and 

CeO2 (Acros Organics, 99.9% trace metals basis). Batches were milled using 

a Fritsch Planetary Mill 23 operating at 400 rpm for 20 min, using isopropanol 

as a milling fluid. The milled slurry was dried overnight at 90 ± 2 °C, with a 212 

µm stainless steel sieve used to separate the dried material from the zirconia 

milling media. The dried material was calcined in air at 600 °C overnight prior 

to packing the HIP canister. The calcined material was pressed into a 316 

stainless steel HIP canister using 1 t of uniaxial pressure and evacuated under 

vacuum at 300 °C before being hermetically sealed. The sealed HIP canisters 

were placed into an AIP 630-H HIP unit and HIPed at 1320 °C (ramp rate 10 

°C min-1) for 4 h, using Ar gas to generate 100 MPa of pressure. After HIPing, 

the canister was separated from the wasteform material using a Buehler 

Abrasimet 250.  

6.2.2 Characterisation techniques 

6.2.2.1 X-ray Diffraction (XRD) 

A representative fraction of each HIPed zirconolite formulation was finely 

ground and analysed using powder XRD. A Bruker D2 Phaser diffractometer 

with LynxEye detector was used to collect diffraction patterns with the following 

parameters selected: Ni filtered Cu Kα radiation (λ = 1.5418 Å), 10 mA current, 

30 kV voltage, with data collected between 10° < 2θ < 70° with a step size of 

0.02° 2θ and count time of 1.18 s per step. Due to the presence of Fe in two 

of the zirconolite compositions, the detector was windowed to reject Fe 

fluorescence resulting from Cu radiation. The ICDD PDF-4+ library was used 

for phase analysis and each diffraction pattern was refined using the Rietveld 
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method for quantitative phase analysis, using the Bruker TOPAS software 

[216]. Appropriate CIF files were selected based on the phase analysis, and 

the scale factor, lattice parameters and thermal parameters were refined, with 

errors reported as calculated by the refinement process. The PDF numbers 

used for pattern identification were: CaZrTi2O7 2M (01-084-0163), CaZrTi2O7 

3T (01-072-7510), CaZrTi2O7 4M (01-088-0414), ZrO2 (01-072-1669), TiO2 

(16-934), CeO2 (01-081-0792), Al2O3 (01-071-1123) and CaTiO3 (01-082-

0228). 

6.2.2.2 Scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM/EDX) 

Small (~ 2.5 mm diameter) monoliths of each HIPed zirconolite were mounted 

in epoxy resin, cured overnight before polishing to a 1 µm diamond finish and 

sputter carbon coating. A Hitachi TM3030 SEM with Oxford Instruments Swift 

ED3000 silicon drift detector, using an accelerating voltage of 15 kV and 

working distance of 7.8 mm, was used to observe the microstructure and 

phase assemblage of the monolith. The Bruker Quantax 70 software was used 

to process energy dispersive X-ray spectroscopy (EDX) data, with maps 

collected for a minimum of 10 min.  

6.2.2.3  X-ray absorption spectroscopy (XAS) 

The average Ce oxidation state of each formulation was determined from 

analysis of XAS spectra acquired at the Ce L3-edge (5723.0 eV) using 

beamline 6-BM at the National Synchrotron Light Source II (NSLS-II) at 

Brookhaven National Laboratory (Upton, New York). This facility operates at 

3 GeV storage ring with a 400 mA current and 6-BM utilises a 3-pole wiggler 

to deliver X-rays in the energy range between 4.5 and 23 keV. The optical 

arrangement of the beamline consists of a parabolic collimating mirror, a 

Si(111) monochromator, a toroidal focusing mirror, and a harmonic rejection 

mirror. In this study an unfocussed beam was used, and the beam size was 

limited to 0.5 mm in the vertical and 6 mm in the horizontal using slits. An 

ionisation chamber was used to measure the incident X-ray energy and the 

fluorescence signal was collected using a SII Vortex ME4 (4-element) Si drift 
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detector. To optimise collection efficiency, the samples were mounted at 45° 

to both the incident X-ray beam and the vortex detector. The fluorescence 

signal was dead-time corrected as previously described in Woicik et al. [160]. 

Spectra were recorded between 5533 and 5965 eV with energy steps of 10 

eV (5533 – 5693), 2 eV (5693 – 5713), 0.3 eV (5713 – 5783) and 0.05k (5783 

– 5965). An accumulation time of 0.5 s step-1 was used for the first three 

regions and 0.25k step-1 for the final region. Multiple scans were collected for 

each sample and averaged to improve the signal to noise ratio. To ensure 

energy reproducibility (± 0.1 eV) a CeO2 standard was measured 

simultaneously with each sample; the CeO2 standard was placed downstream 

of the sample and the transmitted intensity was measured using an ionisation 

chamber. Absolute energy calibration was performed by measuring a Cr foil 

and setting the position of the first inflection point in the derivative spectrum to 

5989 eV [193]. Measurements were completed on all zirconolite formulations 

produced as well as compounds of known Ce oxidation state and coordination 

environment: CePO4 (monazite; Ce3+) and CeO2 (Ce4+). 

 

The oxidation state and coordination environment of Fe was investigated using 

Fe K-edge (7112 eV) XAS at the same beamline described above. Reference 

compounds of known Fe oxidation state and coordination environment were 

also measured: staurolite (Fe1.5Al9.1Mg0.5Si3.9(OH)2, Fe2+, 4-fold), FePO4 

(synthetic, Fe3+, 4-fold), FeCO3 (synthetic, Fe2+, 6-fold), aegirine (NaFeSi2O6, 

Fe3+, 6-fold). Fitting of the Fe pre edge region, from 7106 - 7120 eV, was 

completed for Fe XANES spectra using the method described by Wilke et al. 

[158], [159]. The normalised data were fitted using a maximum of three 

Gaussian functions to describe the pre-edge region, with an arctangent 

function used to describe the background of the pre-edge region. The 

weighted mean centroid and height of the Gaussian functions were used to 

calculate the integrated pre-edge intensity, which is diagnostic of the oxidation 

state and coordination environment when compared to fitted standard 

reference compounds of known Fe environment.  
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Preparation of samples, and reference compounds, was completed by 

homogenising finely powdered material with polyethylene glycol and uniaxial 

pressing to form a 13 mm pellet with a thickness equivalent to one absorption 

length. Data reduction and linear combination fitting (LCF) were performed 

using the Athena software package [136] allowing the proportion of Ce3+:Ce4+ 

in each sample to be calculated. Standard reference compounds of CeO2 

(Ce4+) and CePO4 (monazite; Ce3+) were used and spectra were fitted over 

the range 5700 – 5760 eV, under the constraint that the fractional weights of 

the reference spectra sum to unity. 

6.2.2.4 Compositional analysis 

The composition of HIPed zirconolite materials was measured by X-ray 

fluorescence (XRF) spectroscopy prior to dissolution experiments. Powder 

samples were analysed by AMG Analytical Services using a Panalytical PW 

2404 XRF system with a Rh X-ray source under vacuum on pressed pellets.  

6.2.3 Dissolution testing 

Static dissolution experiments were completed using a derivative of the PCT-

B methodology [101], using an aggressive leachant to accelerate dissolution. 

HIPed zirconolite materials were crushed using a percussion mortar and 

sieved to retain the 75 – 150 µm size fraction. The resulting powder was 

sonicated in isopropanol to remove adhered fines and dried overnight at 90 

± 2 °C. A Micromeritics Accupyc 1340 II He pycnometer was used to measure 

the density of each sample composition, which was then used to estimate the 

total surface area (SA) of each powder geometrically. The cleaned powder 

was placed into a 60 mL PFA Teflon vessel with 40 mL of 0.01 M HNO3 

solution (pH = 2), to give a surface area to volume ratio (SA/V) equal to 100 

m-1. Triplicate sample and blank vessels were prepared and placed into an 

oven at 90 ± 2 °C. At each sampling time point (1, 2, 3, 4, 7 and 10 d), the 

vessels were removed from the oven and allowed to cool to room temperature. 

An aliquot of leachate (0.4 mL) was removed from each vessel, diluted using 

10 mL of ultra high quality (UHQ, 18 MΩ cm-1) water and passed through a 

PTFE syringe filter. Each vessel was then sealed and returned to the oven 



166 
 
 

until sampling at the subsequent time point. The total volume sampled 

correlated to <10% of the solution volume, therefore the SA/V was not 

significantly altered during the experiment. 

 

Upon completion of the experiment, each solution was analysed to determine 

the concentration of dissolved elements using an ICP-MS (Thermofisher iCAP 

RQ). The normalised mass loss (NLi) of elements from the zirconolite ceramics 

were calculated using Equation 6.1, where: NLi is the normalised mass loss (g 

m-2) of element i, ci is the concentration of i in the leachate (mg L-1), ci,b is the 

concentration of i in the blank (mg L-1), fi is the fraction of i in the ceramic and, 

SA/V is the surface area to volume ratio (m-1). 

 

𝑁𝐿௜ =
(𝑐௜ − 𝑐௜,௕)

𝑓௜
   𝑆𝐴

𝑉ൗ
 

 

𝑁𝑅௜ =  
𝑁𝐿௜

𝑡
 

 

The normalised dissolution rate (NRi) in g m-2 d-1 was calculated using 

Equation 6.2, where t is the dissolution time (d). The SA/V was adjusted at 

each sampling time point to account for the evaporative losses and leachant 

removal at each time point. 

 

Geochemical modelling using the elemental concentration and pH of the 

leachates was performed using PhreeqC v.3 software [163] with the LLNL 

database [144] to find the saturation indices (SI) of mineral phases. The SI of 

a phase was calculated in this software using Equation 6.3, where IAP is the 

ion activity product for the phase and Ks0 is the standard solubility constant of 

the phase. 

 

𝑆𝐼 = log ቆ
𝐼𝐴𝑃

𝐾௦
଴ ቇ 

  

(6.1) 

(6.2) 

(6.3) 
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 Results and discussion 

In this study, eight ceramic formulations were synthesised (as listed in Table 

6-1) targeting 0.2 f.u. of CeO2 onto the A site (A-site target formulation series) 

and 0.1 f.u, CeO2 onto both the A and B site (AB-site target formulation series). 

Each formulation was repeated with charge compensating ions, Al3+, Mg2+ and 

Fe3+, onto the Ti4+ site, to observe the effect of these on the resultant 

microstructure and phase assemblage. Characterisation of the microstructure, 

phase assemblage and Ce/Fe oxidation state for each formulation in each 

series is presented below.  

6.3.1 A-site target formulation characterisation 

6.3.1.1  XRD 

The powder XRD patterns for each A-site target formulation HIPed at 1320 °C, 

100 MPa for 4 h, are shown in Figure 6-1. Diffraction data were analysed using 

the Rietveld method, examples shown in Supplementary Figure S6-1a, to 

provide quantitative phase analysis for each formulation (see Table 6-2 and 

Figure 6-2). The primary phase was identified as zirconolite 2M for each 

formulation, with small quantities of zirconolite 3T in each formulation (ranging 

from 6.6 ± 0.2 wt.% to 16.0 ± 0.2 wt.%), and zirconolite 4M present in the 

Ca0.8Ce0.2ZrTi2O7 and Ca0.8Ce0.2ZrTi1.8Mg0.2O7 formulations (13 ± 0.3 wt.% 

and 5.1 ± 0.3 wt.% respectively). The total quantity of zirconolite formed in 

each formulation, i.e. the total of the 2M, 3T and 4M polytypes, increased with 

the introduction of charge compensating ions from 87 ± 2 wt.% for the 

Ca0.8Ce0.2ZrTi2O7 formulation, to 94 ± 2 wt.% for the Ca0.8Ce0.2ZrTi1.6Fe0.4O7 

formulation. The addition of charge compensating ions also produced a minor 

increase in the quantity of perovskite formed, from 1.6 ± 0.3 wt.% for the 

Ca0.8Ce0.2ZrTi2O7 formulation, to 3.7 ± 0.3 wt.% for the 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 formulation. However, the addition of charge 

compensating ions also minimised the residual unreacted batch materials, 

with the total (Σ(ZrO2, TiO2 CeO2, Al2O3)) decreasing from 10.5 ± 0.4 wt.% for 

the Ca0.8Ce0.2ZrTi2O7 formulation to 1.2 ± 0.4 wt.% for the 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 formulation. In the case of the Ca0.8Ce0.2ZrTi1.6Al0.4O7 
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formulation, Al2O3 was detected by XRD (1.5 ± 0.2 wt.%), evidencing 

incomplete incorporation of the charge balancing species.  

 

Figure 6-1 - Powder XRD patterns of each A-site target formulation. 

Miller indices highlight major reflections of the zirconolite 2M phase.  
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Table 6-2 – Quantitative analysis using Rietveld refinement on XRD 

patterns of A-site target formulations displayed in Figure 6-1. Errors in 

parentheses. 

 

 

Figure 6-2 – Quantitative phase analysis of powder XRD data of A-site 

target formulations presented in Figure 6-1 and Table 6-2. 

  

Composition 

                             Phase fraction (wt.%) 

Zirconolite  

Perovskite 

(± 0.3) 

 

CeO2 

(± 0.1) 

 

TiO2 

(± 0.2) 

 

ZrO2 

(± 0.4) 

 

Al2O3 

(± 0.2) 

2M 

(± 2) 

3T 

(± 0.2) 

4M 

(± 0.3) 

Total 

(± 2) 

Ca0.8Ce0.2ZrTi2O7 67 6.6 13 86.6 1.6 0.3 2.9 7.3 - 

Ca0.8Ce0.2ZrTi1.6Al0.4O7 81 6.9 - 87.9 2.0 1.4 0.6 4.4 3.7 

Ca0.8Ce0.2ZrTi1.8Mg0.2O7 78 9.1 5.1 92.2 2.4 0.3 - 4.4 - 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 78 16 - 94.0 3.7 - - 1.2 - 
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6.3.1.2 SEM/EDX 

Scanning electron micrographs were acquired for each formulation to provide 

a greater understanding of the microstructure produced, verify the results 

obtained by XRD, and conduct semi-quantitative EDX analysis (based on a 

minimum of 5 spot analyses). BSE micrographs for each A-site target 

formulation are shown in Figure 6-3 where each labelled phase was identified 

by EDX analysis.  

  

Figure 6-3– BSE images of a representative region of each A-site target 

forumulation where: 1 – Ca0.8ZrCe0.2Ti2O7, 2 - Ca0.8Ce0.2ZrTi1.6Al0.4O7, 

3 - Ca0.8Ce0.2ZrTi1.8Mg0.2O7 and 4 - Ca0.8ZrCe0.2Ti1.6Fe0.4O7. Each phase is 

labelled, and each micrograph is labelled with the average EDX 

composition of the zirconolite 2M/3T phase. 
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Table 6-3 – Avearge EDX determined composition of zirconolite 2M/3T 

for each A-site formulation, with associated deduced average Ce 

oxidation.  

 

 

In Figure 6-3, each micrograph shows a mid-grey matrix, identified as 

zirconolite 2M and zirconolite 3T, phases which are assumed to be 

indistinguishable due to similar contrast and therefore almost identical 

composition. Zirconolite 4M is clearly distinguished by brighter regions of 

higher contrast, with greater concentrations of Ce as evidenced with EDX. The 

phase assemblage of all specimens is heterogeneous, with the inclusion of 

unreacted materials such as TiO2 (dark grey contrast) and ZrO2 (light grey 

contrast), in agreement with XRD data in Figure 6-1. SEM and EDX analysis 

of the Ca0.8Ce0.2ZrTi1.6Al0.4O7 formulation confirmed the presence of Al2O3 as 

a second phase, with the appearance of dark angular grains, consistent with 

XRD data.  

The average EDX determined compositions for the zirconolite 2M/3T phase 

are reported in Table 6-3, alongside the average Ce oxidation state deduced 

from these compositions. These compositions assume the oxygen 

stoichiometry, given the low sensitivity of EDX to this element, and are 

consistent with the average Ce oxidation states determined by Ce L3-edge 

XANES (see Figure 6-4), within uncertainties. The EDX determined 

compositions confirm the targeted A site substitution of Ce for Ca, with charge 

compensation by co-substitution of Al3+, Mg2+ or Fe3+ on the Ti4+ site and/or 

partial reduction of Ce4+ to Ce3+ (see below). However, in the case of the 

formulation without charge compensation, at least some incorporation on the 

A-site  EDX determined composition Average Ce oxidation 
state 

Ca0.97(3)Ce0.10(2)Zr0.92(3)Ti2.02(3)O7 Ce3.0+ 

Ca0.89(5)Ce0.11(2)Zr1.03(6)Ti1.77(6)Al0.20(3)O7 Ce3.8+ 

Ca0.75(6)Ce0.16(2)Zr1.04(6)Ti1.85(2)Mg0.20(3)O7 Ce3.4+ 

Ca0.75(3)Ce0.14(2)Zr1.10(4)Ti1.63(4)Fe0.37(3)O7 Ce3.4+ 
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Zr4+ (B) site was evident. Ce was determined to be lower than expected in all 

compositions and it is evident that the full inventory of CeO2 was not 

incorporated. 

Considering the SEM-EDX and XRD analysis, the Ca0.8Ce0.2ZrTi1.6Fe0.4O7 and 

Ca0.80Ce0.20ZrTi1.6Mg0.2O7 formulations were relatively successful, with an 

overall yield of 92 - 94 ± 2% zirconolite which has a composition close to the 

target stoichiometry, with the presence of only trace unincorporated CeO2. The 

Ca0.80Ce0.20ZrTi1.6Al0.2O7 formulation was comparably less successful; the 

EDX determined composition, and observation of free Al2O3 by XRD and SEM-

EDX, imply that the solubility of Al3+ on the Ti4+ site in the zirconolite structure 

was exceeded. Consequently, the achieved Ce incorporation was much lower 

than the targeted formulation, with significant residual CeO2 observed by XRD 

and SEM-EDX. The formulation without charge compensation afforded the 

lowest yield of zirconolite, as was expected due to the net positive charge 

associated with the substitution of Ce4+ into this formulation, however some 

Ce incorporation was achieved via preferential substitution onto the Zr4+ site. 

This comparison highlights the efficacy of Fe and Mg as charge compensating 

species, to maximise the yield and incorporation of Ce, according to the 

formulation design.  

A trace amount of perovskite in all compositions was identified by XRD, which 

was determined to partially incorporate Ce by EDX (see Figure S6-3); 

however, the small size of these Ce-bearing perovskite grains, as well the 

similar BSE contrast of these grains to zirconolite 4M, prohibited semi-

quantitative analysis of the composition. The observation of trace perovskite 

and residual ZrO2 and/or TiO2 observed in all formulations suggests that 

equilibrium may not have been fully achieved in the HIP cycle. This could be 

addressed by more aggressive milling conditions and a longer dwell period at 

1320 °C. 

6.3.1.3 Ce L3-edge XANES 

Ce L3-edge XANES data were acquired to investigate the potential change in 

Ce oxidation state with the addition of each charge compensating ions. The 
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results for A-site target formulations are summarised in Table 6-4 with an 

example fit shown in Figure S6-2. Note that the Ce L3-edge XANES of CePO4 

presents a single intense feature on the rising absorption edge, whereas CeO2 

presents three features, of lower relative intensity, for which the corresponding 

final state electron configurations were previously assigned [164], [217]–[219]. 

 

Figure 6-4 - Ce L3-edge XANES spectra of A-site target specimens. 
Reference compounds for Ce3+ and Ce4+ are included (CePO4 and CeO2 

respectively).  
 

Table 6-4 - Average Ce oxidation state of each composition resulting 

from the linear combination fitting of spectra in Figure 6-4, with errors 

shown in parentheses. 

Formulation 
Average Ce speciation 

R factor 
Average Ce 

ox. state CePO4 (3+) CeO2 (4+) 

Ca0.8Ce0.2ZrTi2O7 0.30(1) 0.70(1) 0.01 3.70(1) 

Ca0.8Ce0.2ZrTi1.6Al0.4O7 0.34(1) 0.66(1) 0.01 3.66(1) 

Ca0.8Ce0.2ZrTi1.8Mg0.2O7 0.29(2) 0.71(2) 0.03 3.71(2) 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 0.40(1) 0.60(1) 0.02 3.60(1) 
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The Ce L3-edge XANES data and resultant LCF analysis (Figure 6-4 and Table 

6-4, respectively) for A-site target formulations revealed the presence of Ce in 

mixed oxidation state, in a relatively narrow range of Ce3.60(1)+ to Ce3.71(1)+. The 

partial reduction of Ce4+ to Ce3+ is likely induced by the stainless steel HIP can 

under processing conditions, with consequent oxidation of Fe0 to Fe2/3+. The 

Ce L3 XANES determined Ce oxidation state is representative of the bulk 

sample and averages over all Ce-bearing phases i.e. zirconolite polytypes, 

perovskite and CeO2. Nevertheless, it can be considered approximately 

representative of the average Ce oxidation state within the zirconolite phase, 

given the trace abundance of the other Ce bearing phases. Thus, these data 

therefore evidence the presence of Ce3+ within the zirconolite formulations. 

The semi quantitative EDX determined zirconolite compositions are broadly in 

agreement with this conclusion, within uncertainties (note Fe K-edge XANES 

data below, which confirm presence of Fe3+ as a charge compensation 

species). It is difficult to be certain of the mechanism for charge compensation 

of Ce3+ within the zirconolite structure given the precision of the EDX 

determined compositions and presence of Ce-bearing accessory phases. It is 

conceivable that oxygen vacancies may stabilise Ce3+; alternately, the EDX 

compositions of the charge compensated zirconolite compositions hint at 

higher Zr content than formulated, which could stabilise Ce3+. 

6.3.1.4 Fe K-edge XANES 

The Fe K-edge spectra of Ca0.8Ce0.2ZrTi1.6Fe0.4O7 and 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 formulation are shown in Figure 6-5 alongside the 

spectra of four reference compounds: staurolite (Fe2+ with 4-fold), FePO4 (Fe3+ 

with 4-fold), FeCO3 (Fe2+ with 6-fold) and NaFeSi2O6 (Fe3+ with 6-fold). The 

oxidation state of the element determines the position of the pre-edge peak in 

energy scale, whereas the site symmetry determines the area under the pre-

edge peak, showing a linear relationship between average co-ordination 

environment for a given oxidation state. The pre-edge region was fitted with a 

maximum of three Gaussian peaks fitted to the spectral envelope, according 

the method presented by Farges et al. [168] and Wilke et al. [158]. The total 
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spectral envelope was described by the weighted mean average of the height 

and position of these Gaussian peaks. This fitting process was repeated for 

the data collected on the reference compounds; an example is shown in Figure 

6-7. 

 

The total integrated intensity and weighted mean centroid position of the Fe 

K-edge XANES pre-edge peak for Ca0.8Ce0.2ZrTi1.6Fe0.4O7 and Ca0.9Zr0.9Ce-

0.2Ti1.8Fe0.2O7 formulations and reference compounds are shown in  

Table 6-5 and compared in Figure 6-6. The average oxidation state of Fe from 

each spectra was calculated using linear interpolation of the centroid position 

of the reference compounds (Fe2+ = 7114.55 eV and Fe3+ = 7112.95 eV). The 

average Fe oxidation states determined for Ca0.8Ce0.2ZrTi1.6Fe0.4O7 and 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 were 2.9 ± 0.1 and 2.8 ± 0.1, consistent with the 

expected oxidation state of Fe3+ within error. The coordination number of Fe 

was estimated from the total integrated intensity using linear interpolation of 

the average of the 4-fold and 6-fold coordination standards, which were 0.115 

and 0.41 for 4-fold and 6-fold coordination, respectively. The average 

coordination number for Fe was 5.6 ± 0.2 in both formulations. The zirconolite 

structure is characterised by three distinct Ti sites: two Ti sites are 6-fold 

coordinated and the remaining Ti site is 5-fold coordinated, and statistically 

50% occupied [79], [220].  Our Fe K-edge XANES data are consistent with Fe 

incorporation in both 5- and 6-fold coordinate sites, with a clear preference for 

the former [221]. 
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Figure 6-5 – Fe K-edge XANES spectra of reference compounds and all 

Fe-containing zirconolites (left), with a detailed view of the pre-edge 

region of the spectra (right).  

 

 

Figure 6-6 - Oxidation state and coordination environment of Fe in each 

formulation, characterised by the fitted Fe K-edge XANES pre-edge 

region and compared to the fitted parameters of the standard reference 

compounds. 
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Figure 6-7 – Example of fitting of Fe K-edge XANES pre-edge region of 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 measured in transmission mode. The dotted line 

shows the data with the bold solid line showing the fit. Dashed blue 

lines represent the fitted Gaussian peaks with the solid line showing 

the arctangent fitted to the background.   

 

Table 6-5 - Intensity weighted centroid position and total integrated 

intensity of fitted pre-edge Fe XANES spectra of Fe reference 

compounds alongside Ca0.8Ce0.2ZrTi1.6Fe0.4O7 and 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 formulations. Data presented in Figure 6-6. 

 

Composition 

Centroid 
position 

(eV)  
(± 0.3) 

Total 
integrated 
intensity  
(± 0.03) 

Average 
oxidation 

state 
(± 0.1) 

Average 
coordination 

number 
(± 0.2) 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 7114.2 0.16 2.8 5.6 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 7114.3 0.17 2.9 5.6 

NaFeSi
2
O

6
 7114.6 0.11 3 6 

FePO
4
 7114.5 0.56 3 4 

FeCO
3
 7113.0 0.12 2 6 

Staurolite 7112.9 0.26 2 4 
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6.3.2  AB-site target formulation characterisation 

6.3.2.1 XRD 

The powder XRD patterns for AB-site target HIPed zirconolite formulations are 

presented in Figure 6-8, with the corresponding phase analysis summarised 

in Table 6-6 and Figure 6-9, and Rietveld fits presented in Supplementary 

Figure S6-1b. The primary phase in these formulations was also identified as 

zirconolite 2M, with a small of zirconolite 3T (ranging from 3.9 ± 0.2 wt.% in 

the Ca0.9Zr0.9Ce0.2Ti2O7 formulation to 7.4 ± 0.2 wt.% in the 

Ca0.9Zr0.9Ce0.2Ti1.8Al0.2O7 formulation) and zirconolite 4M (from 14 ± 0.3 wt.% 

in the Ca0.9Zr0.9Ce0.2Ti2O7 formulation to 1.4 ± 0.3 wt.% in the 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 formulation). The total yield of zirconolite was 

maximised at 90 ± 2 wt.% for the Ca0.9Zr0.9Ce0.2Ti2O7 formulation, and 

84 ± 2 wt.% for the Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 formulation, which was 

concomitant with yield of perovskite (1.1 ± 0.3 wt.% to 10.0 ± 0.3 wt.% 

respectively). In the case of the Ca0.9Zr0.9Ce0.2Ti1.8Al0.2O7 formulation, Al2O3 

was detected by XRD (1.5 ± 0.2 wt.%), evidencing incomplete incorporation of 

the charge balancing species.  
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Figure 6-8 - Powder XRD patterns of each AB-site target Ce-doped 

zirconolite with Ti site charge compensating ions labelled. Miller 

indices highlight major reflections of the zirconolite 2M phase.  

 

Table 6-6 – Quantitative analysis using Rietveld refinement of XRD 

patterns in Figure 6-8. Errors in parentheses. 

 

Composition 

 Phase fraction (wt.%) 

Zirconolite 
 

Perovskite 
(± 0.3) 

 
CeO2 

(± 0.1) 

 
TiO2 

(± 0.2) 

 
ZrO2 

(± 0.4) 

 
Al2O3 

(± 0.2) 

2M 
(± 2) 

3T 
(± 

0.2) 

4M 
(± 

0.3) 

Total 
(± 2) 

Ca0.9Zr0.9Ce0.2Ti2O7 72 3.9 14 89.9 1.1 4.7 2.5 1.5 - 

Ca0.9Zr0.9Ce0.2Ti1.8Al0.2O7 79 7.4 1.8 88.2 6.8 0.7 0.9 2.0 1.5 

Ca0.9Zr0.9Ce0.2Ti1.9Mg0.1O
7 

77 6.5 2.6 86.1 9.6 - - 4.5 - 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O
7 

77 5.2 1.5 83.7 10 0.6 1.1 5.0 - 
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Figure 6-9 – Quantitative phase analysis of powder XRD data of HIPed 

AB-site target zirconolites presented in Figure 6-8, and Table 6-6. 

 

6.3.2.2 SEM/EDX 

Figure 6-10 shows the BSE micrographs of each AB-site target formulation, 

with the average EDX composition of the zirconolite 2M/3T phase in each 

formulation presented in Table 6-7. Each micrograph shows the representative 

microstructure of each formulation, which evidence greater heterogeneity 

compared to their counterpart A-site formulations. This is consistent with the 

quantitative phase assemblage, derived from XRD, Table 6-6, in which the 

overall yield of zirconolite is lower.  

In Figure 6-10, the mid-grey matrix is again identified as zirconolite 2M and 

zirconolite 3T (indistinguishable due to similar composition and back scattered 
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contrast). Zirconolite 4M is clearly distinguished by regions of brighter contrast, 

again attributed to increased concentrations of Ce relative to zirconolite 2M. 

Regions of unreacted reagents were evident, in agreement with XRD data; in 

order of bright white to dark grey contrast, these regions were identified as 

CeO2, ZrO2, TiO2, and Al2O3, confirmed by EDX analysis (see Figure S6-3). 

These data show that full incorporation of CeO2 as the PuO2 surrogate, and 

Al2O3, were not achieved. In Figure 6-3, Figure 6-10 and Figure 6-11, there is 

a reaction rim of light grey contrast observed around several of the CeO2 

particles. Following semi-quantitative EDX phase analysis the composition 

was identified to be a Ce-rich and Zr-deficient zirconolite, which is broadly 

consistent with available literature data on zirconolite 4M compositions [87].  

The average EDX determined compositions for the zirconolite phase are 

reported in Table 6-7, along with the resulting average Ce oxidation state 

(again assuming oxygen stoichiometry). These compositions are consistent 

with the average Ce oxidation states determined by Ce L3-edge XANES (see 

Figure 6-12), within uncertainties. The EDX determined compositions confirm 

the targeted AB-site substitution of Ce4+ for Ca2+ and Zr4+, with charge 

compensation achieved by co-substitution of Mg2+, Al3+ or Fe3+ the Ti4+ site 

and/or partial reduction of Ce4+ to Ce3+ (see below). Ce incorporation into the 

zirconolite phase was determined to be lower than expected in all 

compositions, along with Mg, Al, and Fe, and it is evident that the full inventory 

of CeO2 was not incorporated. 

The AB-site formulations were evidently less successful that the counterpart 

A-site formulations, in terms of the overall yield of target zirconolite phases, 

which was below 90 wt.%. Arguably, the Ca0.9Zr0.9Ce0.2Ti2O7 formulation was 

the least successful, achieving the lowest incorporation of Ce, according to 

EDX and XRD data. The Mg2+, Al3+, and Fe3+ charge compensated 

formulations all afforded a comparable overall yield of zirconolite, with similar 

Ce incorporation, together with trace residual CeO2. The comparably higher 

yield of perovskite in these AB-site formulations implies incorporation of Ce 

within this phase, identified with EDX spectra (see Figure S6-3). The 

observation of perovskite and residual ZrO2 and/or TiO2 observed in all 
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compositions formulations suggests that equilibrium may not have been fully 

achieved in the HIP cycle, as noted for the A-site formulations. 

 

Figure 6-10– BSE images of each AB-site target formulation where: 1 - 

Ca0.9Zr0.9Ce0.2Ti2O7, 2 - Ca0.9Zr0.9Ce0.2Ti1.8Al0.2O7, 3 - 

Ca0.9Zr0.9Ce0.2Ti1.9Mg0.1O7 and 4 - Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7. Each phase is 

labelled, and each image is labelled with the average EDX composition 

of the zirconolite 2M/3T phase.  
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Table 6-7 – Avearge EDX composition of zirconolite 2M/3T for each AB-

site formulation with associated deduced average Ce oxidation.  

 

 

 

Figure 6-11 – BSE micrograph and EDX maps of HIPed zirconolite 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 composition, showing an area of reaction 

around a CeO2 particle, forming a Ce-enriched zirconolite phase.  

 

  

AB-site  EDX determined composition Average Ce oxidation 
state 

Ca0.99(3)Ce0.08(6)Zr0.92(2)Ti2.02(7)O7 Ce3.1+ 

Ca0.86(5)Ce0.13(5)Zr0.94(3)Ti1.87(6)Al0.20(5)O7 Ce3.4+ 

Ca0.86(6)Ce0.10(6)Zr0.93(2)Ti2.03(5)Mg0.07(3)O7 Ce3.0+ 

Ca0.94(7)Ce0.12(7)Zr0.98(2)Ti1.85(6)Fe0.12(3)O7 Ce3.7+ 
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6.3.2.3 Ce L3-edge XANES 

Ce L3-edge XANES data were acquired for AB-site formulations, with spectra 
shown in Figure 6-12 and LCF results presented in Table 6-8. An example of 
an LCF fit is shown in Figure S6-2. This analysis revealed the presence of Ce 
in mixed oxidation state, in a relatively narrow range of Ce3.35(1)+ to Ce3.64(1)+. 
Compared to the A-site formulations, the Ce3+/Σ Ce ratio is greater for the AB-
site formulations, in particular for those designed with Fe and Mg charge 
compensation (note Fe K-edge XANES data in Figure 6-6 and  
Table 6-5, which confirm presence of Fe3+ as a charge compensation species). 

The presence of 6.8 – 10 wt.% perovskite in the AB-site formulations is 

consistent with the higher Ce3+/Σ Ce ratio, since this phase is known to 

preferentially incorporate Ce3+ [86], [87]. The significant fraction of perovskite 

means it is more difficult to have confidence that the Ce L3-edge XANES 

determined Ce3+/Σ Ce ratio is representative of the zirconolite phase. 

However, the semi-quantitative EDX compositions are consistent with the 

incorporation of significant Ce3+ concentration, within uncertainties, as implied 

by Ce L3-edge XANES.  

 

Figure 6-12 - Ce L3-edge XANES spectra of AB-site specimens. 

Reference compounds for Ce3+ and Ce4+ are included (CePO4 and CeO2 

respectively).  
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Table 6-8 - Average Ce oxidation state of each AB-site target 

formulation resulting from the linear combination fitting of spectra in 

Table 6-8, with errors shown in parentheses. 

 

 

6.3.3 Compositional analysis 

The bulk composition of each A-site target formulation was determined using 

XRF in preparation for chemical durability experiments. These formulations 

were selected for these experiments due to their superior phase assemblage 

compared to AB-site formulations, with only trace perovskite and 

unincorporated CeO2. Compositional analysis shown in Table 6-9 revealed 

that each formulation contained approximately 0.05 - 0.09 wt.% Fe, 

considered to derive from interaction/contamination from the SS HIP canister. 

With the exception of this finding, the batched composition and XRF analyses 

were in agreement.  

 

Formulation 
Average Ce speciation 

R factor 
Average Ce 

ox. state CePO4 (3+) CeO2 (4+) 

Ca0.9Zr0.9Ce0.2Ti2O7 0.36(1) 0.64(1) 0.02 3.64 

Ca0.9Zr0.9Ce0.2Ti1.8Al0.2O7 0.55(2) 0.45(2) 0.03 3.55 

Ca0.9Zr0.9Ce0.2Ti1.9Mg0.1O7 0.75(2) 0.25(2) 0.02 3.75 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 0.65(1) 0.35(1) 0.02 3.65 
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Table 6-9 - Comparison of the batched composition and XRF results for each A-site target formulation.  

 

Element 
Ca0.8Ce0.2ZrTi2O7 Ca0.8Ce0.2ZrTi1.6Al0.4O7 Ca0.8Ce0.2ZrTi1.8Mg0.2O7 Ca0.8Ce0.2ZrTi1.6Fe0.4O7 

Batch 
XRF 

(± 0.1) 
Batch 

XRF 
(± 0.1) 

Batch 
 

XRF 
(± 0.1) 

Batch 
XRF 

(± 0.1) 
 (wt.%) 

Ca 8.93 8.50 9.14 8.88 9.05 8.79 8.85 8.53 
Zr 25.41 23.44 26.02 24.44 25.75 24.44 25.19 23.71 
Ti 26.66 28.73 21.84 23.85 24.32 26.76 21.14 22.99 
Ce 7.80 5.90 7.99 6.26 7.91 6.13 6.17 6.00 
Al 0.00 0.00 3.08 3.14 0.00 0.00 0.00 0.03 
Mg 0.00 0.00 0.00 0.00 1.37 1.12 0.00 0.00 
Fe 0.00 0.06 0.00 0.09 0.00 0.05 6.17 5.22 
O 31.20 33.22 31.93 33.22 31.60 32.61 32.48 33.43 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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6.3.4 Durability assessment 

The A-site target formulations were selected for dissolution experiments, due 

to their more desirable phase assemblage (trace perovskite and 

unincorporated CeO2), to quantify the influence of charge compensating ions, 

and the resultant phase assemblage, on the dissolution kinetics. As noted 

previously, highly accelerated dissolution conditions (0.01M HNO3 at 90 °C) 

were necessary to obtain kinetic dissolution data on these highly refractory 

materials on the short time scale of this study (< 28 d).  

 

 

Figure 6-13 – Normalised mass loss of NLi for Ca, Ce, Ti and the charge 

compensating ions (Al, Mg and Fe) for each A-site target material.  

 

The normalised mass loss (NLi) for each of the target formulations are shown 

in Figure 6-13. Of the elements released to solution, Zr could not be detected 



188 
 
 

as results were below the limit of detection for the ICP-MS, therefore results 

are not displayed here. Solution saturation was rapidly achieved, with an initial 

(1 – 3 d) increase in NLi for all elements, except for the Al and Fe charge 

compensating ions, which then slowed to a steady rate (within error). The 

dissolution is incongruent, with Ca leaching at a rate at least two orders of 

magnitude greater than Ce, Ti, Al and Fe. Such behaviour is attributed to the 

multiphase nature of all of the formulations; both CeO2 and Ce-bearing 

perovskite are known to leach more rapidly than zirconolite [213].  

 

The greatest NLCa, Ti, Ce values were observed for the Ca0.8ZrCe0.2Ti1.6Al0.4O7 

formulation at 10 d, indicating that this was the least durable of the materials 

investigated. This result is expected since this formulation has the greatest 

quantity of unincorporated CeO2, as well as high quantities of other unreacted 

reagents which also contribute to the dissolution of this formulation. The lowest 

NLCa, Ti, Ce values were observed for the Ca0.8ZrCe0.2Ti1.6Fe0.4O7 formulation, 

which exhibited NRCe = 0.0(11) x 10-5 g m-2 d-1 (Table 6-10), suggesting that 

equilibrium was reached. This implies that this formulation was the most 

durable, consistent with the fact that this material was the most homogenous 

of the A-site targeted phases, containing only trace perovskite and no free 

CeO2 (Table 6-2).  

Table 6-10 – NRi for each composition calculated from d 4 - 10. Errors in 

parentheses. 

 

 

Geochemical modelling (using PhreeqC) was used to determine which 

secondary crystalline phases were saturated with respect to the solution, 

based on elemental concentration analysis and pH values from PCT-B 

Formulation 

NRi (g m-2 d-1) 

Ca Ti Ce 
Charge 

compensator 

Ca0.8ZrCe0.2Ti2O7 0.0(46) x 10-4 0.0(30) x 10-6 4.0(2) x 10-5 - 

Ca0.8ZrCe0.2Ti1.6Al0.4O7 1.9(4) x 10-3 2.5(3) x 10-6 4.4(4) x 10-6 0.0(19) x 10-5 

Ca0.8ZrCe0.2Ti1.8Mg0.2O7 3.3(1) x 10-3 1.1(1) x 10-5 0.0(18) x 10-5 2.7(1) x 10-3 

Ca0.8ZrCe0.2Ti1.6Fe0.4O7 2.4(1) x 10-3 3.0(1) x 10-6 0.0(11) x 10-5 0.0(56) x 10-4 



189 
 
 

experiments. All experiments were predicted to be in equilibrium with the Ti-O 

phases, anatase and rutile, with SI values ranging between 1 and 2, which is 

in agreement with the small dissolution rates observed. The precipitation of Ti-

O phases is known to occur during the dissolution of perovskite-containing 

zirconolite/SYNROC [207] with the effect of creating a passivating layer and 

slowing dissolution. No such evidence was found in the present study, 

however, this is unsurprising given the proximity of the solution to equilibrium. 

 

When compared with literature data for the dissolution of zirconolite materials, 

the NRCe in the present study is approximately one order of magnitude greater 

than that reported by Meng et al. (NRCe = 10-6 – 10-7 g·m-2·d-1 with UHQ water 

as a leachant) [210]. This is to be expected given the aggressive leaching 

conditions (0.01M HNO3 leachant) implemented in this experiment and the 

phase assemblage produced, particularly the presence of unincorporated 

CeO2. Under identical leaching conditions to those applied here, the NRCe of 

single phase CeO2 was reported as (0.26 ± 0.002) × 10-4 g m-2 d-1 at 28 d 

[211]; therefore, it can be concluded that the wasteforms produced in this 

investigation are capable of reducing the dissolution rate of Ce by at least one 

order of magnitude. This suggests that, despite the presence of 

unincorporated CeO2 and Ce-bearing perovskite in these formulations, they 

remain a credible wasteform, although further optimisation of the processing 

conditions would inevitably improve the dissolution behaviour of these 

materials. This provides confidence in the performance of these materials as 

a durable wasteform for the immobilisation of PuO2.  
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 Conclusion 

Zirconolite is recommended as wasteform for the immobilisation of the UK 

PuO2 stockpile, with HIPing suggested as a viable thermal treatment method. 

An investigation into the role of charge compensating ions on the phase 

assemblage and relative dissolution rate HIPed Ce-doped zirconolite is 

presented. CeO2 was used as a surrogate for PuO2, which was targeted onto 

both the Ca2+ and Ca2+/Zr4+ site, with Al3+, Mg2+ and Fe3+ used as charge 

compensating species. Each material was characterised using XRD, 

SEM/EDX and Ce/Fe XANES to investigate the resulting phase assemblage. 

Zirconolite 2M was the dominant phase produced with small quantities of 

zirconolite 3T/4M, with trace unreacted reagents and secondary perovskite 

present. Targeting the Ca2+ site with Ce4+, and utilising the charge 

compensation mechanism, proved to generate the most desirable phase 

assemblage, with 94 ± 2 wt.% zirconolite produced using Fe3+ as a charge 

compensating species. The oxidation state of Ce was found to influence the 

phase assemblage formed, with the formulations containing the highest 

Ce3+/ΣCe ratio found to contain the greatest quantity of perovskite. The relative 

chemical durability of these wasteforms was assessed using a modified PCT-

B test with aggressive leaching media (0.01M HNO3). These durability 

assessments showed that the NLi and NRi for all elements was dependent 

upon the phase assemblage of each material, with the most homogeneous 

material, Ca0.8ZrCe0.2Ti1.6Fe0.4O7, containing minimal free CeO2 and 

perovskite, attaining the lowest dissolution rates (NRCe = 0.0(11) x 10-5 g m-2 

d-1), which was comparable to leach rates for dissolution experiments 

completed on Ce-doped zirconolite in similar conditions. In summary, further 

work must be completed to optimise the phase assemblage formed, taking into 

consideration the autoreduction of Ce4+ at the temperatures required to 

synthesise zirconolite, and the subsequent preferential formation of Ce-

bearing perovskite.  
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Supplementary Figures 

 

 

 

Supplementary Figure 6-1a - Rietveld fits of XRD data (green line) for 

QPA of each A-site targetted formulation. Fitted data is shown with 

amber line and red is the difference profile. 
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Supplementary Figure 6-1b - Rietveld fits of XRD data (green line) for 

QPA of each AB-site targetted formulation. Fitted data is shown with 

amber line and red is the difference profile. 
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Supplementary Figure 6-2 - Example of linear combination fitting of Ce 

L3-edge XANES of the Ca0.8Ce0.2ZrTi1.6Al0.4O7 specimen measured in 

transmission mode. The dotted line shows the data with the green solid 

line showing the fit. Yellow and red lines represent the Ce reference 

standards CePO4 and CeO2 respectively.  
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Supplementary Figure 6-3 – BSE micrograph of Ce0.9Zr0.9Ce0.2Ti1.8Al0.2O7 

formulation with EDX spectra illustrating the composition of each 

phase (clockwise from top): TiO2, ZrO2, perovskite, zirconolite 4M and 

zirconolite 2M. 
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Abstract 

A selection of fluorite related ceramic wasteforms, with zirconolite, zirconate 

pyrochlore and cubic zirconia formulations, were fabricated using hot isostatic 

pressing as a thermal treatment method, to investigate their potential for PuO2 

disposition. Ce was utilised as an inactive surrogate for Pu whilst neutron 

absorbers, Gd and Hf, were added to understand their effect on the phase 

assemblage and dissolution rates. The resulting wasteforms were 

characterised by XRD, SEM and Ce L3-edge XANES, which revealed Ce, Gd 

and Hf were fully incorporated into the zirconolite and cubic zirconia 

compositions, with some heterogeneity observed for the pyrochlore 

composition. This was reflected in the dissolution of these materials, whereby 

the dissolution rates for zirconolite and cubic zirconia (NRCe, Gd = 10-5 – 10-6 

g m-2 d-1) were similar to those reported in the literature, however the 

pyrochlore composition produced the highest NLCe,Gd, which were two orders 

of magnitude greater than those reported in the literature due to phase 

heterogeneity, with a (Ce,Gd)O2-x solid solution observed. The NLCe,Gd for 

zirconolite and cubic zirconia were approximately of the same order of 

magnitude, providing confidence that neutron absorbers could maintain an 

effective safeguard against criticality over the disposal timeframe. 

Key Words: HIPing, durability, PuO2 stockpile, XANES, neutron absorber 
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 Introduction 

The UK holds the largest stockpile of separated civil PuO2, totalling 140 tHM 

[13], which was generated from the reprocessing of spent nuclear fuel (SNF), 

and is stored at the Sellafield site as a zero value asset [18]. Current UK 

government policy recommends that this material be recycled to generate 

mixed oxide fuel (MOX) ((U,Pu)O2) [14], however there is limited uptake by 

reactors which could utilise MOX fuel within the current UK reactor fleet. 

Therefore, a dual track strategy of MOX fuel fabrication and immobilisation in 

a passively safe matrix has been proposed. This is especially pertinent as 

there is a small portion of the PuO2 stockpile that unsuitable for recycling in 

MOX fuel [16], due to contamination from ingrowth of Am-241 (arising from 

Pu-241 β-decay), as well as Cl arising from the degradation of PVC packaging. 

A suitable end state for this stockpile should also be determined to ensure 

proliferation resistance is maintained in the future.  

 

The feasibility of the immobilisation of PuO2 in a ceramic matrix has been 

demonstrated extensively in the literature [45], [64], [92]. There have been 

several different types of ceramic investigated for this purpose including simple 

oxides such as zirconia [92], as well as complex oxides such as pyrochlore 

[22], [217], [222], [223] and zirconolite [91], [204], [223], [224]. The use of these 

matrices is often validated by the presence of natural analogues which have 

retained actinide elements for millions of years, therefore demonstrating their 

chemical flexibility, chemical durability and radiation tolerance [1], [40], [225]. 

These compositions, with the exception of zirconia, are also included as target 

actinide host phases in the multiphase ceramic wasteform, SYNROC 

(synthetic rock), developed by Australia’s Nuclear Science and Technology 

Organisation (ANSTO) [97], [200].  

 

Cubic zirconia (ZrO2-x) has a fluorite structure which can accommodate a wide 

range of elements substituted onto the Zr site, particularly tetravalent cations 

such as Pu4+, Ce4+ and Hf4+. Trivalent elements such as Gd3+ can also be 

accommodated by the introduction of vacancies into the structure, without 
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changing the overall crystal structure. These compositions are arguably as 

chemically flexible as more complex oxides such as pyrochlore and zirconolite, 

despite only having a single site within the chemical structure onto which 

actinides, neutron poisons and charge balancing species can be substituted 

[226]. The fluorite structure has proven to be particularly radiation tolerant [73], 

[227], and chemically durable with average dissolution rates comparable to 

other ceramic phases (NRZr = 10-6 – 10-7 g m-2 d-1 in ultra high quality (UHQ) 

water at 7 d), as such, zirconia is an excellent candidate for the immobilisation 

of actinides [117], [226].   

 

Pyrochlore is a derivative of the cubic fluorite structure with general formula 

A2B2O7 [228], where actinides and other cations with large radii (e.g. 

r(Gd3+) = 1.05 Å for 8-fold coordination) occupy the 8-fold coordinated A site, 

with smaller cations (r(Zr4+) = 0.72 Å for 6-fold coordination) occupying the 6-

fold coordinated B site. Zirconate pyrochlores (A2Zr2O7), particularly Gd2Zr2O7, 

are radiation tolerant ceramic materials, remaining crystalline at accumulated 

dose which cause amorphisation in equivalent titanate pyrochlore 

compositions [217], [229]. However, sintering temperatures for ceramics of 

near theoretical density are reported to be very high for these compositions, 

compared to equivalent titanate compositions (> 1500 °C for zirconate, with 

ca. 1350 °C for titanates) [22], [76], [150]. The chemical durability of Gd, Sm 

and Ce doped gadolinium zirconate pyrochlore materials was investigated by 

Wang et al.; these authors reported low release rates of 10-6 – 10-7 g m-2 d-1 

for all elements leached from GdSmZrCeO7 formulation during a 7 d standard 

PCT-B test (90 °C with deionised water (DIW) used as a the leachant) [230].  

 

Zirconolite, prototypically CaZrxTi3-xO7 with 0.8 < x < 1.35 with an anion 

deficient fluorite superstructure, is considered the main actinide host phase in 

SYNROC [231], and is one of the preferred wasteforms suggested by the 

Nuclear Decommissioning Authority for PuO2 immobilisation, alongside 

pyrochlore [14]. There are several different zirconolite polytypes, e.g. 2M, 3T 

and 4M [79], [80], [82], where zirconolite 2M is the most commonly observed 

polytype. The crystal structure of zirconolite 2M is comprised of CaO8 and ZrO7 
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polyhedra between layers of TiO6/TiO5 polyhedra arranged to form a 

hexagonal tungsten bronze motif. The polytype formed is characterised by the 

stacking sequence of the CaO8/ZrO7 and TiO6/TiO5 layers and depends upon 

cation occupancy, vacancy distribution, oxygen fugacity, and processing 

temperature [86], [94]. The substitution of a range of cation charges onto the 

Ca and Zr sites can be achieved via charge compensation whereby divalent 

and trivalent charge balancing species (e.g. Cr3+) are substituted onto the Ti 

site (for example, Ca2+1−xCe4+xZr4+Ti4+2−2xCr3+2xO7 [204]), as observed with 

many natural zirconolite specimens [232], as well as synthetic zirconolites. A 

standard 7-d PCT-B test was performed on Gd-doped zirconolite 

(Gd0.5Sm1.5Zr1.5Ce0.5O7), which demonstrated low release rates in the range 

of 10-6 - 10-8 g·m-2·d-1 for all elements (DIW leachant at 90 °C) [233], hence 

confirming the high chemical durability of zirconolite ceramics. 

 

Fabrication of ceramic wasteforms by hot isostatic pressing has been 

investigated for the immobilisation of PuO2 [189], [190], [221], [222]. The 

application of simultaneous heat and pressure to a wasteform within a 

hermetically sealed canister has several advantages compared to standard 

thermal treatment methods such as cold pressing and sintering (CPS), hence 

why the Nuclear Decommissioning Authority (NDA) have recommended this 

as a preferred thermal treatment method for PuO2 disposition [14]. Hot 

isostatic pressing is a process whereby minimal secondary wastes are 

produced alongside the potential for waste volume reduction, which will in turn 

reduce the footprint required for a geological disposal facility (GDF). Batch-to-

batch processing when HIPing also allows for criticality concerns to be 

addressed and full accountancy throughout waste processing [127], [234], 

[235].  

 

The use Ce as an inactive surrogate for Pu is justified due to the inherent costs 

and hazards associated with the use of high activity isotopes. Whilst it is 

recognised that a surrogate cannot fully emulate the behaviour of its 

radioactive counterpart, Ce is selected in this case due to similar ionic radii 

and accessible oxidation states [141]. Neutron poisons, such as Gd or Hf, may 
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also be required in the wasteform composition to ensure that the system 

remains subcritical over the disposal period. However, the differential release 

rates of Pu, surrogates and neutron poisons are not well understood. The 

leaching of the neutron absorber and Pu must be congruent to maintain a 

subcritical wasteform and prevent a criticality event in storage or at a GDF 

facility, ideally minimising the dissolution rate of these elements.  

 

In this study four ceramic formulations were prepared, which were previously 

investigated by Stennett et al. [236], [237] and Hyatt et al. [238], and are shown 

in Table 7-1. These specific compositions were selected based on the Ce 

solubility limits of the Gd zirconate pyrochlore (Gd2Zr2O7), zirconolite 

(CaZrTi2O7) and cubic zirconia (ZrO2-x) end members.  These compositions 

were previously synthesised by Stennett et al. and Hyatt et al. using the 

traditional cold uniaxial pressing and sintering (CPS) technique, however, the 

density of these wasteforms was found to be < 95 % theoretical density when 

sintered at 1500 °C. HIPing was therefore used as the thermal treatment 

method in this work in order to improve the ceramic density, which will be 

pertinent for future large scale processing parameters. Ce was used as a 

surrogate for Pu, with Gd and Hf used as neutron poisons to achieve a ratio of 

(Hf + Gd)/Ce ≥ 2; in the case of the zirconate pyrochlore, the parent Gd2Zr2O7 

stoichiometry ensures an excess of Gd relative to Ce. The principle of the 

formulation design is that Gd3+ and Hf4+ should enable partitioning of neutron 

poisons with Ce/Pu3/4+ within the wasteform over different crystallographic 

sites (if required), according to ionic radii. Thus, release of Ce/Pu3/4+ from the 

ceramic could therefore be mitigated by co-release of Gd3+/Hf4+, however, it 

should be noted that the Gd/Hf concentration utilised are significantly excess 

of that required to achieve effective mitigation of wasteform criticality in storage 

and disposal concepts. Each ceramic wasteform was characterised using 

XRD, SEM/EDX and Ce L3-edge XANES, and the resultant phase assemblage 

and Ce incorporation was compared. The relative chemical durability of each 

material was also compared using a modified PCT-B test where an aggressive 

leachant was used for rapid comparison of the durability of each material. The 
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relative dissolution rate of the Pu surrogate and neutron absorbers was also 

investigated. 

Table 7-1 – Composition of each wasteform investigated in this work 

where Ce is the Pu surrogate and Hf/Gd are neutron absorbers.  

 

Label Composition 

Zirconolite A (Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7 

Zirconolite B (Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7 

Pyrochlore (zirconate) Gd2(Zr1.6Ce0.2Hf0.2)O7 

Cubic zirconia (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-d 

 

 Materials and methods 

7.2.1 Wasteform synthesis 

The matrix forming materials and neutron absorbers were prepared by 

weighing out each precursor to 4 d.p, according to the target stoichiometry 

(Table 7-1). The precursors were homogenised in a tumbling ball mill for 16 h, 

with yttria stabilised zirconia milling media and isopropanol as the milling fluid. 

The slurries were separated from the media using a sieve and dried overnight 

at 90 ± 2 °C. Once dry, the powder batches were passed through a 250 µm 

mesh sieve and a stoichiometric quantity of the plutonium surrogate (CeO2) 

was added. Homogenisation of the surrogate and the batched reagents was 

completed using a rotary tumbling mixer for 16 h. Each batch was HIPed in a 

Ni HIP canister for 6 h, at 1350 ˚C with a pressure of 185 MPa. The 

temperature at which the material can be HIPed is limited by the melting 

temperature of the HIP canister material. 

7.2.2 Characterisation techniques 

7.2.2.1 2.2.1. X-ray Diffraction (XRD) 

A representative sample of each HIPed ceramic material was finely ground 

and analysed using powder XRD. A Bruker D2 Phaser diffractometer with 
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LynxEye detector was used to collect diffraction patterns with the following 

parameters selected: Ni filtered Cu Kα radiation (λ = 1.5418 Å), 10 mA current, 

30 kV voltage. Data was collected between 10° < 2θ < 70° with a step size of 

0.02° 2θ and count time of 1.18 s per step. The ICDD PDF-4+ library was used 

for phase analysis and each diffraction pattern was refined using the Rietveld 

method in order to extract unit cell parameters and provide quantitative phase 

analysis, using the Bruker TOPAS software [216]. The PDF numbers used for 

the pattern identification are: CaZrTi2O7 2M (01-084-0163), CaZrTi2O7 3T (01-

072-7510), CaZrTi2O7 4M (01-088-0414), CaTiO3 (01-082-0228), CeO2 (01-

089-8436), Gd2Zr2O7 (01-079-1146) and, cubic ZrO2 (01-081-1550). 

7.2.2.2 Scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM/EDX) 

Small (~ 2.5 mm diameter) monoliths of each HIPed ceramic were mounted in 

epoxy resin, cured overnight before polishing to a 1 µm diamond finish and 

carbon coating. The microstructure was observed using a Hitachi TM3030 

SEM with Oxford Instruments Swift ED3000 silicon drift detector, using an 

accelerating voltage of 15 kV and a working distance of 7.8 mm. Energy 

dispersive X-ray spectroscopy (EDX) mapping was processed using the 

Bruker Quantax 70 software with maps collected for a minimum of 10 min. The 

average composition of each phase was calculated using a minimum of 5 EDX 

spot analyses, assuming stoichiometric oxygen for each phase. 

7.2.2.3 Ce L3-edge X-ray absorption near edge spectroscopy (XANES) 

The average oxidation state of Ce in each ceramic material was determined 

using Ce L3-edge (5723.0 eV) XANES at BM28, ESRF. The optical 

arrangement consisted of a Si(111) double crystal monochromator, a toroidal 

focussing mirror and a Si/Rh harmonic rejection mirror. Incident beam intensity 

was measured using an ionisation chamber, filled with mixtures of He and N2, 

operated in a stable region of the I/V curve. Ce L3-edge fluorescence was 

detected using a Vortex Si Drift Detector.  
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Specimens for XAS analysis were prepared by mixing the quantity of material 

required for 1 absorption length (calculated using the Hephaestus software 

[136]) with a minimal quantity of polyethylene glycol. The resulting powder was 

then uniaxially pressed into a 10-13 mm pellet to create a homogeneous pellet 

without pin holes. Calibration, dead time correction [160], integration, 

normalisation, background subtraction of XAS data was achieved using the 

Athena software package [136]. The spectra were analysed using linear 

combination fitting (LCF) to estimate the ratio of Ce3+:Ce4+ in each product, 

using standard reference compounds of CeO2 (Ce4+) and CePO4 (monazite; 

Ce3+). Spectra were fitted over the range 5700 – 5760 eV, under the constraint 

that the fractional weights of the reference spectra sum to unity. Note that the 

Ce L3-edge XANES of CePO4 presents a single intense feature on the rising 

absorption edge, whereas CeO2 presents three features, of lower relative 

intensity, for which the corresponding final state electron configurations were 

previously assigned [164], [217]–[219]. 

7.2.2.4 Compositional analysis 

The composition of HIPed zirconolites were measured by X-ray fluorescence 

(XRF) spectroscopy prior to dissolution experiments. Powder samples were 

analysed by AMG Analytical Services using a Panalytical PW 2404 system 

with a Rh X-ray source under vacuum on pressed pellets.  

7.2.3 Dissolution experiments 

A derivative of the PCT-B methodology was used to complete these 

experiments [101], In order to accelerate the release of elements in 

concentrations that could be conveniently measured using ICP-MS, an 

aggressive leachant was used (0.01 M HNO3). A percussion mortar was used 

to crush HIPed ceramic wasteform materials and sieved to retain the 75 – 150 

µm size fraction. The resulting powder was sonicated in isopropanol to remove 

adhered fines and dried overnight at 90 ± 2 °C. Pycnometry, using a 

Micromeritics Accupyc 1340 II gas pycnometer, was used to measure the 

density of each powder. The geometric geometric surface area (SA) of each 

material was calculated using these density measurements. The cleaned 
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powder was placed into a 60 mL PFA Teflon vessel with 40 mL of 0.01 M 

HNO3 solution (pH = 2), to give a surface area to volume ratio (SA/V) equal to 

100 m-1. Triplicate sample and blank vessels were prepared and placed into 

an oven at 90 °C. The vessels were removed from the oven and allowed to 

cool to room temperature at each sampling time point (1, 2, 3, 4, 7 and 10 d). 

An aliquot of leachate (0.4 mL) was removed from each vessel, diluted using 

10 mL of ultra high quality (UHQ, 18 MΩ cm-1) water and passed through a 

PTFE syringe filter. Each vessel was then sealed, weighed and returned to the 

oven, and removed again at the next sampling time point. Upon completion of 

the experiment, each solution was analysed to measure the elemental 

concentration using an ICP-MS (Thermofisher iCAP RQ). The normalised 

mass loss (NLi) of elements from the zirconolite ceramics were calculated 

using Equation 7.1, where: NLi – normalised mass loss (g m-2) of element i, ci 

– concentration of element i in leachate (mg L-1), ci,b – concentration element 

i in blank (mg L-1), fi – fraction of element i in the ceramic and, SA/V – surface 

area to volume ratio (m- 1). 

 

𝑁𝐿௜ =
(𝑐௜ − 𝑐௜,௕)

𝑓௜
   𝑆𝐴

𝑉ൗ
 

 

𝑁𝑅௜ =  
𝑁𝐿௜

𝑡
 

 

The normalised dissolution rate (NRi) in g m-2 d-1 was calculated using 

Equation 7.2, where t is the dissolution time in d. The SA/V was adjusted at 

each sampling time point to account for the evaporative losses and leachant 

removal at each time point. The total volume sampled from each vessel was 

< 10% of the initial solution volume, ensure that the SA/V was not adjusted 

significantly throughout the experiment.  

 

  

(7.1) 

(7.2) 
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The elemental composition and pH of the leachates was used to perform 

geochemical modelling using PhreeqC v.3 software [163]. The LLNL database 

[144] was selected, in order to find the saturation indices (SI) of mineral phases 

from the database. The SI of a phase was calculated in this software using 

Equation 7.3, where: IAP – ion activity product for the phase and Ks0 is the 

standard solubility constant of the phase. 

 

𝑆𝐼 = log ቆ
𝐼𝐴𝑃

𝐾௦
଴ ቇ 

 

 Results and discussion 

7.3.1  Characterisation of wasteforms 

In this study, four fluorite related ceramic formulations previously developed 

for the immobilisation of PuO2 were fabricated using HIPing as the thermal 

treatment method. This synthesis method was used to improve the resulting 

microstructure of the wasteform at reduced temperatures. Each formulation is 

characterised separately below, with a comparison of the impact of the 

deduced phase assemblage on the relative chemical durability of each 

ceramic. This will enable a discussion on the suitability of HIPing of these 

wasteforms.  

7.3.1.1 (Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7 (zirconolite A) 

Zirconolite A has a formulation which targeted substitution of Ce (0.2 formula 

units (f.u.)), Hf (0.2 f.u.) and Gd (0.1 f.u.) onto the Ca site and Gd (0.1 f.u.) on 

the Zr site. In Figure 7-1, the powder XRD pattern for zirconolite A, revealed 

Bragg reflections that were indexed to zirconolite 2M and zirconolite 4M, with 

weak reflections assigned to perovskite. Quantitative phase analysis (QPA), 

using the Rietveld method demonstrated that the wasteform contained two 

zirconolite polytypes, 2M and 4M, which totalled 97.5 wt.% of the wasteform. 

The full composition consisted of zirconolite 2M = 49.2(4) wt.%, zirconolite 4M 

= 48.3(4) wt.% and perovskite = 2.6(3) wt.%. Analysis of the fitted unit cell 

(7.3) 
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parameters for zirconolite 2M, a = 12.4938(5) Å, b = 7.2875(3) Å, c = 

11.3865(5) Å exhibited unit cell expansion compared to the reported literature 

values (a = 12.4430 Å, b = 7.2729 Å, c = 11.3809 Å [79]). This was expected 

following the substitution of cations with larger radii onto the Ca and Zr sites 

(e.g. Ce and Gd, see Table 7-2).  

 

Figure 7-1 – Powder XRD pattern of (Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7 

(black line), showing the Rietveld refinement fit (red line) and difference 

(green). Bragg reflections labelled for zirconolite 2M and 4M, with (hkl) 

values labelled for zirconolite 2M. Rp = 5.86 and Rwp = 8.17 %.  
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Table 7-2 – Coordination number of each ion targeting the Ca and Zr 

sites of zirconolite [88].  

 

Ion 
Target site ionic radius (Å) 

Ca2+ (8-fold) – 1.12 Å Zr4+ (7-fold) – 0.78 Å 
Ce3+ 1.14 1.07 
Ce4+ 0.97 0.92 
Pu4+ 0.96 0.91 
Gd3+ 1.05 1.00 
Hf4+ 0.83 0.76 

 

Representative BSE micrographs of zirconolite A are shown in Figure 7-2, 

which shows a fully densified material with two phases; a phase of light grey 

contrast and another of dark grey contrast. EDX maps in Figure 7-2 presented 

a Zr/Hf enrichment and depletion of Ce/Gd in the dark phase, with the trend 

reversed for the light phase (Ce/Gd rich, Zr/Hf deficient). This was confirmed 

by the EDX determined compositions for each phase (assuming oxygen 

stoichiometry, given the low sensitivity of EDX to oxygen determination): dark 

grey phase, Ca0.91(7)Zr0.51(9)Ce0.15(1)Gd0.17(2)Hf0.24(5)Ti2.02(1)O7 (implying, Ce3.9+); 

and light grey phase, Ca0.89(7)Zr0.55(9)Ce0.23(6)Gd0.17(2)Hf0.12(4)Ti2.04(1)O7 (implying 

Ce3.7+). When considering this result alongside the XRD analysis (Figure 7-1), 

the dark phase was assigned as zirconolite 2M and the light phase assigned 

as zirconolite 4M. The perovskite phase identified by XRD was not observed, 

which could be due to having a similar contrast to the dark phase, and/or being 

present in a small quantity.  

 

Figure 7-3 shows the Ce L3-edge XANES of zirconolite A alongside Ce3+ and 

Ce4+ reference spectra. Linear combination fitting of the spectra show Ce has 

an average oxidation state of Ce3.63(3)+. The partial reduction of Ce4+ to Ce3+ is 

likely induced by the nickel HIP can under processing conditions, with 

consequent oxidation of Ni0 to Ni2+. This was reported in other work, where an 

oxidation state of Ce4+ could not be achieved in zirconolites when processed 

under similar conditions by HIP [189], [215]. The Ce L3 XANES determined Ce 

oxidation state is representative of the bulk sample and averages over all Ce 
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bearing phases. Nevertheless, it can be considered representative of the 

average Ce oxidation state within the zirconolite phase, given the trace 

abundance of the (potentially Ce-bearing) perovskite phase. The average Ce 

oxidation state is in reasonable agreement with that implied from semi 

quantitative EDX analysis, within uncertainties.  

 

 

Figure 7-2 – BSE micrographs of the bulk of 

(Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7, with low magnification image (top) 

and high magnification image (bottom) with EDX maps and EDX 

spectra of the light grey and dark grey regions observed.  
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Figure 7-3 – Ce L3-edge XANES spectra of 

(Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7 (zirconolite A), showing the LCF fit 

with CePO4 and CeO2 reference spectra.  

 

Overall, for zirconolite A, the Pu surrogate and neutron absorbers were fully 

incorporated into the wasteform. The presence of a small quantity of 

perovskite measured by QPA alongside a contribution of Ce3+ to the average 

oxidation state, indicates that the perovskite phase is likely to have been Ce-

bearing within this wasteform since Vance et al. demonstrated that 0.1 f.u. 

Ce3+ could be accommodated onto the perovskite structure without the 

requirement for charge balancing species [86]. Despite being a target host 

phase for actinides in SYNROC [231], perovskite has displayed significantly 

reduced chemical durability compared to zirconolite [95], therefore the 

presence of this secondary phase should be avoided. When considering that 

the reduction potential of Pu is much lower than that of Ce, it is to be expected 
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that Pu would remain as Pu4+ under these processing conditions, reducing the 

probability of stabilising deleterious secondary phases such as perovskite, 

even in trace quantities [89], [223], [239], [240].There were also two different 

zirconolite polytypes produced in this material, zirconolite 2M and zirconolite 

4M, the latter of which has higher Ce wasteloading due to greater cation 

incorporation into the structure [91]. The formation of the zirconolite 4M 

polytype was expected since the target site for the waste loading is the Zr site 

[90]. This is due to the difference in ionic radii between the target site and the 

Ce/Gd causing restructuring of the unit cell to accommodate the larger ions 

[89]. The transition from the 2M to 4M polytype is reported for substitution of 

0.1 – 0.2 f.u. of Ce onto the Zr site, therefore this observation is in agreement 

with the literature [87], [139], [241]. However, it is currently unknown whether 

the polytype formed has any effect on the dissolution performance of the 

materials.  

7.3.1.2 (Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7 (zirconolite B) 

The zirconolite B formulation targeted 0.2 f.u. Ce and 0.1 f.u. Gd on the Ca 

site, plus 0.2 f.u Hf and 0.1 f.u. Gd on the Zr site, with 0.2 f.u. Mg on the Ti site 

for charge compensation. Figure 7-4 shows the powder XRD pattern for 

zirconolite B, with Bragg reflections indexed to zirconolite 2M and zirconolite 

3T. Quantitative phase analysis (QPA), using the Rietveld method revealed 

that only zirconolite polytypes were formed (no secondary phases), comprising 

95.8(4) wt.% zirconolite 2M and 4.2(4) wt.% zirconolite 3T. Analysis of the unit 

cell parameters for zirconolite 2M, a = 12.4950(9) Å, b = 7.2826(6) Å, c = 

11.4182(9) Å, showed expansion of the unit cell compared to reported 

literature as expected with the substitution of cations with larger radii (Ce and 

Gd, see Table 7-2) onto the Ca and Zr sites. There was also an expansion of 

the unit cell compared to zirconolite 2M phase of the zirconolite A formulation. 

This is consistent with greater incorporation of Ce/Gd/Hf, since the majority of 

Ce/Gd/Hf will reside in the dominant zirconolite 2M phase in zirconolite B 

compared to across two polytypes for zirconolite A, as demonstrated in Figure 

7-2. 
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Figure 7-4 - Powder XRD pattern of zirconolite B 

((Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7) (black line), showing the 

Rietveld fit (red line) and difference (green). Bragg reflections labelled 

for zirconolite 2M and 3T, with (hkl) values labelled for zirconolite 2M. 

Rp = 6.81 % and Rwp = 9.56 %. 

A representative BSE micrograph of the zirconolite B formulation is shown in 

Figure 7-5, which presents a fully densified bulk zirconolite of mid grey 

contrast. The EDX maps show very little difference in the composition across 

the bulk, with individual EDX spectra in close agreement. The average EDX 

derived composition was, assuming oxygen stoichiometry 

Ca0.68(4)Zr0.81(6)Ce0.13(4)Gd0.11(2)Hf0.11(1)Ti1.92(8)Mg0.23(3)O7 (implying, Ce3.7+). The 

trace zirconolite 3T phase was not distinctively observed in the SEM 

micrographs, presumably due to a composition, and hence contrast, similar to 

the major zirconolite 2M polytype.  
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Figure 7-5 - BSE micrographs of the bulk of zirconolite B 

((Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7), with EDX maps and EDX 

spectra. 
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Figure 7-6 shows the Ce L3-edge XANES of zirconolite B alongside Ce3+ and 

Ce4+ reference spectra. Linear combination fitting of the spectra showed that 

Ce has an average oxidation state of Ce3.67(3)+, induced by redox interaction 

with the HIP can. This determination is in good agreement with that implied 

from semi quantitative EDX analysis, within uncertainties. 

 

 

Figure 7-6 - Ce L3-edge XANES spectra of 

(Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7 (zirconolite B), showing the 

LCF fit with CePO4 and CeO2 reference spectra. 

 

The zirconolite B formulation crystallised primarily as the zirconolite 2M 

polytype, with a trace of the 3T polytype, whereas the zirconolite A formulation 

afforded both zirconolite 2M and 4M polytypes in equal proportion (a trace 

quantity of perovskite was also formed in zirconolite A). Both formulations 



215 
 
 

effectively immobilised the Ce inventory, with no evidence for significant 

unincorporated CeO2. 

7.3.1.3 Gd2(Zr1.6Ce0.2Hf0.2)O7 (Pyrochlore) 

The pyrochlore formulation targeted 0.2 f.u. of Ce and Hf onto the Zr4+ site. 

Figure 7-7 shows the powder XRD pattern for Gd2(Zr1.6Ce0.2Hf0.2)O7, with 

Bragg reflections that were indexed to pyrochlore, CeO2 and zirconia. 

Quantitative phase analysis (QPA), using the Rietveld method afforded the 

following phase assemblage: 70(3) wt.% pyrochlore, 1.5(2) wt.% CeO2, and 

28(2) wt.% zirconia. Analysis of the fitted unit cell parameters for 

Gd2(Zr1.6Ce0.2Hf0.2)O7, a = 10.5970(9) Å showed expansion of the unit cell 

compared to reported literature for Gd2Zr2O7 (a = 10.5327(4) Å [242]) which 

was expected due to the substitution of cations with larger radii onto the Zr 

site.  

 

Figure 7-8 depicts a representative BSE micrograph of the 

Gd2(Zr1.6Ce0.2Hf0.2)O7, formulation which revealed a heterogeneous material 

with minimal porosity. Four distinct phases were identified with the bulk 

material observed as mid grey in contrast and each secondary phase 

characterised by an enrichment in: Hf (bright contrast), Zr (dark grey contrast), 

or Ce (mid grey contrast, indistinguishable from the bulk). Note that Ce L3 

XANES determined an average Ce oxidation state of Ce3.95(1)+, for this 

formulation, as discussed below. EDX spectra for each phase are shown in 

Figure 7-8, with the average composition for each phase calculated as: bulk, 

pyrochlore Gd2.05(10)(Zr1.66(10)Ce0.16(3)Hf0.14(9))O7 (implying Ce4.0+, on 

assumption of oxygen stoichiometry); zirconia solid solutions, Hf-rich, 

Gd0.35(5)Hf0.43(5)Zr0.21(3)O2-x (implying x ≈ 0.19), and Zr-rich, Zr0.74(7)Gd0.25(7)O2-x 

(implying x ≈ 0.19); and ceria solid solution, Ce0.53(9)Gd0.23(6)Zr0.23(6)O2-x 

(implying x ≈ 0.19, for Ce4.0+). The estimated oxygen non-stoichiometry is 

within the range of 0.00 < x <0.23 reported for fluorite structured CeO2 – Gd2O3 

– ZrO2 solid solutions [243] The EDX compositions were calculated in 

conjunction with XRD data to assist in making the assumptions regarding the 

oxygen stoichiometry for each composition. Notwithstanding, the trace ceria 
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solid solution, the CeO2 inventory is otherwise immobilised in the target 

pyrochlore phase, which is formed with two zirconia solid solution phases rich 

in either Zr or Hf. This is also represented in the XRD pattern in Figure 7-7, as 

a broadening and shift of the peaks.  

 

 

Figure 7-7 - Powder XRD pattern of the Gd2(Zr1.6Ce0.2Hf0.2)O7 specimen 

(black line), showing the Rietveld refinement fit (red line) and difference 

profile (green). Bragg reflections labelled for Gd2Zr2O7, cubic ZrO2 and 

CeO2, with (hkl) values labelled for Gd2Zr2O7.Rwp = 4.39 % and Rp = 3.19 

%. 
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Figure 7-8 - BSE micrographs of the bulk of Gd2(Zr1.6Ce0.2Hf0.2)O7, with 

low magnification (top) and low magnification (bottom). EDX maps and 

EDX spectra for each of the four phases identified: bulk pyrochlore, Hf-

rich phase, Ce-rich phase and Zr-rich phase. 
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Figure 7-9 shows the Ce L3-edge XANES data of Gd2(Zr1.6Ce0.2Hf0.2)O7 

alongside Ce3+ and Ce4+ reference spectra. Linear combination fitting of the 

spectra show Ce has an average oxidation state of Ce3.95(1)+. The target 

oxidation state for Ce in the pyrochlore formulation is Ce4+ which shows that 

minimal reduction of Ce had occurred for this composition despite being 

synthesised using the same processing conditions as zirconolite A and 

zirconolite B. This is likely due, in part, to the absence of perovskite phase in 

the pyrochlore formulation, which is known to incorporate Ce3+. However, even 

synthesis of simple single phase zirconolite 2M compositions in air, show 

some autoreduction of Ce4+ to Ce3+, irrespective of whether the formulation 

targets Ce substitution at the Ca or Zr site [204], [241]. This suggests that 

zirconolite structure may be effectively stabilised by incorporation of Ce3+, 

which is facilitated by interaction of the HIP canister in these formulations.  

 

 

Figure 7-9 - Ce L3-edge XANES spectra of Gd2(Zr1.6Ce0.2Hf0.2)O7 

(pyrochlore), with CePO4 and CeO2 reference spectra. 
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The synthesis of this pyrochlore formulation resulted in a heterogeneous 

material which demonstrated that Ce, Gd and Hf were not fully incorporated 

into the pyrochlore structure. This is postulated to be due to the refractory 

nature of the pyrochlore structure, which provides additional challenges when 

synthesising these materials, but a characteristic which ensures pyrochlores 

are an excellent candidate for nuclear waste immobilisation [74], [244]. Figure 

7-8 demonstrated that Ce was associated with a share of the neutron 

absorbing cations (Hf, Gd) in each phase (the bulk, Ce-rich and Hf-rich 

phases), ensuring that subcriticality could be maintained. Since this material 

was milled under the same conditions as zirconolite A and zirconolite B, this 

suggests that diffusion of the reagents was slower in this material, therefore 

more aggressive milling conditions could produce a single phase pyrochlore 

with an identical heat treatment. Increasing the synthesis temperature from 

1350 °C to > 1500 °C could also improve the phase assemblage formed, as 

reported by Hyatt et al. [238] and Stennett et al. [236] when synthesising this 

composition using CPS, however this is not possible with the limitations on the 

upper processing temperature of HIPing using Ni canisters. 

7.3.1.4 (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-x (cubic zirconia) 

The powder XRD pattern for the (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-x cubic 

zirconia formulation is shown in Figure 7-10, with Bragg reflections that could 

only be indexed to cubic zirconia. Quantitative phase analysis (QPA), using 

the Rietveld refinement method confirmed that the zirconia wasteform was 100 

wt.% cubic zirconia. Analysis of the fitted unit cell parameters for cubic 

zirconia, a = 5.1603(1) Å, once again showed considerable expansion of the 

unit cell compared to reported literature of cubic ZrO2 (a = 5.1291(4) Å [245]).  
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Figure 7-10 - Powder XRD pattern of (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-d 

(black line), showing the Rietveld refinement fit (red line) and difference 

(green). Bragg reflections labelled for cubic ZrO2, with (hkl) values 

labelled for cubic ZrO2. Rwp = 10.86 % and Rp = 7.83 %.  

 

Figure 7-11 shows representative BSE micrograph of nominal composition 

(Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-x, which displays a fully densified material with 

two distinct phases present. The bulk material was mid grey in contrast with 

smaller regions of bright contrast, EDX spectra showed that the latter was 

enriched in Hf, compared to the former. Note that Ce L3 XANES determined 

an average Ce oxidation state of Ce3.73(1)+, for this formulation, as discussed 

below. The average composition for each phase was calculated using semi-

quantitative EDX analysis with results as follows: bulk, 

Ca0.10(1)Zr0.80(2)Ce0.03(1)Hf0.03(1)Gd0.04(1)O2-x (implying x = 0.12, for Ce3.7+); and 



221 
 
 

for the bright phase, Ca0.12(2)Zr0.66(4)Ce0.04(1)Hf0.16(4)Gd0.03(1)O2-x (implying x = 

0.13, for Ce3.7+). Again, the estimated oxygen non-stoichiometry is within the 

range of 0.00 < x <0.23 reported for fluorite structured CeO2 – Gd2O3 – ZrO2 

solid solutions [243]. These results confirm that in the bright phase, Hf 

enrichment occurred as a substitute for Zr in the structure. This suggests that 

there are two solid solutions present in the material, a Hf-rich solution and a 

Zr-rich solution, however, Ce was fully incorporated into these solutions as 

there is no free CeO2 identified in the XRD/SEM analysis. The bright and dark 

phases are postulated to both form the cubic zirconia structure, since there 

are no other peaks identified in the XRD pattern (Figure 7-10). 
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Figure 7-11 - BSE micrograph of the bulk of 

(Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-x formulation with EDX maps and EDX 

spectra for each of the two phases identified with light contrast Hf-rich 

phase and dark contrast Zr-rich phase. 
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Figure 7-12 shows the Ce L3-edge XANES of (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-

x alongside Ce3+ and Ce4+ reference spectra. Linear combination fitting of the 

spectra show Ce has an average oxidation state of Ce3.72(2)+. The target 

oxidation state for Ce in this composition is Ce4+ to maintain charge balance 

in the system, however oxygen vacancies can allow for charge balance in this 

material, which evidently facilitate redox interaction with the HIP can, to form 

Ce3+. 

 

 

Figure 7-12 - Ce L3-edge XANES spectra of 

(Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-x (cubic zirconia formulation), showing 

the LCF result with CePO4 and CeO2 reference spectra. 
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Cubic zirconia doped with 0.05 f.u. of Ce, Hf and Gd was successfully formed 

with a fully densified microstructure with minimal porosity, showing some 

heterogeneity with respect to the relative concentration of Hf and Zr across the 

specimen. This was postulated to occur due to insufficient mixing of the 

reagents used. Increasing the synthesis temperature to > 1500 °C could 

improve the overall homogeneity of the sample as observed in the literature 

[237], however there are limitations caused by the melt temperature of 

containment materials, such as stainless steel and nickel, when HIPing. As 

with the pyrochlore formulation, increasing the duration of milling could 

improve the phase assemblage of the wasteform produced, or perhaps using 

a planetary mill for more aggressive size reduction of the reagents prior to 

HIPing. A wet synthesis route, to produce a (Zr,Hf,Gd,Ca)O2 precursor, would 

also be advantageous as the material would have increased homogeneity due 

to reaction prior thermal treatment using HIPing [246]. 

7.3.2 Compositional analysis 

A comparison between the composition of batched materials and the 

composition determined using XRF is shown in Table 7-3. The batched 

composition and XRF composition were in agreement within the expected 

errors. However, the phase assemblage observed in upon characterisation did 

not produce single phase materials as targeted. The synthesis of zirconolite A 

resulted in the formation of two different zirconolite polytypes, 2M and 4M, 

along with a small quantity of perovskite. Two zirconolite polytypes were also 

formed in zirconolite B, zirconolite 2M and zirconolite 3T. A heterogeneous 

phase assemblage was observed when characterizing pyrochlore, dependent 

upon the enrichment of Ce, Hf and Gd observed. Two fluorite solid solutions, 

one Zr-rich and another Hf-rich, were observed for the cubic zirconia 

produced. From this perspective, the zirconolite and cubic zirconia 

formulations could be considered as the most successful, effectively achieving 

full immobilisation of the CeO2 surrogate inventory, in contrast to the 

pyrochlore formulation. In making the safety case for geological disposal of 

ceramic wasteforms for plutonium immobilisation, it would be preferable for 

the Pu inventory to be incorporated in a single phase, to avoid the complication 
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of modelling Pu and neutron poison release from multiple phases. Against this 

consideration, the zirconolite B formulation is arguably superior, affording a 

yield of 95.8(4) wt.% zirconolite 2M, with trace zirconolite 3T. 

 

Table 7-3 - Comparison of the batched composition and XRF results for 

each HIPed ceramic formulation. 

 

7.3.3 Durability assessment 

Modified PCT-B tests were performed on each HIPed ceramic material to 

assess the effect of the phase assemblage on their relative chemical durability, 

as well as the relative dissolution rate of the PuO2 surrogate and neutron 

absorbers. Aggressive leaching conditions were implemented (0.01M HNO3 at 

90 °C) to ensure that kinetic dissolution data could be obtained on short time 

scales (< 28 d), enabling rapid evaluation of comparative dissolution 

behaviour.  

  

 Zirconolite A Zirconolite B Pyrochlore Cubic Zirconia 

Element Batched 
XRF 

(± 0.1) 
Batched 

XRF 
(± 0.1) 

Batched 
XRF 

(± 0.1) 
Batched 

XRF 
(± 0.1) 

 wt.% 

Ca 9.38 7.97 7.19 6.08 0.00 0.00 3.13 2.96 

Zr 11.86 11.92 16.37 15.62 22.95 22.56 53.37 50.62 

Ti 24.89 24.21 22.09 21.78 0.00 0.09 0.00 0.12 

Mg 0.00 0.00 1.25 1.03 0.00 0.00 0.00 0.00 

Gd 8.18 8.08 8.06 7.77 49.43 49.64 6.13 7.29 

Ce 7.29 7.08 7.18 6.95 4.40 5.24 5.46 6.16 

Hf 9.28 9.26 9.15 9.16 5.61 5.62 6.96 6.96 

O 29.12 31.49 28.71 31.60 17.61 16.66 24.95 25.88 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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The normalised mass loss (NLi) for each element is shown in Figure 7-13 

(zirconolite A and zirconolite B) and Figure 7-14 (pyrochlore and cubic 

zirconia), and the normalised dissolution rates are shown in Table 7-4. The 

concentration of Zr and Hf for all wasteforms were below the limits of detection 

for the ICP-MS.  

 

Figure 7-13 - Normalised elemental mass loss (NLi) of Ca, Ti, Gd and Ce 

for PCT-B tests on zirconolite A (dark green) and zirconolite B (light 

green). 

 

The NLi for all elements in zirconolite A and zirconolite B compositions were 

constant within error for the duration of the experiment, which indicates that 

solution equilibrium was rapidly attained. The dissolution of zirconolite A and 

zirconolite B was incongruent, where elements such as Ca leached more 

rapidly than Ti, Ce and Gd, with the highest NLi observed for Ca (0.1 - 0.2 g 
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m-2 at 10 d). The normalised mass loss for Ce, Gd and Ti was approximately 

three orders of magnitude lower than for Ca (0.5 – 5 x 10-4 g m-2 at 10 d). The 

general trend of NRCe for the materials investigated in this study is: pyrochlore 

< cubic zirconia < zirconolite A < zirconolite B. A similar trend was displayed 

for NRGd, however the release rate of Gd was at least one order of magnitude 

lower. This is with the exception of the pyrochlore formulation, where the 

release of Gd into solution is greater than for Ce, attributed to the multiphase 

nature of this wasteform, with the presence of 1.5 wt.% (Ce, Gd)O2-x identified 

in Figure 7-7. 

Table 7-4 – NRi for each composition calculated from d 4 – 10. Errors in 

parentheses. 

 

 

Geochemical modelling (using PhreeqC) was used to determine which 

secondary crystalline phases were saturated with respect to the solution, 

based on elemental concentration analysis and pH values from PCT-B 

experiments. For the zirconolite A and zirconolite B formulation experiments, 

anatase and rutile were the only phases predicted to be saturated in solution, 

giving a SI of between 1 and 2. Such behaviour has previously been reported 

for zirconolite materials [112], [247] and of SYNROC materials [96], and it is 

possible that the lower NRCe observed for these materials, when compared 

with pyrochlore and cubic zirconia, occurs because the Ti-containing 

precipitates form a passivating layer.  

 

Zirconolite A and zirconolite B proved to be the most durable of all of the 

materials, which could be attributed to their single phase nature. The small 

quantity of perovskite in zirconolite A may have contributed to the higher NRCe 

Composition 
NRi (g m-2 d-1) 

Ca Ti Ce Gd 
Zirconolite A 0 0 2.4(1) x 10-5 1.8(4) x 10-6 
Zirconolite B 1.0(1) x 10-3 0 0 0 
Pyrochlore - - 3.3(2) x 10-3 1.5(1) x 10-2 

Cubic zirconia - - 3.7(4) x 10-4 5.9(5) x 10-5 
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of this material when compared to zirconolite B. It is also possible that the 

different polytypes of zirconolite dissolve at different rates, i.e. the combination 

of 2M and 4M in zirconolite A result in greater dissolution than 2M and 3T in 

zirconolite B, however the data presented here are insufficient for such a 

conclusion to be drawn.  

 

 

Figure 7-14 - Normalised elemental mass loss (NLi) of Gd and Ce for 

PCT-B tests on pyrochlore (orange) and cubic zirconia (red). 

 

The normalised mass loss of Ce was approximately twice that of Gd for both 

zirconolite formulations, even when errors and scatter are taken into 

consideration. However, Gd is present in a concentration at least an order of 

magnitude greater than required to maintain post-closure sub-criticality under 

the most pessimistic and conservative assumptions. No release of Zr or Hf 

was detected from either zirconolite formulation, which indicates that retention 

of Hf as a neutron poison will ensure the residual material is also maintained 

sub-criticality. This behaviour, when combined with the extremely low release 

rates of Ce and Gd provides confidence in the performance of both zirconolite 

formulations as ceramic wasteforms for Pu disposition. The performance of 

the cubic zirconia and pyrochlore phases may also be acceptable, if further 

optimised, in particular to achieve Ce and neutron poison partitioning into a 

single phase. However, these zirconate formulations are much more refractory 
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in comparison with the titanate zirconolite formulations [22], [248], and the 

relatively slow reaction kinetics afforded a multi-phase assemblage and 

microstructure in the current work. The HIP process temperature cannot be 

realistically increased and, therefore, one or a combination of increased dwell 

time, compositional modification, more reactive reagents, and aggressive 

milling. 

 

When compared with the literature dissolution experiments performed in UHQ, 

each wasteform, with the exception of pyrochlore, had an NRCe value of 

approximately one order of magnitude greater. This result was to be expected 

due to the aggressive leachant implemented here, where the U release rate 

from zirconolite at pH = 2 was report to be approximately one order of 

magnitude greater than at pH = 6, at 75 °C by Roberts et al. [249]. The higher 

Ce/Gd dissolution rates presented for pyrochlore when compared with the 

literature values in UHQ, which are three orders of magnitude lower [210], 

[230], are due to the multiphase nature of the pyrochlore synthesised in the 

present investigation. In agreement with other published data on titanate 

ceramic dissolution [113], this serves to highlight the role of secondary phases 

in dissolution and the importance of developing single phase wasteforms, 

where the Pu/Ce inventory is fully incorporated into the target phase. 

Performing durability analysis on optimised homogeneous materials is 

required to develop understanding of the behaviour of the materials relative to 

the other wasteforms. As such, durability experiments should be repeated with 

an optimised pyrochlore to fully assess the chemical durability in fair 

comparison.  

 Conclusion 

Four ceramic materials based upon the fluorite structure, including zirconolite, 

zirconate pyrochlore and cubic zirconia were synthesised for the 

immobilisation of PuO2 using hot isostatic pressing as a thermal treatment 

method. CeO2 was used as a PuO2 surrogate, with the addition of neutron 

absorbers (Gd/Hf) to provide a preliminary understanding of their role in the 
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phase assemblage, and their effect on the durability of these materials. 

Zirconolite and cubic zirconia successfully incorporated Ce, Hf and Gd into the 

ceramic structure, however some heterogeneity was observed for the 

zirconate pyrochlore composition (likely due to processing conditions). 

Dissolution experiments using the PCT-B methodology in aggressive 

conditions (0.01M HNO3 at 90 °C) showed equilibrium was reached rapidly for 

Ca, Ce, Gd and Ti for the zirconolite and cubic zirconia compositions, with 

dissolution rates comparable to those reported in the literature (when the 

aggressive conditions were considered). The NRCe and NRGd were within the 

one order of magnitude for these compositions which provides confidence that 

subcriticality will be maintained in a post-closure scenario. The heterogeneity 

in the pyrochlore composition, including a (Ce,Gd)O2-x solid solution, is 

postulated to have increased the dissolution rate for Ce and Gd to three orders 

of magnitude above those reported in the literature, however, caution is urged 

as the processing conditions for this formulation were not optimised. Zirconate 

pyrochlore ceramics typically achieve NRCe, Gd = 10-5 – 10-6 g m-2 d-1, similar to 

dissolution rates measured for zirconolite and cubic zirconia in this work. In 

summary, further optimisation of the synthesis technique is required for the 

pyrochlore formulation is ensure full waste incorporation, however the 

zirconolite and cubic zirconia formulation show some promise for the 

application, where the use PuO2 could be used to further demonstrate this.  
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ABSTRACT 

Molten salt mediated synthesis of zirconolite Ca0.9Zr0.9Ce0.2Ti2O7 was 

investigated, as a target ceramic matrix for the clean-up of waste molten salts 

from pyroprocessing of spent nuclear fuels and the immobilisation of 

separated plutonium. A systematic study of reaction variables, including, 

reaction temperature, time, atmosphere, reagents and composition, was made 

to optimise the yield of the target zirconolite phase. Zirconolite 2M and 3T 

polytypes were formed as the major phase (with minor perovskite) between 

1000 – 1400 °C, in air, with the relative proportion of 2M polytype increasing 

with temperature. Synthesis under 5% H2/N2 or Ar increased the proportion of 

minor perovskite phase and reduced the yield of the zirconolite phase. The 

yield of zirconolite polytypes was maximised with the addition of 10 wt.% TiO2 

and 5 wt.% TiO2, yielding 91.7 ± 2.0 wt.% zirconolite, primarily as the 2M 

polytype, after reaction at 1200 °C for 2 h, in air. The particle size and 

morphology of the zirconolite product bears a close resemblance to that of the 

TiO2 precursor, demonstrating a dominant template growth mechanism. 

Although the molten salt mediated synthesis of zirconolite is effective at lower 
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reaction temperature and time, compared to reactive sintering, this 

investigation has demonstrated that the approach does not offer any clear 

advantage with over conventional reactive sintering for the envisaged 

application.  

Keywords: nuclear applications (E), spectroscopy (B), molten salt 

synthesis 
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 Introduction 

Pyrochemical reprocessing (pyroprocessing) is an advanced method of 

recycling spent nuclear fuel (SNF) where the U, Pu and minor actinides (MA) 

are separated from the fission products (FP) by electrorefining in a molten salt 

eutectic [250]. An advantage of pyroprocessing over conventional aqueous 

reprocessing is that a separated Pu stream is no longer generated, which 

reduces the associated proliferation risk [24]. The waste stream generated via 

this process is typically a chloride salt eutectic with entrained MA and FP, plus 

trace residual Pu. Chloride rich waste streams such as these are challenging 

to immobilise using traditional high level waste (HLW) immobilisation methods 

since the chloride anion has low solubility in borosilicate glasses, which have, 

hitherto, been applied for HLW immobilisation [3]–[7].  

 

Zirconolite (prototypically CaZrxTi3-xO7 where 0.8<x<1.35) is a crystalline 

titanate ceramic material and is the targeted actinide host phase in SYNROC 

C [139]. It exists in the space group C2/c and has several polytypes: 2M, 3O, 

3T, 4M and 6T, with the most common being the monoclinic 2M structure [84], 

[139], [223], [254]. In the 2M structure, Ca and Zr adopt 8- and 7-fold 

coordination, respectively, as CaO8 and ZrO7 polyhedra; whereas, Ti adopts 

mixed 6-fold and 5-fold coordination, as TiO6 and TiO5 polyhedra, with the 

latter site being 50% occupied [7]. Synthetic zirconolite has natural analogue 

minerals retaining lanthanides and actinides dated to be millions or hundreds 

of millions of years old, which further demonstrates its long-term radiation 

stability and chemical durability over geological timescales [77], [232], [255], 

[256]. The lanthanide and actinide elements are usually found on the Ca site 

with charge balancing cations, such as Al or Mg, on the Ti site [77], [139].  

 

Molten salt synthesis (MSS) is a method of producing ceramic materials which 

typically uses a chloride salt eutectic to reduce the diffusion distance of the 

ceramic reagents. This method generally produces a material that is 

homogeneous at a lower synthesis temperature and reaction time compared 

to traditional solid state synthesis methods [35]. The chloride salts can be 
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dissolved upon completion of the reaction to recover the synthesised ceramic 

material. Conventional solid state synthesis of zirconolite, requires reactive 

sintering at 1450 °C for several hours, often with several cycles of heat 

treatment and intermittent grinding [257]. In comparison, zirconolite can be 

synthesised at 1200 °C in only a few hours, in the presence of a NaCl:KCl 

molten salt eutectic, with a melting point of approximately 658 °C [258]. There 

are two bounding mechanisms observed in the MSS of ceramic materials: 

dissolution-precipitation and template growth [122], [259]–[263], which are 

dependent on the solubility of ceramic reagents in the salt eutectic. 

Dissolution-precipitation is favoured when all reagents are comparably soluble 

in the salt eutectic and subsequently react to form a product. Template growth 

occurs when one reagent is less soluble and acts as a template onto which 

the other more soluble reagents are deposited, at which point the product is 

formed. This mechanism allows the microstructure of the sample to be 

controlled resulting in uniform grain size and morphology [122]. 

 

This investigation seeks to develop the approach of decontaminating the 

chloride molten salt waste from pyroprocessing, by using the salt itself as a 

medium for the synthesis of a titanate ceramic wasteform to incorporate the 

long lived lanthanides, MA and trace Pu [16], [49], [52], [264], [265]. Zirconolite 

was selected as the titanate ceramic wasteform, with Ce utilised as a non-

active structural surrogate for the actinide and lanthanide elements due to 

having a similar ionic radius, accessible oxidation states, and crystal chemistry 

[140], [141], [240]. The target composition for the wasteform was 

Ca0.9Zr0.9Ce0.2Ti2O7, where Ce was substituted on both the Ca and Zr sites. 

This is a charge compensated composition, targeting an equal proportion of 

Ce3+ ions on the Ca and Zr sites, without the requirement of additional charge 

compensating species on the Ti site. The target formulation was devised to 

incorporate Ce, as a MA/Pu surrogate, at a realistic concentration for a 

conceptual ceramic wasteform.  

 

The NaCl:KCl eutectic composition was chosen as a model system relevant 

to wastes arising from pyrochemical reprocessing of mixed oxide (U,Pu)O2 
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fuels using the Dimitrovgrad Dry Process at the Research Institute for Atomic 

Reactors in Russia and early pyrochemical reprocessing of short cooled 

Experimental Reactor Breeder II metallic fuel at Argonne National Laboratory 

– West (now Idaho National Laboratory), USA [15], [266]. Additionally, a 

NaCl:KCl eutectic was used in experimental pyrochemical reprocessing of 

thorium high temperature reactor fuels undertaken at Joint Research Centre-

Institute for Trans Uranium Elements (JRC-ITU) [267]. The UK is also 

undertaking strategic assessment of pyrochemical recycle of used nuclear 

fuels, including design and demonstration of wasteforms for decontamination 

and immobilisation of lanthanides and residual actinides from alkali chloride 

molten salts. 

 

A further motivation for our research is management of the UK plutonium 

stockpile, which is projected to exceed 140 tons at the end of current 

reprocessing options [16]. A significant fraction of the plutonium stockpile will 

require immobilisation in a suitable waste form, since it is unsuitable for reuse 

in MOX fuel, which is the preferred management approach at the present time 

[15]. Some of this material is contaminated by chlorine, as a result of the 

degradation of the polyvinylchloride packaging used to store the material [28]. 

A zirconolite ceramic is the leading candidate waste form for immobilisation of 

this stockpile and, therefore, a rapid and low temperature MSS process could 

be advantageous for ceramic waste form manufacture, given the presence of 

chlorine as a contaminant. Gilbert previously established the NaCl:KCl 

eutectic to be the most advantageous for zirconolite synthesis [258], although 

the yield was only 86 wt.% after reaction at 1000 °C. In contrast, the yield of 

zirconolite was 24 wt.% in the case of CaCl2:NaCl eutectic at 1000 °C, 

whereas zirconolite failed to form when utilising a MgCl2:NaCl eutectic. Note 

that this work focused the synthesis of the stoichiometric parent phase but did 

not consider the incorporation of a MA/Pu surrogate. Our choice of NaCl:KCl 

eutectic composition as the MSS medium was also made with due regard to 

potential application to the immobilisation of chloride contaminated plutonium 

stockpile material in a zirconolite ceramic, using Ce as a Pu surrogate. 
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 Materials and methods 

A NaCl:KCl eutectic (1:1 molar ratio) with a salt to ceramic molar ratio of 7:1 

was primarily used in this study with the aim of producing single phase Ce 

doped zirconolite, based upon the work of Gilbert [258] as referenced above. 

To optimise the yield of the target zirconolite phase, the following reaction 

variables were systematically investigated: salt to ceramic ratio (3:1 – 9:1), 

synthesis temperature (1100 °C – 1400 °C), time at synthesis temperature (2 

– 8 h), atmosphere (air, Ar or 5% H2/N2), Ce source (CeO2 or CeCl3.7H2O), 

stoichiometric or excess quantities of ZrO2 and TiO2 reagents (excess, 

respectively, of 10 wt.% and 5 wt.%).  

8.2.1 Materials 

CaO(Alfa Aesar purity 98%), TiO2 (anatase) (Sigma Aldrich, 99% purity), ZrO2 

(Sigma Aldrich, purity 99%), CeCl3.7H2O (Sigma Aldrich, >99% purity) and 

CeO2 (Fisher Scientific purity >99%) were used as reagents. NaCl (Sigma 

Aldrich, purity 99%) and KCl (Sigma Aldrich, purity 99%) were used as the 

molten salt flux. All reagents, with the exception of CaO and CeCl3.7H2O, were 

dried overnight at 180 °C before use. 

8.2.2 MSS - Ca0.9Zr0.9Ce0.2Ti2O7 

A 1:1 molar ratio of NaCl and KCl was mixed (30 Hz, 5 min) in a Fritsch 

Pulverisette 6 planetary mill with cyclohexane as a carrier fluid to produce the 

salt flux. Stoichiometric quantities of ceramic reagents were weighed 

according to the composition Ca0.9Zr0.9Ce0.2Ti2O7 and mixed using the same 

conditions as the salt flux. A short mixing time was used to prevent size 

reduction of the reagents and preserve the particle morphology, to assist later 

assessment of the role of templating or dissolution-precipitation reaction 

mechanism. A 0.5 g batch with a molar ratio of 7:1 salt eutectic:ceramic was 

mixed in a Fritsch Mini Mill 23 with cyclohexane as a carrier fluid (30 Hz, 5 

min). The resulting slurry was dried at ~95 °C, sieved through a 212 µm mesh 

to separate from the milling media. The powder was uniaxially pressed in a 10 

mm hardened stainless-steel die with a 1 ton load and held for one minute to 
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produce a green pellet. The green pellets were placed in an alumina crucible 

and heated in a muffle furnace to 300 °C for 1 h to remove any entrained 

moisture and then reacted at 1200 °C for 2 h in air with a 5 °C min-1 

heating/cooling rate. The resulting reacted pellet was crushed into a fine 

powder using a pestle and mortar. The powder was washed with deionised 

water to remove the salt flux and vacuum filtration used to recover the product.  

 

The above method was repeated with independent changes of experimental 

variables as follows: salt to ceramic ratio (3:1, 5:1 and 9:1), synthesis 

temperature (1100 °C, 1300 °C and 1400 °C), furnace atmosphere (flowing 

5% H2/N2 and Ar), furnace dwell duration (4 h and 8 h) and varying excess of 

ZrO2 and TiO2 reagents. Additionally, materials were produced using 

CeCl3.7H2O (Sigma Aldrich, >99% purity), as the MA/Pu surrogate, replacing 

CeO2 in the ceramic batch.  

 

After refinement of the experimental parameters discussed above, the 

optimum synthesis conditions were used to produce Ce doped zirconolite 

using MSS, with the resulting powder being uniaxially pressed into a ceramic 

body. The ceramic body was placed into a furnace and reacted in air at 1350 

°C for 20 h, and the resulting ceramic was characterised. 

 

8.2.3 Materials characterisation 

Powder X-ray diffraction of reagents and products was performed with a 

Bruker D2 Phaser X-ray Diffractometer with a Ni filtered Cu Kα radiation (λ = 

1.5418 Å) source, operating at 30 kV and 10 mA. Diffraction patterns were 

collected from 10° < 2θ < 70° with a step size of 0.02° 2θ and dwell time of 38 

s per step. The ICDD PDF-4+ database and ICSD sources were used to 

identify the phases present in each sample. The PDF numbers used for the 

pattern identification are: CaZrTi2O7 2M (01-084-0163), CaZrTi2O7 3T (01-

072-7510), ZrO2 (01-072-1669), TiO2 (16-934), CeO2 (01-081-0792) and 

CaTiO3 (01-082-0228). XRD patterns were refined to provide quantitative 

phase analysis using the Bruker TOPAS software [216]. 
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Secondary electron imaging of the microstructure of reagents and ceramic 

products was performed using a Philips XL 30 scanning electron microscope 

(SEM) at a working voltage of 20 kV. The powders were mixed with 

isopropanol in a beaker and placed in an ultrasonic bath. The resulting mixture 

was mounted onto aluminium pin stubs using carbon tabs, allowing for the 

isopropanol to evaporate before carbon coating.  

 

The microstructure of the final sintered ceramic body was observed using a 

Hitachi TM3030 SEM with Oxford Instruments Swift ED3000 silicon drift 

detector. Energy dispersive X-ray spectroscopy (EDX) mapping was 

processed using the Bruker Quantax 70 software with maps collected for a 

minimum of 10 min. The ceramic body was mounted in epoxy resin, polished 

to a 1 µm optical finish and carbon coated prior to analysis.  

 

The Ce oxidation state in each sample was determined from analysis of X-ray 

absorption spectroscopy data at the Ce L3 edge (5723.0 eV). Measurements 

were conducted at the National Synchrotron Light Source II (NSLS-II) at 

Brookhaven National Laboratory (Upton, New York) on beamline 6-BM. NSLS-

II operates at 3 GeV storage ring with a 400 mA current and 6-BM utilises a 3-

pole wiggler to deliver X-rays in the energy range between 4.5 and 23 keV. 

The optical arrangement consists of a parabolic collimating mirror, a Si(111) 

monochromator, a toroidal focussing mirror, and a harmonic rejection mirror. 

For this study an unfocussed beam was used, and the beam size was limited 

to 0.5 mm in the vertical and 6 mm in the horizontal using slits. An ionisation 

chamber was used to measure the incident X-ray energy and the fluorescence 

signal was collected using a SII Vortex ME4 (4-element) Si drift detector. To 

optimise collection efficiency, the samples were mounted at 45° to both the 

incident X-ray beam and the vortex detector. The fluorescence signal was 

dead-time corrected as previously described in Woicik et al. [160]. Spectra 

were recorded between 5533 and 5965 eV with energy steps of 10 eV (5533 

– 5693), 2 eV (5693 – 5713), 0.3 eV (5713 – 5783) and 0.05k (5783 – 5965). 

An accumulation time of 0.5 s step-1 was used for the first three regions and 

0.25k step-1 for the final region. Multiple scans were collected for each sample 
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and averaged to improve the signal to noise ratio. To ensure energy 

reproducibility (± 0.05 eV) a CeO2 standard was measured simultaneously with 

each sample; the CeO2 standard was placed downstream of the sample and 

the transmitted intensity was measured using an ionisation chamber. Absolute 

energy calibration was performed by measuring a Cr foil and setting the 

position of the first inflection point in the derivative spectrum to 5989 eV [193]. 

Samples, and reference compounds, were prepared by homogenising finely 

powdered sample with polyethylene glycol and uniaxial pressing to form a 13 

mm pellet with a thickness equivalent to 1 absorption length. Data reduction 

and linear combination fitting (LCF) were performed using the Athena software 

package [136] allowing the proportion of Ce3+ in each sample to be calculated. 
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 Results 

We first attempted MSS of Ca0.9Zr0.9Ce0.2Ti2O7 at 1200 °C with a 2 h reaction 

time, in air, and a salt to ceramic ratio of 7:1 on a molar basis (the synthesis 

conditions used by Gilbert to produce the parent CaZrTi2O7 zirconolite by MSS 

[258]). However, secondary phases of ZrO2 and CaTiO3 were observed 

(Figure 8-1). Based on these results, several experimental parameters were 

varied to achieve a single phase ceramic product (e.g. salt to ceramic ratio, 

temperature, dwell duration, atmosphere, Ce source, excess reagents). It is 

desirable that a single phase wasteform is obtained since the accessory 

perovskite phase may also act as a host for Ce/Pu but has comparatively poor 

aqueous durability and radiation tolerance [37]. We first investigated the effect 

of salt to ceramic ratio (3:1, 5:1, 7:1, 9:1) on the MSS of Ca0.9Zr0.9Ce0.2Ti2O7 

at 1200 °C, with a 2 h reaction time, in air. As shown in Figure S8-1, the phase 

assemblage was observed to be invariant comprising a major zirconolite 2M 

phase, minor perovskite, and trace zirconolite 3T, residual ZrO2 and TiO2 

reagents. Accordingly, the salt to ceramic ratio was fixed at 7:1, on a molar 

basis, in the middle of the range investigated for further optimisation studies. 

8.3.1  Characterisation of phase assemblage by X-ray diffraction 

 Figure 8-1 shows powder XRD patterns of the product recovered from MSS 

of nominal Ca0.9Zr0.9Ce0.2Ti2O7 over the range 1100 to 1400 °C, with a reaction 

time of 2 h in air. All XRD patterns show the formation of zirconolite 2M and 

3T polytypes, at all temperatures, together with evidence of residual ZrO2 and 

TiO2 reagents, and an accessory perovskite phase (prototypically CaTiO3). 

Quantitative phase analysis of the phase assemblage was undertaken, by 

Rietveld analysis of XRD data; the results are summarised in Table 8-1 and 

compared in Figure 8-2 (an example fit is shown in Figure S8-2). The 

quantitative phase analysis showed the overall yield of the zirconolite 2M 

phase to increase with reaction temperature, from 43.9 wt.% at 1100 °C, to 

62.1 wt.% at 1400 °C (± 1.8 wt.%). A concomitant reduction in the fractions of 

residual ZrO2 and TiO2 reagents, accessory perovskite, and zirconolite 3T 

phase, were observed, with increasing reaction temperature. The combined 
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fraction of zirconolite 2M and 3T phases increased from 54.9 wt.% at 1100 °C, 

to 74.3 wt.% (± 2.0 wt.%) at 1400 °C. The reaction temperature was not 

increased further since single phase Ce-doped zirconolites can be produced 

by conventional solid state synthesis at 1400 °C [19,20], and the MSS method 

of interest here would offer no meaningful advantage. 

 

 Figure 8-1 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS with synthesis 

temperature: (i) 1400 °C (ii) 1300 °C (iii) 1200 °C (iv) 1100 °C; the 

reaction time was 2h in air. Miller indices highlight major reflections of 

the zirconolite 2M phase. Primary diagnostic reflections of reagents 

and accessory phases are indicated by: P, CaTiO3 perovskite; T, TiO2  

rutile; Z, ZrO2; C, CeO2. 

 

Overall, these data show that at 1100 °C, the yield of zirconolite 2M was 

hindered by slow reaction kinetics, at 1200 °C and higher temperature the yield 

of zirconolite 2M was increased by reaction of reagents and conversion of the 
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zirconolite 3T to 2M polymorph. The overall yield of zirconolite phases 

increased by a greater margin when the reaction temperature was increased 

from 1100 °C to 1200 °C, compared to 1400 °C, which may reflect increased 

volatilisation of the molten salt medium. For subsequent optimisation, a 

reaction temperature of 1200 °C was selected, given the evidence for 

reasonable reaction kinetics balanced against minimising the reaction 

temperature to reduce evaporation of the molten salt and, with a view to 

process implementation, potential volatile fission products. 

 

Figure 8-2 - Quantitative phase analysis of XRD data of MSS products 

shown in Fig.8-1 and Fig.8-3 to 8-5; “excess” denotes addition of 

10 wt.% ZrO2 and 5 wt.% TiO2 to stoichiometric formulation. Unless 

otherwise stated MSS was performed at 1200 °C for 2 h in air with CeO2 

as the Ce source. 
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Table 8-1 - Quantitative analysis using Rietveld refinement on XRD patterns in Fig. 8-1 and Fig.8-3 to 8-5; “excess” 

denotes addition of 10 wt.% ZrO2 and 5 wt.% TiO2 to stoichiometric formulation. ** Refers to the material produced 

after the secondary sintering of the MSS material formed at 1200 °C for 2 h in air with CeO2 as the surrogate. 

Temperature 

(°C) 

Time 

(h) 
Atmosphere Reagent Excess 

Phase fraction (wt.%) 

CaTiO3 CeO2 TiO2 Z-2M Z-3T Z-4M ZrO2 

(± 1.0) (± 0.07) (± 0.2) (± 1.8) (± 1.5) (± 1.5) (± 0.4) 

1100 2 air CeO2 - 32.8 0.40 2.1 43.9 11.0 0 9.7 

1200 2 air CeO2 - 28.1 0.16 1.7 52.2 14.7 0 3.0 

1300 2 air CeO2 - 27.3 0.20 2.1 52.4 15.8 0 2.1 

1400 2 air CeO2 - 24.8 0.27 0.2 62.1 12.2 0 0.3 

1200 4 air CeO2 - 27.5 1.11 1.7 56.7 9.8 0 3.9 

1200 8 air CeO2 - 26.6 0.62 0.2 53.8 16.2 0 2.4 

1200 2 air CeO2 ✓ 9.4 0.26 1.8 64.3 19.3 0 3.9 

1200 2 air CeCl3 - 25.4 0.62 3.0 47.1 15.7 0 8.0 

1200 2 air CeCl3 ✓ 15.4 0.33 3.7 48.5 20.4 0 11.5 

1200 2 5% H2/N2 CeO2 - 33.3 0.58 2.1 30.7 15.9 0 17.2 

1200 2 Ar CeO2 - 40.9 0.28 8.4 29.1 5.7 0 15.6 

1350** 20 air CeO2 - 7.3 0.12 0.1 75.9 5.8 10.0 0.7 
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Figure 8-3 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS at 1200 °C for 2 h, 

with synthesis atmospheres: (i) air (ii) 5% H2/N2 (iii) Ar. Miller indices 

highlight major reflections of the zirconolite 2M phase. Primary 

diagnostic reflections of reagents and accessory phases are indicated 

by: P, CaTiO3 perovskite; T, TiO2; Z, ZrO2; C, CeO2. 

 

Following investigation of the phase assemblage produced by MSS as a 

function of reaction temperature, the effect of oxygen partial pressure was 

studied by imposing an atmosphere of 5% H2/N2 or Ar gas. Figure 3 compares 

the powder XRD patterns of the product recovered from MSS of nominal 

Ca0.9Zr0.9Ce0.2Ti2O7 at 1200 °C, with a reaction time of 2 h in air, 5% H2/N2 and 

Ar. These data and the quantitative phase analysis summarised in Table 8-1 

and Figure 8-2, show the reducing atmosphere to result in a markedly lower 

yield of zirconolite 2M and 3T phases. The combined yield of zirconolite 2M 

and 3T was 46.6 wt.% and 34.8 wt.% for the 5% H2/N2 and Ar atmosphere 

respectively, compared to 66.9 wt.% for air atmosphere (± 2.0 wt.%). Evident 
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from the quantitative phase analysis is a greater fraction of residual ZrO2 (15.6 

– 17.3 ± 0.4 wt.%), which suggests that the solubility of ZrO2 in the molten salt 

medium is strongly dependent on effective oxygen partial pressure, resulting 

in a lower yield of zirconolite and increased yield of perovskite 

(33.3 - 40.9 ± 1.0 wt.%). Ce L3 XANES data demonstrated Ce to be completely 

reduced to Ce3+, which is expected to stabilise the perovskite accessory phase 

as discussed further in Section 8.3.3, possibly assisted by the reduction of Ti4+ 

to Ti3+ within the sample. Begg and Clarke reported that annealing CaZrTi2O7 

under 3.5 % H2/N2 atmosphere results in reduction of Ti4+ to Ti3+ [259], [260], 

and the formation of a Zr rich zirconolite and perovskite. Our observations are 

consistent with this mechanism. Given the evident lower stability of the 

zirconolite phase under reducing conditions, further optimisation of the MSS 

reaction conditions applied a temperature of 1200 °C and air atmosphere.  
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Figure 8-4 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS at 1200 °C in air 

with furnace dwell durations: (i) 8 h (ii) 4 h (iii) 2 h. Miller indices 

highlight major reflections of the zirconolite 2M phase. Primary 

diagnostic reflections of reagents and accessory phases are indicated 

by: P, CaTiO3 perovskite; T, TiO2; Z, ZrO2; C, CeO2. 

 

Figure 8-4 compares the powder XRD patterns of the product recovered from 

MSS of nominal Ca0.9Zr0.9Ce0.2Ti2O7 after reaction at 1200 °C, with a reaction 

time of 2 h, 4 h or 8 h in air. These data show a broadly similar phase 

assemblage, with quantitative phase analysis, summarised in Table 8-1 and 

Figure 8-2, revealing relatively small changes in phase fraction, close to the 

estimated margin of precision. In particular, the total yield of zirconolite phases 

did not show a marked increase with reaction time, with changes being close 

to the estimated precision of ± 2.0 wt.%. This observation is consistent with 

evaporation of the molten salt medium with increased reaction time, and with 
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diffusion – reaction occurring primarily in the solid state, for which the reaction 

kinetics to yield zirconolite are known to be low at 1200 °C [19,20]. The 

quantitative phase analysis of the product from reaction at 1200 °C in air for 4 

h showed an anomalously high fraction of residual ZrO2 reagent, 

3.9 ± 0.4 wt.%, the origin of which is unclear, but is consistent with a marginally 

lower yield of the target zirconolite phase. or the purpose of further 

optimisation of the MSS process, therefore, the reaction conditions were fixed 

at 1200 °C, for a duration of 2 h, under air.  

 

With processing conditions of 1200 °C for 2 h in air, optimised from the 

investigations above, the addition of excess ZrO2 and TiO2 reagents was 

explored, with the aim of consuming the perovskite accessory phase. Figure 

5 shows the powder XRD data pattern of the product recovered from MSS of 

nominal Ca0.9Zr0.9Ce0.2Ti2O7 after reaction at 1200 °C, for 2 h, in air, with an 

excess of 10 wt.% ZrO2 and 5 wt.% TiO2 reagents. Quantitative phase 

analysis, Table 8-1 and Figure 8-2, showed that this adjustment of the reaction 

composition was successful and reduced the fraction of perovskite accessory 

phase to 9.4 ± 1.0 wt.%, with the yield of zirconolite 2M increased to 64.3 ± 

0.8 wt.%. The overall yield of zirconolite 2M and 3T phases, combined, 

increased to 83.6 ± 2.0 wt.%, with ca. 5 wt.% of unreacted reagents. 
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Figure 8-5 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS with additional 

excesses of 10 wt.% ZrO2 and 5 wt.% TiO2, and CeCl3 reagent where 

indicated: (i) 1200 °C, CeCl3, 10 wt.% ZrO2 and 5 wt.% TiO2 (ii) 1200 °C, 

CeCl3 (iii) 1200 °C,10 wt.% ZrO2 and 5 wt.% TiO2 (iv) 1200 °C; the reaction 

time was 2 h, in air. Miller indices highlight major reflections of the 

zirconolite 2M phase. Primary diagnostic reflections of reagents and 

accessory phases are indicated by: P, CaTiO3 perovskite; T, TiO2; Z, 

ZrO2; C, CeO2. 

 

The use of CeCl3 as a reagent and actinide surrogate, was also explored since 

MA and Pu will be incorporated as a chloride species with the molten salt in a 

pyroprocessing waste stream, unless precipitated as an oxide by oxygen 

sparging [37]. Figure 8-5 presents the powder XRD data pattern of the product 

recovered from MSS of nominal Ca0.9Zr0.9Ce0.2Ti2O7 after reaction at 1200 °C, 

for 2 h, in air, using CeCl3.7H2O as the Ce source, with and without an excess 

of 10 wt.% ZrO2 and 5wt.% TiO2 reagents. The overall yield of zirconolite 2M 
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and 3T phases, combined, was, respectively, 68.9 wt.% and 62.8 wt.% (± 2.0 

wt.%) for the formulations with and without an excess of 10 wt.% ZrO2 and 5 

wt.% TiO2. The use of CeCl3.7H2O evidently has a detrimental effect on the 

phase assemblage, compared to the use of CeO2, with a reduced yield of 

zirconolite. This is correlated with the residual ZrO2 phase fraction being 

approximately three times greater in the products of reaction utilising 

CeCl3.7H2O compared to CeO2, suggesting the lower yield may arise from 

lower ZrO2 solubility.   

 

Figure 8-6 - XRD patterns to compare; (i) the product of a secondary 

sintering process (1350 °C, for 20 h, in air) of the MSS product in (ii), (ii) 

Ca0.9Zr0.9Ce0.2Ti2O7  MSS; 1200 °C for 2 h in air. Miller indices highlight 

major reflections of the zirconolite 2M phase. Primary diagnostic 

reflections of reagents and accessory phases are indicated by: P, 

CaTiO3 perovskite; T, TiO2; Z, ZrO2; C, CeO2. 
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The final step in this study involved sintering of the product of 

Ca0.9Zr0.9Ce0.2Ti2O7 MSS, produced at 1200 °C, for 2 h, in air with an excess 

of 10 wt.% ZrO2 and 5 wt.% TiO2, using CeO2 as a Ce source. The sintering 

conditions were 1350 °C for 20 h in air, and X-ray diffraction, Figure 8-6, 

coupled with quantitative phase analysis, demonstrated the combined 

zirconolite 2M, 4M and 3T polymorphs to comprise 91.7 ± 2.0 wt.% of the 

phase assemblage, with the 2M polymorph (75.9 ± 1.8 wt.%) as the major 

component. A minor perovskite accessory phase was determined (7.3 ± 1.0 

wt.%) with the trace CeO2, ZrO2 and TiO2 (combined 1.0 ± 0.5 wt.%). 

8.3.2 SEM/EDX characterisation  

The scanning electron micrographs in Figure 8-7 show the morphology of each 

reagent, along with that of the Ca0.9Zr0.9Ce0.2Ti2O7 product of MSS at 1200 °C 

for 2 h, in air (with CeO2). Comparison of the particle morphology of the 

reagents and the product material, shows that the primary particle size and 

habit of the product is similar to that of the TiO2 reagent (~ 1 µm) and clearly 

differentiated from the that of the CeO2 and ZrO2 reagents, with much larger 

and smaller particle size, respectively. This suggests that template growth is 

the mechanism by which Ca0.9Zr0.9Ce0.2Ti2O7 was produced. The faceted 

nature of TiO2 reagent (see Figure 8-7 (a)) was reflected in the habit of the 

Ca0.9Zr0.9Ce0.2Ti2O7 product (Figure 8-7 (d)). However, it was evident that 

some growth in product particle size had occurred, relative to the TiO2 reagent, 

which provides evidence for a contribution of dissolution – precipitation and/or 

solid state diffusion, to the overall synthesis mechanism.  
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Figure 8-7 - SEM micrographs, in secondary electron mode, of: (A) TiO2 

(B) CeO2 (C) ZrO2 (D) Ca0.9Zr0.9Ce0.2Ti2O7 from MSS at 1200 °C, for 2h, in 

air. 

The microstructure of the sintered Ca0.9Zr0.9Ce0.2Ti2O7 ceramic is shown in 

Figure 8-8. The material comprises a majority matrix (mid grey) of the 

zirconolite 2M polymorph, with inclusions of ZrO2 (bright grey) and small 

isolated perovskite grains (dark grey). The zirconolite 3T polymorph cannot be 

differentiated from the 2M polymorph, presumably due to similar composition 

and hence back scattered electron contrast, combined with its low abundance. 

The average EDX determined composition of the combined zirconolite 2M and 

3T phases, was Ca0.95(3)Zr0.88(3)Ce0.17(2)Ti2.01(2)O7, in reasonable agreement 

with the target stoichiometry. This implies an average Ce oxidation state of 

Ce3.2+, within the zirconolite phase. 
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Figure 8-8 - SEM micrograph, in SE mode, of the surface of the ceramic 

produced after sintering of MSS product at 1350 °C for 20 h, in air, 

highlighting component phases: accessory phases are indicated by: P, 

perovskite; Z, ZrO2; and zirconolite 2M and 4M polymorphs. 

Representative EDX spectrum of the zirconolite 2M phase is shown. 

 

The zirconolite 4M phase is apparent as a small variation to the matrix 

contrast, which arises from a slightly higher Ce concentration as judged from 

EDX data. The microstructure is relatively well sintered although isolated 

porosity is apparent.   
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8.3.3 Ce L3 XANES 

Ce L3 XANES data were acquired from product materials as a probe of the 

average Ce oxidation state and are shown in Figure 8-9. The spectra were 

analysed using linear combination fitting (LCF) to estimate the proportion of 

Ce3+ in each product, using reference spectra of CeO2 (for 8-fold coordinated 

Ce4+), CeAlO3 (for 12-fold coordinated Ce3+) and CePO4 (monazite; for 9-fold 

coordinated Ce3+). Spectra were fitted over the range 5700 – 5760 eV, under 

the constraint that the fractional weights of the reference spectra sum to unity; 

the results are summarised in Table 8-2 with an example fit shown in Figure 

S8-3. Note that the Ce L3 XANES of CePO4 and CeAlO3 present a single 

intense feature on the rising absorption edge, whereas CeO2 presents three 

features, of lower relative intensity, for which the corresponding final state 

electron configurations were previously assigned [164], [217]–[219]. 

 

The Ce L3 XANES data and LCF analysis (Figure 8-9A; Table 8-2), showed 

the fraction of Ce3+ to increase with increasing reaction temperature (with 

constant reaction time of 2 h, in air), which is expected for the autoreduction 

of CeO2 [212]; this was correlated with the concomitant increase in the 

combined fraction of major zirconolite 2M and 3T polytypes, and reduction in 

the perovskite fraction, in the phase assemblage (Table 8-1). In contrast, the 

fraction of Ce3+ increased only marginally when the reaction time was 

extended from 2 h to 8 h (Figure 8-9C; Table 8-2), consistent with only a small 

increase in the combined fraction of major zirconolite 2M and 3T polytypes, 

and reduction in perovskite phase fraction (Table 8-1). Taken together, these 

data show that the total yield of zirconolite and Ce3+ fraction increase with 

increasing temperature, according to the target formulation, by reaction of the 

perovskite accessory phase and residual TiO2 and ZrO2. It is evident, however, 

that the zirconolite product must incorporate some proportion of Ce4+. 
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Figure 8-9 - Ce L3 XANES spectra of recovered product of 

Ca0.9Zr0.9Ce0.2Ti2O7 MSS in air, compared with CePO4, CeAlO3 and CeO2 

reference compounds: A) reaction at 1100 – 1400 °C for 2 h, in air; B) 

reaction at 1200 °C for 2 h using flowing 5% H2/N2, Ar or air; C) reaction 

at 1200 °C for 2 – 8 h, in air; D) reaction at 1200 °C for 2 h, in air, using 

CeO2 or CeCl3.7H2O as Ce source, with/without 10 wt.% ZrO2 and 5 wt.% 

TiO2 excess. 
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Synthesis in a reducing atmosphere showed a complete reduction of Ce with 

the fraction of Ce3+ being 100 ± 4% for both 5% H2/N2 and Ar products (Figure 

8-9B). This was accompanied by a significant decrease in zirconolite yield in 

contrast with the effect of increasing temperature on phase assemblage. This 

implies that when the Ce3+ content increases above ca. 60%, the competing 

perovskite phase is stabilised, which provides a 12 co-ordinate site to 

accommodate the larger Ce3+ species [49]. The proportion of perovskite phase 

is similar to the ~ 40 wt.% observed in the phase assemblage produced from 

conventional reaction sintering of CaZr0.6Ce0.2Ti2O7 ceramics under H2/N2 and 

Ar, with a Ce3+ content of 80 – 100% [241].  

 

Substituting CeCl3 for CeO2 as the Ce source, resulted in reduction of the Ce3+ 

fraction from 59 ± 3% to 38 ± 3%, in the products from reaction at 1200 °C for 

2 h, in air; however, this was not accompanied by a significant change in the 

overall phase assemblage. The effect of addition of 10 wt.% ZrO2 and 5 wt.% 

TiO2 to the formulation resulted in marked reduction of the Ce3+ fraction from 

59 ± 3% to 33 ± 3%, in the product from reaction at 1200 °C for 2h, in air, 

correlated with the maximum yield in of combined zirconolite 2M and 3T 

polytypes in the phase assemblage (Table 8-1); this is also the case when 

CeO2 is replaced by CeCl3, although to less extent. Taken together, these data 

demonstrate a strong effect of the addition of excess 10 wt.% ZrO2 and 5 wt.% 

TiO2 in increasing the total yield of the zirconolite product, which must 

incorporate a higher fraction of Ce4+. 
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Table 8-2 - Results of linear combination fitting of spectra from Figure 8-9; “excess” denotes addition of 10 wt.% 

ZrO2 and 5 wt.% TiO2 to the stoichiometric formulation. 

 

Temperature (°C) Time (h) Atmosphere Reagent Excess Ce3+ (%) 

1100 2 Air CeO2 - 54 ± 3 

1200 2 Air CeO2 - 59 ± 3 

1300 2 Air CeO2 - 62 ± 3 

1400 2 Air CeO2 - 71 ± 3 

1200 4 Air CeO2 - 62 ± 3 

1200 8 Air CeO2 - 53 ± 3 

1200 2 Air CeO2 ✓ 33 ± 3 

1200 2 Air CeCl3 - 38 ± 3 

1200 2 Air CeCl3 ✓ 33 ± 3 

1200 2 5% H2/N2 CeO2 - 100 ± 4 

1200 2 Ar CeO2 - 100 ± 4 
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Figure 8-10 - Comparison of quantity of Ce3+ and perovskite weight 

fraction in product materials. Black squares represent all MSS 

zirconolite materials produced at 1200 °C. Blue circles represent MSS 

zirconolite materials produced at temperatures other than 1100 °C, 

1300 °C and 1400 °C.  

 

Figure 8-10 shows a comparison between the average Ce oxidation state 

(from Table 8-2) and the weight fraction of perovskite formed in each product. 

There is a general trend of increasing perovskite content associated with a 

greater the quantity of Ce3+ in the sample at a constant synthesis temperature. 

As noted above, the competing perovskite phase provides a 12 co-ordinate 

site to accommodate the larger Ce3+ species [90], and hence the proportion of 

the perovskite phase increases with increasing Ce3+ content, which is 

generally associated with a lower yield of zirconolite. 
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 Discussion 

Ce doped zirconolite was synthesised in a NaCl:KCl molten salt eutectic, as a 

conceptual process for decontamination of pyroprocessing molten salt wastes 

and immobilisation of separated plutonium. The presence of a molten salt 

eutectic enables synthesis of zirconolite at 1200 °C in 2 h, in air, considerably 

reduced compared to conventional reaction sintering which requires e.g. 1400 

°C for 20 h. Interestingly, our investigation yields zirconolite 2M, 3T and 4M 

polytypes, with evidence for conversion of 3T to 2M, with increasing 

temperature. In contrast, similar compositions fabricated by conventional 

reactive sintering comprise only the 2M polytype, with minor 4M polytype when 

synthesised under air [48]. Our data are consistent with previous studies of 

NaCl:KCl and CaCl2:NaCl molten salt synthesis of the parent CaZrTi2O7 

zirconolite, which identified the formation of the 3T polytype, as the major 

phase after reaction at 1100 °C, giving way to formation of the 2M polytype at 

1200 °C [258]. The zirconolite 3T phase therefore appears to be a low 

temperature metastable polytype structure. 

 

Molten salt mediated synthesis yields products with a minimum Ce3+ content 

at least 33% greater than similar compositions synthesised by reactive 

sintering in air, when using CeO2 as a reagent. Therefore, the mechanism of 

Ce solubility in the NaCl-KCl eutectic appears to involve reduction of Ce4+ to 

Ce3+, yielding products with relatively high Ce3+ content. We are not aware of 

solubility data for Ce4+/Ce3+ in chloride molten salts, but this conclusion is 

consistent with chloride molten salt mediated synthesis of CeOCl from CeO2 

[268]. Interestingly, the analogous CaZr1-xPuxTi2O7 system is reported to yield 

the zirconolite 3T polytype on reduction of Pu4+ to Pu3+ and zirconolite 3T 

natural analogues are generally characterised by a high fraction of trivalent 

lanthanides [81], [89]. Hence, whilst CaZrTi2O7 can evidently be stabilised in 

the 3T polytype up to 1100 °C, incorporation of a significant Ce3+ may assist 

in stabilising this polytype to higher temperature as reported herein. 

 

Perovskite is formed as an accessory phase in all products characterised in 

this study, with increased perovskite fraction correlated with increased Ce3+ 
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fraction at constant synthesis temperature (1200 °C). As noted in the 

introduction, the formation of perovskite is undesirable since it has been shown 

to incorporate actinides but demonstrates comparably lower radiation 

tolerance and durability, with respect to zirconolite [112]. Nevertheless, the 

perovskite phase fraction could be reduced to 7.3 ± 1.0 wt.%, by adjusting the 

formulation to incorporate 10 wt.% ZrO2 and 5 wt.% TiO2, and sintering of the 

product powder, which is comparable to the perovskite phase fraction in similar 

zirconolite compositions produced by reactive sintering in air [241]. 

 Conclusion 

Molten salt mediated synthesis of zirconolite ceramics, in the context of the 

decontamination of pyroprocessing molten salt wastes to yield a zirconolite 

ceramic, has some potential. However, this approach would not offer any clear 

benefit over oxygen sparging of the salt to precipitate lanthanides and minor 

actinides as oxides, followed by recovery and immobilisation in a glass or 

ceramic matrix, since both processes would require subsequent high 

temperature melting or reactive sintering steps to produce a wasteform 

monolith. Likewise, in the context of plutonium stockpile immobilisation, 

although molten salt mediated synthesis of zirconolite reduces the required 

reaction time and temperature, the subsequent requirement for a consolidation 

step means that the molten salt method does not offer a compelling 

advantage. Nevertheless, this work has served to usefully clarify mechanistic 

aspects of the molten salt mediated synthesis of zirconolite which should 

inform future application of molten salt technology in the nuclear and wider 

fields. 
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Supplementary Figures 

Supplementary Figure 8-1 - XRD pattern of Ca0.9Zr0.9Ce0.2Ti2O7 MSS with 

salt to ceramic molar ratio: (i) 9:1 (ii) 7:1 (iii) 5:1 (iv) 3:1; the reaction 

was at 1200 °C for 2 h in air. Miller indices highlight major reflections of 

the zirconolite 2M phase. Primary diagnostic reflections of reagents 

and accessory phases are indicated by: P, CaTiO3 perovskite; T, TiO2 

rutile; Z, ZrO2; C, CeO2. 
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Supplementary Figure S8-2 - Rietveld fit of XRD data (black line) for 

QPA of the MSS Ca0.9Zr0.9Ce0.2Ti2O7 material synthesised at 1200 °C for 

2 h in air (Rp = 8.33%, Rwp = 11.55%, χ2=2.85). Fitted data is shown with 

red line and blue is the difference profile. 
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Supplementary Figure 8-3 - Example of linear combination fitting 

showing the Ce L3 edge XAS of the MSS product: 1200 °C for 2 h in air. 

Fitted using the reference spectra: CePO4, CeAlO3 and CeO2.  
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9 Conclusions 

The primary motivation for this project was to develop and characterise 

wasteforms for the immobilisation of the UK PuO2 stockpile and assess their 

chemical durability. Both glass and ceramic materials were selected for this 

purpose to assess a range of wasteforms to compare their relative advantages 

and disadvantages. Glasses have the advantage of technology readiness 

level and a flexible structure which can accommodate the incorporation of 

contaminants present in the waste stream. Ceramics, such as zirconolite, have 

improved relative long term durability with natural analogues demonstrating 

the retention of actinides for 106 – 109 years, when compared to glasses. The 

chemical durability assessment of each wasteform helped to support the 

safety case for the future implementation of these wasteform materials in a 

GDF. The viability of HIPing for the immobilisation of PuO2 in either glass or 

ceramic wasteforms was demonstrated in this project, illustrating the benefits 

of this process particularly for the PuO2 waste stream. The key findings from 

each results chapter are as follows: 

 

Chapter 4 – Alkali tin silicate glass as a wasteform for the immobilisation 

of the UK Pu stockpile 

ATS glass was demonstrated to be a candidate wasteform for the PuO2 

stockpile, with the wasteloading of CeO2 maximised by utilising the increased 

solubility of trivalent lanthanide/actinide elements. The reduction of CeO2 was 

achieved by increasing the melt temperature to induce Ce autoreduction 

and/or the addition of a reducing agent, Fe0. A wasteloading of 5.6 mol.% 

CeO2 was achieved at a melt temperature of 1100 °C, upon the addition of 

equimolar Fe0, caused by the subsequent complete reduction of Ce4+ to Ce3+. 

Caution should be exercised when interpreting these results due to the higher 

redox potential of Pu4+ when compared to Ce4+. The oxidation state and local 

coordination environment of Fe was investigated using Fe K-edge XANES, 

EXAFS and Mössbauer spectroscopy, which showed that the Fe-Ce redox 

couple oxidised Fe0 to a majority Fe3+ oxidation state in 5-fold coordination. 

The addition of Fe0 was shown to improve the short term durability of the glass 

with the NRB, Li, Na reduced by an order of magnitude, compared to the 
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equivalent Fe-free composition. This durability is of the same order of 

magnitude as other glasses investigated However, Fe containing phases were 

predicted to precipitate from solution, which are known to induce the 

resumption for forward rate dissolution in borosilicate glasses.  

 

Chapter 5 – Hot isostatic pressing of alkali tin silicate glass as a 

wasteform for the immobilisation of the UK Pu stockpile. 

The glasses with maximum wasteloading from Chapter 4 were investigated 

using hot isostatic pressing as a thermal treatment method. When HIPed at 

1100 °C, CeO2 was not fully incorporated into the glass, despite the addition 

of Fe0 to the melt and the reducing conditions induced by the SS HIP canister. 

Increasing the temperature of HIPing to 1250 °C was showed full incorporation 

into the glass network with and without the addition of Fe0 to the melt. 

Interaction between the glass and the stainless steel (SS) HIP canister at this 

temperature caused the removal of Sn from the glass, and the addition of Cr. 

Chromite crystallites and undissolved Fe metal were observed in the melt, 

however upon the dissolution of these materials, similar dissolution rates were 

observed as for the equivalent Fe-containing composition from Chapter 4. 

Overall, HIPing was shown to be a viable thermal treatment method for ATS 

glass, offering advantages of full waste accountability throughout the process, 

however further investigations into the effect of scaling this process would be 

required.  

 

Chapter 6 – The effect of charge compensating ions on the phase 

assemblage and dissolution behaviour of HIPed Ce-doped zirconolites.  

An investigation into the role of three different charge compensating ions (Al, 

Fe and Mg) on the phase assemblage and relative dissolution rate HIPed Ce-

doped zirconolite was investigated. CeO2 was used as a surrogate for PuO2 

and substituted onto either the Ca2+ or Ca2+/Zr4+ site. Zirconolite was the 

primary phase produced in each formulation, with a majority crystallising into 

the 2M polytype and small quantities of zirconolite 3T/4M also identified. Trace 

unreacted reagents and secondary perovskite were present in all formulations 

which showed to have the greatest impact on the dissolution behaviour of 

these materials. The substitution of Ce onto the Ca2+ site, and utilising the Fe3+ 
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charge compensation ion, proved to generate the most desirable phase 

assemblage, with 94 ± 2 wt.% zirconolite produced. This formulation also 

demonstrated the lowest dissolution rates (NRCe = 0.0(11) x 10-5 g m-2 d-1), 

which was comparable to leach rates for dissolution experiments completed 

on similar compositions with similar leaching conditions. Further work should 

be completed to understand the effect of the redox environment within the HIP 

canister on redox active elements. This would help to establish whether 

secondary waste bearing phases such as perovskite would be likely to form 

when using PuO2.  

 

Chapter 7 – Hot isostatic pressing and durability testing of fluorite 

related ceramic wasteforms containing neutron absorbers for PuO2 

disposition.  

Four Ce-doped ceramic materials based upon the fluorite structure were 

investigated, including zirconolite, zirconate pyrochlore and cubic zirconia, 

HIPing was used as the thermal treatment method to improve the densification 

of the materials, synthesised by CPS in previous work. Neutron absorbing 

cations (Gd/Hf) were added to each formulation provided a preliminary 

understanding of their role in the phase assemblage, and their relative 

durability compared to Ce. Ce, Hf and Gd were fully incorporated into the 

ceramic structure of the zirconolite and cubic zirconia formulations, however 

some heterogeneity was observed for the zirconate pyrochlore composition 

with the presence of a (Ce,Gd)O2-x solid solution identified. This heterogeneity 

resulted in increased the dissolution rate for Ce and Gd to three orders of 

magnitude above those reported in the literature. For the remaining three 

compositions, equilibrium was reached rapidly for the normalised mass loss of 

Ca, Ce, Gd and Ti, with dissolution rates comparable to those reported in the 

literature (when the aggressive conditions were considered). The dissolution 

rate of Ce and Gd was within one order of magnitude for these compositions, 

which suggests that subcriticality could be maintained in a post-closure GDF 

setting. In the literature, pyrochlore typically achieve NRCe, Gd = 10-5 – 10-6 g m-

2 d-1, similar to dissolution rates measured for zirconolite and cubic zirconia in 

this work. Optimisation of the synthesis of the pyrochlore composition should 
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be completed to provide a more realistic understanding of the dissolution 

behaviour of this composition, compared to the others synthesised in this work.   

 

Chapter 8 – Molten salt synthesis of Ce doped zirconolite for the 

immobilisation of pyroprocessing wastes and separated plutonium. 

Molten salt synthesis was utilised to produce a self-compensating Ce doped 

zirconolite composition, Ca0.9Zr0.9Ce0.2Ti2O7, with the aim of demonstrating the 

selective immobilisation of the entrained MA from pyroprocessing wastes. 

Several experimental parameters were adjusted to maximise the yield of 

zirconolite and eradicate the deleterious Ce-bearing perovskite phase. The 

conditions which yielded the highest quantity of zirconolite (83.6 ± 2.0 wt.%) 

was 1200 °C, 2h with a 10 wt.% ZrO2 and 5 wt.% TiO2 reagent excess. The 

requirement for the consolidation of the resulting powder negates the benefits 

afforded by these modest synthesis temperatures and dur.ations.  
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 Future work 

There are some key fundamental areas of future research identified 

throughout my thesis that would be beneficial to identifying an optimised 

wasteform for the immobilisation of PuO2. These are: 

1. The behaviour of Pu surrogates, particularly Ce, is a recurring theme 

throughout this project. Systematic work into how representative each 

surrogate is for Pu and how they behave comparatively in both glass 

and ceramics, would aid in selecting an appropriate surrogate for 

specific wasteform types and redox environment.  

2. A systematic study into the substitution of Ce/Pu into the different sites 

of the zirconolite structure should be performed to eliminate deleterious 

perovskite from the phase assemblage.  

3. Understanding the role of the HIP canister material on redox coupling 

at both laboratory scale and industrial scale should also be 

investigated, particularly when applied to glasses.  

4. Implementation of long term durability tests for ceramic materials in 

conditions relevant to geological disposal in order to understand the 

role of the precipitation of Ti-O phases which are frequently formed 

upon the dissolution of zirconolite.  

5. The role of different zirconolite polytypes (2M, 3T and 4M) on the PuO2 

wasteloading and the subsequent dissolution mechanisms/relative 

durability.  

6. Optimisation of milling parameters vs synthesis temperature vs furnace 

dwell duration for the proposed candidate ceramic host phases to 

ensure an efficient synthesis route, free from unincorporated 

surrogates. 

7. Further elucidate the relative dissolution rates of neutron absorbers and 

Pu surrogates to ensure that subcriticality will be maintained in a GDF 

environment upon water ingress.  

8. Utilise the molten salt methodology from Chapter 8 with more realistic 

pyroprocessing waste streams to further investigate the feasibility of 

this immobilisation process.  
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A B S T R A C T

Molten salt mediated synthesis of zirconolite Ca0.9Zr0.9Ce0.2Ti2O7 was investigated, as a target ceramic matrix
for the clean-up of waste molten salts from pyroprocessing of spent nuclear fuels and the immobilisation of
separated plutonium. A systematic study of reaction variables, including reaction temperature, time, atmo-
sphere, reagents and composition, was made to optimise the yield of the target zirconolite phase. Zirconolite 2M
and 3T polytypes were formed as the major phase (with minor perovskite) between 1000 – 1400 °C, in air, with
the relative proportion of 2M polytype increasing with temperature. Synthesis under 5% H2/N2 or Ar increased
the proportion of minor perovskite phase and reduced the yield of the zirconolite phase. The yield of zirconolite
polytypes was maximised with the addition of 10 wt.% TiO2 and 5 wt.% TiO2, yielding 91.7 ± 2.0 wt.%
zirconolite, primarily as the 2M polytype, after reaction at 1200 °C for 2 h, in air. The particle size and mor-
phology of the zirconolite product bears a close resemblance to that of the TiO2 precursor, demonstrating a
dominant template growth mechanism. Although the molten salt mediated synthesis of zirconolite is effective at
lower reaction temperature and time, compared to reactive sintering, this investigation has demonstrated that
the approach does not offer any clear advantage with over conventional reactive sintering for the envisaged
application.

1. Introduction

Pyrochemical reprocessing (pyroprocessing) is an advanced method
of recycling spent nuclear fuel (SNF) where the U, Pu and minor acti-
nides (MA) are separated from the fission products (FP) by electro-
refining in a molten salt eutectic [1]. An advantage of pyroprocessing
over conventional aqueous reprocessing is that a separated Pu stream is
no longer generated, which reduces the associated proliferation risk
[2]. The waste stream generated via this process is typically a chloride
salt eutectic with entrained MA and FP, plus trace residual Pu. Chloride
rich waste streams such as these are challenging to immobilise using
traditional high level waste (HLW) immobilisation methods since the
chloride anion has low solubility in borosilicate glasses, which have,
hitherto, been applied for HLW immobilisation [3–7].

Zirconolite (prototypically CaZrxTi3-xO7 where 0.8 < x < 1.35) is
a crystalline titanate ceramic material and is the targeted actinide host
phase in SYNROC C [8]. It exists in the space group C2/c and has
several polytypes: 2M, 3O, 3T, 4M and 6T, with the most common being
the monoclinic 2M structure [8–11]. In the 2M structure, Ca and Zr
adopt 8-fold and 7-fold coordination, respectively, as CaO8 and ZrO7

polyhedra; whereas, Ti adopts mixed 6-fold and 5-fold coordination, as

TiO6 and TiO5 polyhedra, with the latter site being 50% occupied [12].
Synthetic zirconolite has natural analogue minerals retaining lantha-
nides and actinides dated to be millions or hundreds of millions of years
old, which further demonstrates its long-term radiation stability and
chemical durability over geological timescales [13–16]. The lanthanide
and actinide elements are usually found on the Ca site with charge
balancing cations, such as Al or Mg, on the Ti site [8,16].

Molten salt synthesis (MSS) is a method of producing ceramic ma-
terials which typically uses a chloride salt eutectic to reduce the dif-
fusion distance of the ceramic reagents. This method generally produces
a material that is homogeneous at a lower synthesis temperature and
reaction time compared to traditional solid state synthesis methods
[17]. The chloride salts can be dissolved upon completion of the reac-
tion to recover the synthesised ceramic material. Conventional solid
state synthesis of zirconolite, requires reactive sintering at 1450 °C for
several hours, often with several cycles of heat treatment and inter-
mittent grinding [18]. In comparison, zirconolite can be synthesised at
1200 °C in only a few hours, in the presence of a NaCl:KCl molten salt
eutectic, with a melting point of approximately 658 °C [19]. There are
two bounding mechanisms observed in the MSS of ceramic materials:
dissolution-precipitation and template growth [20–25], which are
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dependent on the solubility of ceramic reagents in the salt eutectic.
Dissolution-precipitation is favoured when all reagents are comparably
soluble in the salt eutectic and subsequently react to form a product.
Template growth occurs when one reagent is less soluble and acts as a
template onto which the other more soluble reagents are deposited, at
which point the product is formed. This mechanism allows the micro-
structure of the sample to be controlled resulting in uniform grain size
and morphology.

This investigation seeks to develop the approach of decontami-
nating the chloride molten salt waste from pyroprocessing, by using the
salt itself as a medium for the synthesis of a titanate ceramic wasteform
to incorporate the long lived lanthanides, MA and trace Pu [4,26–29].
Zirconolite was selected as the titanate ceramic wasteform, with Ce
utilised as a non-active structural surrogate for the actinide and lan-
thanide elements due to having a similar ionic radius, accessible oxi-
dation states, and crystal chemistry [30–32]. The target composition for
the wasteform was Ca0.9Zr0.9Ce0.2Ti2O7, where Ce was substituted on
both the Ca and Zr sites. This is a charge compensated composition,
targeting an equal proportion of Ce3+ ions on the Ca and Zr sites,
without the requirement of additional charge compensating species on
the Ti site. The target formulation was devised to incorporate Ce, as a
MA/Pu surrogate, at a realistic concentration for a conceptual ceramic
wasteform.

The NaCl:KCl eutectic composition was chosen as a model system
relevant to wastes arising from pyrochemical reprocessing of mixed
oxide (U,Pu)O2 fuels using the Dimitrovgrad Dry Process at the
Research Institute for Atomic Reactors in Russia and early pyrochemical
reprocessing of short cooled Experimental Reactor Breeder II metallic
fuel at Argonne National Laboratory – West (now Idaho National
Laboratory), USA [33,34]. Additionally, a NaCl:KCl eutectic was used in
experimental pyrochemical reprocessing of thorium high temperature
reactor fuels undertaken at Joint Research Centre-Institute for Trans
Uranium Elements (JRC-ITU) [35]. The UK is also undertaking strategic
assessment of pyrochemical recycle of used nuclear fuels, including
design and demonstration of wasteforms for decontamination and im-
mobilisation of lanthanides and residual actinides from alkali chloride
molten salts.

A further motivation for our research is management of the UK
plutonium stockpile, which is projected to exceed 140 tons at the end of
current reprocessing options [27]. A significant fraction of the pluto-
nium stockpile will require immobilisation in a suitable waste form,
since it is unsuitable for reuse in MOX fuel, which is the preferred
management approach at the present time [34]. Some of this material is
contaminated by chlorine, as a result of the degradation of the poly-
vinylchloride packaging used to store the material [28]. A zirconolite
ceramic is the leading candidate waste form for immobilisation of this
stockpile and, therefore, a rapid and low temperature MSS process
could be advantageous for ceramic waste form manufacture, given the
presence of chlorine as a contaminant. Gilbert previously established
the NaCl:KCl eutectic to be the most advantageous for zirconolite
synthesis [19], although the yield was only 86 wt.% after reaction at
1000 °C. In contrast, the yield of zirconolite was 24 wt.% in the case of
CaCl2:NaCl eutectic at 1000 °C, whereas zirconolite failed to form when
utilising a MgCl2:NaCl eutectic. Note that this work focused the
synthesis of the stoichiometric parent phase but did not consider the
incorporation of a MA/Pu surrogate. Our choice of NaCl:KCl eutectic
composition as the MSS medium was also made with due regard to
potential application to the immobilisation of chloride contaminated
plutonium stockpile material in a zirconolite ceramic, using Ce as a Pu
surrogate.

2. Materials and methods

A NaCl:KCl eutectic (1:1 mole ratio) with a salt to ceramic mole
ratio of 7:1 was primarily used in this study with the aim of producing
single phase Ce doped zirconolite. To optimise the yield of the target

zirconolite phase, the following reaction variables were systematically
investigated: salt to ceramic mole ratio (3:1–9:1), synthesis temperature
(1100 °C–1400 °C), time at synthesis temperature (2–8 h), atmosphere
(air, Ar or 5% H2/N2), Ce source (CeO2 or CeCl3.7H2O), stoichiometric
or excess quantities of ZrO2 and TiO2 reagents (excess, respectively, of
10 wt.% and 5 wt.%).

2.1. Materials

CaO (Alfa Aesar purity 98%), TiO2 (anatase) (Sigma Aldrich, 99%
purity), ZrO2 (Sigma Aldrich, purity 99%), CeCl3.7H2O (Sigma
Aldrich,> 99% purity) and CeO2 (Fisher Scientific purity> 99%) were
used as reagents. NaCl (Sigma Aldrich, purity 99%) and KCl (Sigma
Aldrich, purity 99%) were used as the molten salt flux. All reagents,
with the exception of CaO and CeCl3.7H2O, were dried overnight at
180 °C before use.

2.2. MSS - Ca0.9Zr0.9Ce0.2Ti2O7

A 1:1 mole ratio of NaCl and KCl was mixed (30 Hz, 5 min) in a
Fritsch Pulverisette 6 planetary mill with cyclohexane as a carrier fluid
to produce the salt flux. Stoichiometric quantities of ceramic reagents
were weighed according to the composition Ca0.9Zr0.9Ce0.2Ti2O7 and
mixed using the same conditions as the salt flux. A short mixing time
was used to prevent size reduction of the reagents and preserve the
particle morphology, to assist later assessment of the role of templating
or dissolution-precipitation reaction mechanism. A 0.5 g batch with a
molar ratio of 7:1 salt eutectic:ceramic was mixed in a Fritsch Mini Mill
23 with cyclohexane as a carrier fluid (30 Hz, 5 min). The resulting
slurry was dried at ~95 °C, sieved through a 212 μm mesh to separate
from the milling media. The powder was uniaxially pressed in a 10 mm
hardened stainless-steel die with a 1 ton load and held for 1 min to
produce a green pellet. The green pellets were placed in an alumina
crucible and heated in a muffle furnace to 300 °C for 1 h to remove any
entrained moisture and then reacted at 1200 °C for 2 h in air with a 5 °C
min-1 heating/cooling rate. The resulting reacted pellet was crushed
into a fine powder using a pestle and mortar. The powder was washed
with deionised water to remove the salt flux and vacuum filtration used
to recover the product.

The above method was repeated with independent changes of ex-
perimental variables as follows: salt to ceramic mole ratio (3:1, 5:1 and
9:1), synthesis temperature (1100 °C, 1300 °C and 1400 °C), furnace
atmosphere (flowing 5% H2/N2 and Ar), furnace dwell duration (4 h
and 8 h) and varying excess of ZrO2 and TiO2 reagents. Additionally,
materials were produced using CeCl3.7H2O (Sigma Aldrich,> 99%
purity), as the MA/Pu surrogate, replacing CeO2 in the ceramic batch.

After refinement of the experimental parameters discussed above,
the optimum synthesis conditions were used to produce Ce doped zir-
conolite using MSS, with the resulting powder being uniaxially pressed
into a ceramic body. The ceramic body was placed into a furnace and
reacted in air at 1350 °C for 20 h, and the resulting ceramic was
characterised.

2.3. Materials characterisation

Powder X-ray diffraction of reagents and products was performed
with a Bruker D2 Phaser X-ray Diffractometer with a Ni filtered Cu Kα
radiation (λ = 1.5418 Å) source, operating at 30 kV and 10 mA.
Diffraction patterns were collected from 10°< 2θ < 70° with a step
size of 0.02° 2θ and dwell time of 38 s step-1. The ICDD PDF-4+ da-
tabase and ICSD sources were used to identify the phases present in
each sample. The PDF numbers used for the pattern identification are:
CaZrTi2O7 2M (01-084-0163), CaZrTi2O7 3T (01-072-7510), ZrO2 (01-
072-1669), TiO2 (16–934), CeO2 (01-081-0792) and CaTiO3 (01-082-
0228). XRD patterns were refined to provide quantitative phase ana-
lysis using the Bruker TOPAS software [36].
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Secondary electron imaging of the microstructure of reagents and
ceramic products was performed using a Philips XL 30 scanning elec-
tron microscope (SEM) at a working voltage of 20 kV. The powders
were mixed with isopropanol in a beaker and placed in an ultrasonic
bath. The resulting mixture was mounted onto aluminium pin stubs
using carbon tabs, allowing for the isopropanol to evaporate before
carbon coating.

The microstructure of the final sintered ceramic body was observed
using a Hitachi TM3030 SEM with Oxford Instruments Swift ED3000
silicon drift detector. Energy dispersive X-ray spectroscopy (EDX)
mapping was processed using the Bruker Quantax 70 software with
maps collected for a minimum of 10 min. The ceramic body was
mounted in epoxy resin, polished to a 1 μm optical finish and carbon
coated prior to analysis.

The Ce oxidation state in each sample was determined from analysis
of X-ray absorption spectroscopy data at the Ce L3 edge (5723.0 eV).
Measurements were conducted at the National Synchrotron Light
Source II (NSLS-II) at Brookhaven National Laboratory (Upton, New
York) on beamline 6-BM. NSLS-II operates at 3 GeV storage ring with a
400 mA current and 6-BM utilises a 3-pole wiggler to deliver X-rays in
the energy range between 4.5 and 23 keV. The optical arrangement
consists of a parabolic collimating mirror, a Si(111) monochromator, a
toroidal focussing mirror, and a harmonic rejection mirror. For this
study an unfocussed beam was used, and the beam size was limited to
0.5 mm in the vertical and 6 mm in the horizontal using slits. An io-
nisation chamber was used to measure the incident X-ray energy and
the fluorescence signal was collected using a SII Vortex ME4 (4-ele-
ment) Si drift detector. To optimise collection efficiency, the samples
were mounted at 45° to both the incident X-ray beam and the vortex
detector. The fluorescence signal was dead-time corrected as previously
described in Woicik et al. [37]. Spectra were recorded between 5533
and 5965 eV with energy steps of 10 eV (5533–5693), 2 eV
(5693–5713), 0.3 eV (5713–5783) and 0.05k (5783–5965). An accu-
mulation time of 0.5 s step−1 was used for the first three regions and
0.25k step−1 for the final region. Multiple scans were collected for each
sample and averaged to improve the signal to noise ratio. To ensure
energy reproducibility (± 0.05 eV) a CeO2 standard was measured si-
multaneously with each sample; the CeO2 standard was placed down-
stream of the sample and the transmitted intensity was measured using
an ionisation chamber. Absolute energy calibration was performed by
measuring a Cr foil and setting the position of the first inflection point
in the derivative spectrum to 5989 eV [38]. Samples, and reference
compounds, were prepared by homogenising finely powdered sample
with polyethylene glycol and uniaxial pressing to form a 13 mm pellet
with a thickness equivalent to 1 absorption length. Data reduction and
linear combination fitting (LCF) were performed using the Athena
software package [39] allowing the proportion of Ce3+ in each sample
to be calculated.

3. Results

We first attempted MSS of Ca0.9Zr0.9Ce0.2Ti2O7 at 1200 °C with a 2 h
reaction time, in air, and a salt to ceramic mole ratio of 7:1 on a molar
basis (the synthesis conditions used by Gilbert to produce the parent
CaZrTi2O7 zirconolite by MSS [19]). However, secondary phases of
ZrO2 and CaTiO3 were observed (Fig. 1). Based on these results, several
experimental parameters were varied to achieve a single phase ceramic
product (e.g. salt to ceramic ratio, temperature, dwell duration, atmo-
sphere, Ce source, excess reagents). It is desirable that a single phase
wasteform is obtained since the accessory perovskite phase may also act
as a host for Ce/Pu but has comparatively poor aqueous durability and
radiation tolerance [37]. We first investigated the effect of salt to
ceramic mole ratio (3:1, 5:1, 7:1, 9:1) on the MSS of
Ca0.9Zr0.9Ce0.2Ti2O7 at 1200 °C, with a 2 h reaction time, in air. As
shown in Fig. S1, the phase assemblage was observed to be invariant
comprising a major zirconolite 2M phase, minor perovskite, and trace

zirconolite 3T, residual ZrO2 and TiO2 reagents. Accordingly, the salt to
ceramic ratio was fixed at 7:1, on a molar basis, in the middle of the
range investigated for further optimisation studies.

3.1. Characterisation of phase assemblage by X-ray diffraction

Fig. 1 shows powder XRD patterns of the product recovered from
MSS of nominal Ca0.9Zr0.9Ce0.2Ti2O7 over the range 1100 to 1400 °C,
with a reaction time of 2 h in air. All XRD patterns show the formation
of zirconolite 2M and 3T polytypes, at all temperatures, together with
evidence of residual ZrO2 and TiO2 reagents, and an accessory per-
ovskite phase (prototypically CaTiO3). Quantitative phase analysis of
the phase assemblage was undertaken, by Rietveld analysis of XRD
data; the results are summarised in Table 1 and compared in Fig. 2 (an
example fit is shown in Fig. S2). The quantitative phase analysis showed
the overall yield of the zirconolite 2M phase to increase with reaction
temperature, from 43.9 wt.% at 1100 °C, to 62.1 wt.% at 1400 °C
(± 1.8 wt.%). A concomitant reduction in the fractions of residual ZrO2

and TiO2 reagents, accessory perovskite, and zirconolite 3T phase, were
observed, with increasing reaction temperature. The combined fraction
of zirconolite 2M and 3T phases increased from 54.9 wt.% at 1100 °C,
to 74.3 wt.% (±2.0 wt.%) at 1400 °C. The reaction temperature was
not increased further since single phase Ce-doped zirconolites can be
produced by conventional solid state synthesis at 1400 °C [19,20], and
the MSS method of interest here would offer no meaningful advantage.

Overall, these data show that at 1100 °C, the yield of zirconolite 2M
was hindered by slow reaction kinetics, at 1200 °C and higher tem-
peratures the yield of zirconolite 2M was increased by reaction of re-
agents and conversion of the zirconolite 3T to 2M polymorph. The
overall yield of zirconolite phases increased by a greater margin when
the reaction temperature was increased from 1100 °C to 1200 °C,
compared to 1400 °C, which may reflect increased volatilisation of the
molten salt medium. For subsequent optimisation, a reaction tem-
perature of 1200 °C was selected, given the evidence for reasonable
reaction kinetics balanced against minimising the reaction temperature
to reduce evaporation of the molten salt and, with a view to process
implementation, potential volatile fission products.

Following investigation of the phase assemblage produced by MSS
as a function of reaction temperature, the effect of oxygen partial
pressure was studied by imposing an atmosphere of 5% H2/N2 or Ar
gas. Fig. 3 compares the powder XRD patterns of the product recovered
from MSS of nominal Ca0.9Zr0.9Ce0.2Ti2O7 at 1200 °C, with a reaction

Fig. 1. XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS with synthesis temperature:
(i) 1400 °C (ii) 1300 °C (iii) 1200 °C (iv) 1100 °C; the reaction time was 2 h in
air. Miller indices highlight major reflections of the zirconolite 2M phase.
Primary diagnostic reflections of reagents and accessory phases are indicated
by: P, CaTiO3 perovskite; T, TiO2 rutile; Z, ZrO2; C, CeO2.
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time of 2 h in air, 5% H2/N2 and Ar. These data and the quantitative
phase analysis summarised in Table 1 and Fig. 2, show the reducing
atmosphere to result in a markedly lower yield of zirconolite 2M and 3T
phases. The combined yield of zirconolite 2M and 3T was 46.6 wt.%
and 34.8 wt.% for the 5% H2/N2 and Ar atmosphere respectively,
compared to 66.9 wt.% for air atmosphere (± 2.0 wt.%). Evident from
the quantitative phase analysis is a greater fraction of residual ZrO2

(15.6–17.3 ± 0.4 wt.%), which suggests that the solubility of ZrO2 in
the molten salt medium is strongly dependent on effective oxygen
partial pressure, resulting in a lower yield of zirconolite and increased
yield of perovskite (33.3–40.9 ± 1.0 wt.%). Ce L3 XANES data de-
monstrated Ce to be completely reduced to Ce3+, which is expected to
stabilise the perovskite accessory phase as discussed further in Section
3.3, possibly assisted by the reduction of Ti4+ to Ti3+ within the
sample. Begg and Clarke reported that annealing CaZrTi2O7 under 3.5%
H2/N2 atmosphere results in reduction of Ti4+ to Ti3+ [21,22], and the
formation of a Zr rich zirconolite and perovskite. Our observations are
consistent with this mechanism. Given the evident lower stability of the
zirconolite phase under reducing conditions, further optimisation of the
MSS reaction conditions applied a temperature of 1200 °C and air at-
mosphere.

Fig. 4 compares the powder XRD patterns of the product recovered

Table 1
Quantitative analysis using Rietveld refinement on XRD patterns in Figs. 1, 3 and 5; “excess” denotes addition of 10 wt.% ZrO2 and 5 wt.% TiO2 to stoichiometric
formulation. ** Refers to the material produced after the secondary sintering of the MSS material formed at 1200 °C for 2 h in air with CeO2 as the surrogate.

Temperature (°C) Time (h) Atmosphere Reagent Excess Phase fraction (wt.%)

CaTiO3 CeO2 TiO2 Z-2M Z-3T Z-4M ZrO2

(± 1.0) (± 0.07) (± 0.2) (± 1.8) (± 1.5) (± 1.5) (± 0.4)

1100 2 Air CeO2 – 32.8 0.40 2.1 43.9 11.0 0 9.7
1200 2 Air CeO2 – 28.1 0.16 1.7 52.2 14.7 0 3.0
1300 2 Air CeO2 – 27.3 0.20 2.1 52.4 15.8 0 2.1
1400 2 Air CeO2 – 24.8 0.27 0.2 62.1 12.2 0 0.3
1200 4 Air CeO2 – 27.5 1.11 1.7 56.7 9.8 0 3.9
1200 8 Air CeO2 – 26.6 0.62 0.2 53.8 16.2 0 2.4
1200 2 Air CeO2 ✓ 9.4 0.26 1.8 64.3 19.3 0 3.9
1200 2 Air CeCl3 – 25.4 0.62 3.0 47.1 15.7 0 8.0
1200 2 Air CeCl3 ✓ 15.4 0.33 3.7 48.5 20.4 0 11.5
1200 2 5% H2/N2 CeO2 – 33.3 0.58 2.1 30.7 15.9 0 17.2
1200 2 Ar CeO2 – 40.9 0.28 8.4 29.1 5.7 0 15.6
1350** 20 Air CeO2 – 7.3 0.12 0.1 75.9 5.8 10.0 0.7

Fig. 2. Quantitative phase analysis of XRD data of MSS products shown in
Figs. 1, 3 and 5; “excess” denotes addition of 10 wt.% ZrO2 and 5 wt.% TiO2 to
stoichiometric formulation. Unless otherwise stated MSS was performed at
1200 °C for 2 h in air with CeO2 as the Ce source.

Fig. 3. XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS at 1200 °C for 2 h, with
synthesis atmospheres: (i) air (ii) 5% H2/N2 (iii) Ar. Miller indices highlight
major reflections of the zirconolite 2M phase. Primary diagnostic reflections of
reagents and accessory phases are indicated by: P, CaTiO3 perovskite; T, TiO2;
Z, ZrO2; C, CeO2.

Fig. 4. XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS at 1200 °C in air with furnace
dwell durations: (i) 8 h (ii) 4 h (iii) 2 h. Miller indices highlight major reflec-
tions of the zirconolite 2M phase. Primary diagnostic reflections of reagents and
accessory phases are indicated by: P, CaTiO3 perovskite; T, TiO2; Z, ZrO2; C,
CeO2.
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from MSS of nominal Ca0.9Zr0.9Ce0.2Ti2O7 after reaction at 1200 °C,
with a reaction time of 2 h, 4 h or 8 h in air. These data show a broadly
similar phase assemblage, with quantitative phase analysis, sum-
marised in Table 1 and Fig. 2, revealing relatively small changes in
phase fraction, close to the estimated margin of precision. In particular,
the total yield of zirconolite phases did not show a marked increase
with reaction time, with changes being close to the estimated precision
of± 2.0 wt.%. This observation is consistent with evaporation of the
molten salt medium with increased reaction time, and with diffusion –
reaction occurring primarily in the solid state, for which the reaction
kinetics to yield zirconolite are known to be low at 1200 °C [19,20].
The quantitative phase analysis of the product from the reaction at
1200 °C in air for 4 h showed an anomalously high fraction of residual
ZrO2 reagent, 3.9 ± 0.4 wt.%, the origin of which is unclear, but is
consistent with a marginally lower yield of the target zirconolite phase.
For the purpose of further optimisation of the MSS process, therefore,
the reaction conditions were fixed at 1200 °C, for a duration of 2 h,
under air.

With processing conditions of 1200 °C for 2 h in air, optimised from
the investigations above, the addition of excess ZrO2 and TiO2 reagents
was explored, with the aim of consuming the perovskite accessory
phase. Fig. 5 shows the powder XRD data pattern of the product re-
covered from MSS of nominal Ca0.9Zr0.9Ce0.2Ti2O7 after reaction at
1200 °C, for 2 h, in air, with an excess of 10 wt.% ZrO2 and 5 wt.% TiO2

reagents. Quantitative phase analysis, Table 1 and Fig. 2, showed that
this adjustment of the reaction composition was successful and reduced
the fraction of perovskite accessory phase to 9.4 ± 1.0 wt.%, with the
yield of zirconolite 2M increased to 64.3 ± 0.8 wt.%. The overall yield
of zirconolite 2M and 3T phases, combined, increased to
83.6 ± 2.0 wt.%, with ca. 5 wt.% of unreacted reagents.

The use of CeCl3 as a reagent and actinide surrogate, was also ex-
plored since MA and Pu will be incorporated as a chloride species with
the molten salt in a pyroprocessing waste stream, unless precipitated as
an oxide by oxygen sparging [41]. Fig. 5 presents the powder XRD data
pattern of the product recovered from MSS of nominal
Ca0.9Zr0.9Ce0.2Ti2O7 after reaction at 1200 °C, for 2 h, in air, using
CeCl3.7H2O as the Ce source, with and without an excess of 10 wt.%
ZrO2 and 5 wt.% TiO2 reagents. The overall yield of zirconolite 2M and
3T phases, combined, was, respectively, 68.9 wt.% and 62.8 wt.%
(±2.0 wt.%) for the formulations with and without an excess of 10 wt.

% ZrO2 and 5 wt.% TiO2. The use of CeCl3.7H2O evidently has a det-
rimental effect on the phase assemblage, compared to the use of CeO2,
with a reduced yield of zirconolite. This is correlated with the residual
ZrO2 phase fraction being approximately three times greater in the
products of reaction utilising CeCl3.7H2O compared to CeO2, suggesting
the lower yield may arise from lower ZrO2 solubility.

The final step in this study involved sintering of the product of
Ca0.9Zr0.9Ce0.2Ti2O7 MSS, produced at 1200 °C, for 2 h, in air with an
excess of 10 wt.% ZrO2 and 5 wt.% TiO2, using CeO2 as a Ce source. The
sintering conditions were 1350 °C for 20 h in air, and X-ray diffraction,
Fig. 6, coupled with quantitative phase analysis, demonstrated the
combined zirconolite 2M, 4M and 3T polymorphs to comprise
91.7 ± 2.0 wt.% of the phase assemblage, with the 2M polymorph
(75.9 ± 1.8 wt.%) as the major component. A minor perovskite ac-
cessory phase was determined (7.3 ± 1.0 wt.%) with the trace CeO2,
ZrO2 and TiO2 (combined 1.0 ± 0.5 wt.%).

3.2. SEM/EDX characterisation

The scanning electron micrographs in Fig. 7 show the morphology
of each reagent, along with that of the Ca0.9Zr0.9Ce0.2Ti2O7 product of
MSS at 1200 °C for 2 h, in air (with CeO2). Comparison of the particle
morphology of the reagents and the product material, shows that the
primary particle size and habit of the product is similar to that of the
TiO2 reagent (~ 1 μm) and clearly differentiated from the that of the
CeO2 and ZrO2 reagents, with much larger and smaller particle size,
respectively. This suggests that template growth is the mechanism by
which Ca0.9Zr0.9Ce0.2Ti2O7 was produced. The faceted nature of TiO2

reagent (see Fig. 7 (a)) was reflected in the habit of the
Ca0.9Zr0.9Ce0.2Ti2O7 product (Fig. 7 (d)). However, it was evident that
some growth in product particle size had occurred, relative to the TiO2

reagent, which provides evidence for a contribution of dissolution –
precipitation and/or solid state diffusion, to the overall synthesis me-
chanism.

The microstructure of the sintered Ca0.9Zr0.9Ce0.2Ti2O7 ceramic is
shown in Fig. 8. The material comprises a majority matrix (mid grey) of
the zirconolite 2M polymorph, with inclusions of ZrO2 (bright grey) and
small isolated perovskite grains (dark grey). The zirconolite 3T poly-
morph cannot be differentiated from the 2M polymorph, presumably
due to similar composition and hence back scattered electron contrast,
combined with its low abundance. The average EDX determined com-
position of the combined zirconolite 2M and 3T phases, was Ca0.95(3)
Zr0.88(3)Ce0.17(2)Ti2.01(2)O7, in reasonable agreement with the target
stoichiometry. This implies an average Ce oxidation state of Ce3.2+,
within the zirconolite phase.

The zirconolite 4M phase is apparent as a small variation to the
matrix contrast, which arises from a slightly higher Ce concentration as
judged from EDX data. The microstructure is relatively well sintered
although isolated porosity is apparent.

3.3. Ce L3 XANES

Ce L3 XANES data were acquired from product materials as a probe
of the average Ce oxidation state and are shown in Fig. 9. The spectra
were analysed using linear combination fitting (LCF) to estimate the
proportion of Ce3+ in each product, using reference spectra of CeO2 (for
8-fold coordinated Ce4+), CeAlO3 (for 12-fold coordinated Ce3+) and
CePO4 (monazite; for 9-fold coordinated Ce3+). Spectra were fitted
over the range 5700–5760 eV, under the constraint that the fractional
weights of the reference spectra sum to unity; the results are sum-
marised in Table 2 with an example fit shown in Fig. S3. Note that the
Ce L3 XANES of CePO4 and CeAlO3 present a single intense feature on
the rising absorption edge, whereas CeO2 presents three features, of
lower relative intensity, for which the corresponding final state electron
configurations were previously assigned [42–45].

The Ce L3 XANES data and LCF analysis (Fig. 9A; Table 2), showed

Fig. 5. XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS with additional excesses of
10 wt.% ZrO2 and 5 wt.% TiO2, and CeCl3 reagent where indicated: (i) 1200 °C,
CeCl3, 10 wt.% ZrO2 and 5 wt.% TiO2 (ii) 1200 °C, CeCl3 (iii) 1200 °C, 10 wt.%
ZrO2 and 5 wt.% TiO2 (iv) 1200 °C; the reaction time was 2 h, in air. Miller
indices highlight major reflections of the zirconolite 2M phase. Primary diag-
nostic reflections of reagents and accessory phases are indicated by: P, CaTiO3

perovskite; T, TiO2; Z, ZrO2; C, CeO2.
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the fraction of Ce3+ to increase with increasing reaction temperature
(with constant reaction time of 2 h, in air), which is expected for the
autoreduction of CeO2 [46]; this was correlated with the concomitant
increase in the combined fraction of major zirconolite 2M and 3T
polytypes, and reduction in the perovskite fraction, in the phase as-
semblage (Table 1). In contrast, the fraction of Ce3+ increased only
marginally when the reaction time was extended from 2 h to 8 h
(Fig. 9C; Table 2), consistent with only a small increase in the combined
fraction of major zirconolite 2M and 3T polytypes, and reduction in
perovskite phase fraction (Table 1). Taken together, these data show
that the total yield of zirconolite and Ce3+ fraction increase with

increasing temperature, according to the target formulation, by reac-
tion of the perovskite accessory phase and residual TiO2 and ZrO2. It is
evident, however, that the zirconolite product must incorporate some
proportion of Ce4+.

Synthesis in a reducing atmosphere showed a complete reduction of
Ce with the fraction of Ce3+ being 100 ± 4% for both 5% H2/N2 and
Ar products (Fig. 9B). This was accompanied by a significant decrease
in zirconolite yield in contrast with the effect of increasing temperature
on phase assemblage. This implies that when the Ce3+ content in-
creases above ca. 60%, the competing perovskite phase is stabilised,
which provides a 12 co-ordinate site to accommodate the larger Ce3+

Fig. 6. XRD patterns to compare; (i) the product of a
secondary sintering process (1350 °C, for 20 h, in air)
of the MSS product in (ii), (ii) Ca0.9Zr0.9Ce0.2Ti2O7

MSS; 1200 °C for 2 h in air with an excess of 10 wt.%
ZrO2 and 5 wt.% TiO2. Miller indices highlight major
reflections of the zirconolite 2M phase. Primary di-
agnostic reflections of reagents and accessory phases
are indicated by: P, CaTiO3 perovskite; T, TiO2; Z,
ZrO2; C, CeO2.

Fig. 7. SEM micrographs, in secondary electron mode, of: (A) TiO2 (B) CeO2 (C) ZrO2 (D) Ca0.9Zr0.9Ce0.2Ti2O7 from MSS at 1200 °C, for 2 h, in air.
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species [49]. The proportion of perovskite phase is similar to the ~
40 wt.% observed in the phase assemblage produced from conventional
reaction sintering of CaZr0.6Ce0.4Ti2O7 ceramics under H2/N2 and Ar,
with a Ce3+ content of 80–100% [47].

Substituting CeCl3 for CeO2 as the Ce source, resulted in reduction
of the Ce3+ fraction from 59 ± 3% to 38 ± 3%, in the products from
reaction at 1200 °C for 2 h, in air; however, this was not accompanied
by a significant change in the overall phase assemblage. The effect of
addition of 10 wt.% ZrO2 and 5 wt.% TiO2 to the formulation resulted

in marked reduction of the Ce3+ fraction from 59 ± 3% to 33 ± 3%,
in the product from reaction at 1200 °C for 2 h, in air, correlated with
the maximum yield in of combined zirconolite 2M and 3T polytypes in
the phase assemblage (Table 1); this is also the case when CeO2 is re-
placed by CeCl3, although to less extent. Taken together, these data
demonstrate a strong effect of the addition of excess 10 wt.% ZrO2 and
5 wt.% TiO2 in increasing the total yield of the zirconolite product,
which must incorporate a higher fraction of Ce4+.

Fig. 10 shows a comparison between the average Ce oxidation state

Fig. 8. SEM micrograph, in SE mode, of the surface of the ceramic produced after sintering of MSS product at 1350 °C for 20 h, in air, highlighting component phases:
accessory phases are indicated by: P, perovskite; Z, ZrO2; and zirconolite 2M and 4M polymorphs. Representative EDX spectrum of the zirconolite 2M phase is shown.

Fig. 9. Ce L3 XANES spectra of recovered product of Ca0.9Zr0.9Ce0.2Ti2O7 MSS in air, compared with CePO4, CeAlO3 and CeO2 reference compounds: A) reaction at
1100–1400 °C for 2 h, in air; B) reaction at 1200 °C for 2 h using flowing 5% H2/N2, Ar or air; C) reaction at 1200 °C for 2–8 h, in air; D) reaction at 1200 °C for 2 h, in
air, using CeO2 or CeCl3.7H2O as Ce source, with/without 10 wt.% ZrO2 and 5 wt.% TiO2 excess.
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(from Table 2) and the weight fraction of perovskite formed in each
product. There is a general trend of increasing perovskite content as-
sociated with a greater the quantity of Ce3+ in the sample at a constant
synthesis temperature. As noted above, the competing perovskite phase
provides a 12 co-ordinate site to accommodate the larger Ce3+ species
[40], and hence the proportion of the perovskite phase increases with
increasing Ce3+ content, which is generally associated with a lower
yield of zirconolite.

4. Discussion

Ce doped zirconolite was synthesised in a NaCl:KCl molten salt
eutectic, as a conceptual process for decontamination of pyroprocessing
molten salt wastes and immobilisation of separated plutonium. The
presence of a molten salt eutectic enables synthesis of zirconolite at
1200 °C in 2 h, in air, considerably reduced compared to conventional
reaction sintering which requires e.g. 1400 °C for 20 h. Interestingly,
our investigation yields zirconolite 2M, 3T and 4M polytypes, with
evidence for conversion of 3T to 2M, with increasing temperature. In
contrast, similar compositions fabricated by conventional reactive

sintering comprise only the 2M polytype, with minor 4M polytype when
synthesised under air [48]. Our data are consistent with previous stu-
dies of NaCl:KCl and CaCl2:NaCl molten salt synthesis of the parent
CaZrTi2O7 zirconolite, which identified the formation of the 3T poly-
type, as the major phase after reaction at 1100 °C, giving way to for-
mation of the 2M polytype at 1200 °C [19]. The zirconolite 3T phase
therefore appears to be a low temperature metastable polytype struc-
ture.

Molten salt mediated synthesis yields products with a minimum
Ce3+ content at least 33% greater than similar compositions synthe-
sised by reactive sintering in air, when using CeO2 as a reagent.
Therefore, the mechanism of Ce solubility in the NaCl–KCl eutectic
appears to involve reduction of Ce4+ to Ce3+, yielding products with
relatively high Ce3+ content. We are not aware of solubility data for
Ce4+/Ce3+ in chloride molten salts, but this conclusion is consistent
with chloride molten salt mediated synthesis of CeOCl from CeO2 [48].
Interestingly, the analogous CaZr1-xPuxTi2O7 system is reported to yield
the zirconolite 3T polytype on reduction of Pu4+ to Pu3+ and zirco-
nolite 3T natural analogues are generally characterised by a high
fraction of trivalent lanthanides [49,50]. Hence, whilst CaZrTi2O7 can
evidently be stabilised in the 3T polytype up to 1100 °C, incorporation
of a significant Ce3+ may assist in stabilising this polytype to higher
temperature as reported herein.

Perovskite is formed as an accessory phase in all products char-
acterised in this study, with increased perovskite fraction correlated
with increased Ce3+ fraction at constant synthesis temperature
(1200 °C). As noted in the introduction, the formation of perovskite is
undesirable since it has been shown to incorporate actinides but de-
monstrates comparably lower radiation tolerance and durability, with
respect to zirconolite [51]. Nevertheless, the perovskite phase fraction
could be reduced to 7.3 ± 1.0 wt.%, by adjusting the formulation to
incorporate 10 wt.% ZrO2 and 5 wt.% TiO2, and sintering of the product
powder, which is comparable to the perovskite phase fraction in similar
zirconolite compositions produced by reactive sintering in air [47].

Table 2
Results of linear combination fitting of spectra from Fig. 9.; “excess” denotes
addition of 10 wt.% ZrO2 and 5 wt.% TiO2 to the stoichiometric formulation.

Temperature (°C) Time (h) Atmosphere Reagent Excess Ce3+ (%)

1100 2 Air CeO2 – 54 ± 3
1200 2 Air CeO2 – 59 ± 3
1300 2 Air CeO2 – 62 ± 3
1400 2 Air CeO2 – 71 ± 3
1200 4 Air CeO2 – 62 ± 3
1200 8 Air CeO2 – 53 ± 3
1200 2 Air CeO2 ✓ 33 ± 3
1200 2 Air CeCl3 – 38 ± 3
1200 2 Air CeCl3 ✓ 33 ± 3
1200 2 5% H2/N2 CeO2 – 100 ± 4
1200 2 Ar CeO2 – 100 ± 4

Fig. 10. Comparison of quantity of Ce3+ and per-
ovskite weight fraction in product materials. Black
squares represent all MSS zirconolite materials pro-
duced at 1200 °C. Blue circles represent MSS zirco-
nolite materials produced at 1100 °C, 1300 °C and
1400 °C. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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5. Conclusion

Molten salt mediated synthesis of zirconolite ceramics, in the con-
text of the decontamination of pyroprocessing molten salt wastes to
yield a zirconolite ceramic, has some potential. However, this approach
would not offer any clear benefit over oxygen sparging of the salt to
precipitate lanthanides and minor actinides as oxides, followed by re-
covery and immobilisation in a glass or ceramic matrix, since both
processes would require subsequent high temperature melting or re-
active sintering steps to produce a wasteform monolith. Likewise, in the
context of plutonium stockpile immobilisation, although molten salt
mediated synthesis of zirconolite reduces the required reaction time
and temperature, the subsequent requirement for a consolidation step
means that the molten salt method does not offer a compelling ad-
vantage. Nevertheless, this work has served to usefully clarify me-
chanistic aspects of the molten salt mediated synthesis of zirconolite
which should inform future application of molten salt technology in the
nuclear and wider fields.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

ARM is funded by the Engineering, Physical Sciences Research
Council via the Next Generation Nuclear Centre for Doctoral Training
(Grant EP/L015390/1). This research was supported in part by EPSRC
under grant reference EP/S011935/1 and EP/R511754/1, and in part
by BEIS under the UK Nuclear Innovation Program. NCH is grateful to
the Royal Academy of Engineering and Nuclear Decommissioning
Authority for funding. This research utilised the HADES/MIDAS facility
at the University of Sheffield established with financial support from
EPSRC and BEIS, under grant EP/T011424/1 [52]. With thanks to Dr C.
Shaw at the Sorby Centre for Electron Microscopy, University of Shef-
field for assistance with SEM imaging. This research used beamline 6-
BM of the National Synchrotron Light Source II, a U.S. Department of
Energy (DOE) Office of Science User Facility Operated for the DOE
office of Science by Brookhaven National Laboratory under Contract
No. DE-SC0012704; the authors are grateful to Dr B. Ravel, Dr D. Bailey
and Ms. L. M. Mottram for experimental assistance.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ceramint.2020.08.080.

References

[1] T. Nishimura, T. Koyama, M. Iizuka, H. Tanaka, Development of an en-
vironmentally benign reprocessing technology - pyrometallurgical reprocessing
technology, Prog. Nucl. Energy 32 (1998) 381–387, https://doi.org/10.1016/
S0149-1970(97)00032-2.

[2] National Nuclear Laboratory, Advanced reprocessing research and development
needs: position paper, Natl. Nucl. Lab. (2015), http://www.nnl.co.uk/media/1672/
advanced-reprocessing-position-paper-final.pdf.

[3] I.W. Donald, Waste Immobilisation in Glass and Ceramic Based Hosts, Wiley,
Chichester, 2010.

[4] A.R. Mason, S.M. Thornber, M.C. Stennett, L.J. Gardner, D. Lützenkirchen-Hecht,
N.C. Hyatt, Preliminary investigation of chlorine speciation in zirconolite glass-
ceramics for plutonium residues by analysis of Cl K-edge XANES, MRS Adv (2019)
1–7, https://doi.org/10.1557/adv.2019.460.

[5] K.A. Evans, J.A. Mavrogenes, H.S. O'Neill, N.S. Keller, L.-Y.Y. Jang, A preliminary
investigation of chlorine XANES in silicate glasses, Geochemi. Geophys. Geosyst. 9
(2008), https://doi.org/10.1029/2008GC002157.

[6] D.A. McKeown, H. Gan, I.L. Pegg, W.C. Stolte, I.N. Demchenko, X-ray absorption
studies of chlorine valence and local environments in borosilicate waste glasses, J.
Nucl. Mater. 408 (2011) 236–245, https://doi.org/10.1016/j.jnucmat.2010.11.

035.
[7] J.D. Webster, The exsolution of magmatic hydrosaline chloride liquids, Chem. Geol.

210 (2004) 33–48, https://doi.org/10.1016/j.chemgeo.2004.06.003.
[8] B.D. Begg, E.R. Vance, The incorporation of cerium in zirconolite, Mater. Res. Soc.

Symp. Proc. 465 (1997) 333–340, https://doi.org/10.1557/PROC-465-333.
[9] M.R. Gilbert, C. Selfslag, M. Walter, M.C. Stennett, J. Somers, N.C. Hyatt,

F.R. Livens, Synthesis and characterisation of Pu-doped zirconolites - (Ca1-xPux)Zr
(Ti2-2xFe2x)O7, IOP Conf. Ser. Mater. Sci. Eng. 9 (2010), https://doi.org/10.1088/
1757-899X/9/1/012007.

[10] T.J. White, R.L.L. Segall, J.L.L. Hutchison, J.C.C. Barry, Polytypic behaviour of
zirconolite, Proc. Roy. Soc. Lond. A. 392 (1984) 343–358, https://doi.org/10.1098/
rspa.1984.0035.

[11] E.R. Vance, B.D. Begg, R.A. Day, C.J. Ball, Zirconolite rich ceramics for actinide
wastes, Mater. Res. Soc. Symp. Proc. 353 (1995) 767–774.

[12] D. Caurant, P. Loiseau, I. Bardez, A. Quintas, Glasses, Glass-Ceramics and Ceramics
for Immobilization of Highly Radioactive Nuclear Wastes, Nova Science Publishers,
2009.

[13] G.R. Lumpkin, R.C. Ewing, B.C. Chakoumakos, R.B. Greegor, F.W. Lytle,
E.M. Foltyn, F.W. Clinard, L.A. Boatner, M.M. Abraham, Alpha-recoil damage in
zirconolite (CaZrTi2O7), J. Mater. Res. 1 (1986) 564–576, https://doi.org/10.1557/
JMR.1986.0564.

[14] G.R. Lumpkin, R.C. Ewing, Geochemical alteration of pyrochlore group minerals:
betafite subgroup, Am. Mineral. 81 (1996) 1237–1248, https://doi.org/10.2138/
am-1996-9-1022.

[15] G.R. Lumpkin, K.P. Hart, P.J. McGlinn, T.E. Payne, R. Gieré, C.T. Williams,
Retention of actinides in natural pyrochlores and zirconolites, Radiochim. Acta 66/
67 (1994) 469–474, https://doi.org/10.1524/ract.1994.6667.s1.469.

[16] R. Gieré, C.T. Williams, G. Lumpkin, Chemical characteristics of natural zirconolite,
Swiss Soc. Mineral. Petrol. 78 (1998) 433–459, https://doi.org/10.5169/seals-
59299.

[17] M.L. Hand, M.C. Stennett, N.C. Hyatt, Rapid low temperature synthesis of a titanate
pyrochlore by molten salt mediated reaction, J. Eur. Ceram. Soc. 32 (2012)
3211–3219, https://doi.org/10.1016/j.jeurceramsoc.2012.04.046.

[18] T. Advocat, F. Jorion, T. Marcillat, G. Leturcq, X. Deschanels, J.M. Boubals, L. Bojat,
P. Nivet, S. Peuget, Fabrication of Pu-zirconolite ceramic pellets by natural sin-
tering, Mater. Res. Soc. Symp. Proc. 807 (2004) 1–5, https://doi.org/10.1557/
PROC-807-267.

[19] M.R. Gilbert, Molten salt synthesis of zirconolite polytypes, Mater. Res. Soc. Symp.
Proc. 1665 (2014) 325–330, https://doi.org/10.1557/opl.2014.662.

[20] T. Kimura, Molten salt synthesis of ceramic powders, in: C. Sikalidis (Ed.), Adv.
Ceram. - Synth. Charact. Process. Specif. Appl. InTech Open, 2011, pp. 75–100, ,
https://doi.org/10.5772/20472.

[21] Z. Li, W.E. Lee, S. Zhang, Low-temperature synthesis of CaZrO3 powder from molten
salts, J. Am. Ceram. Soc. 90 (2007) 364–368, https://doi.org/10.1111/j.1551-
2916.2006.01383.x.

[22] S. Zhang, Low temperature synthesis of complex refractory oxide powders from
molten salts, J. Pakistan Mater. Soc. 1 (2007) 49–53.

[23] S. Zhang, D.D. Jayaseelan, G. Bhattacharya, W.E. Lee, Molten salt synthesis of
magnesium aluminate (MgAl2O4) spinel powder, J. Am. Ceram. Soc. 89 (2006)
1724–1726, https://doi.org/10.1111/j.1551-2916.2006.00932.x.

[24] S. Hashimoto, S. Zhang, W.E. Lee, A. Yamaguchi, Synthesis of magnesium alumi-
nate spinel platelets from α-alumina platelet and magnesium sulfate precursors, J.
Am. Ceram. Soc. 86 (2003) 1959–1961, https://doi.org/10.1111/j.1151-2916.
2003.tb03589.x.

[25] X. Liu, S. Zhang, Low-temperature preparation of titanium carbide coatings on
graphite flakes from molten salts, J. Am. Ceram. Soc. 91 (2008) 667–670, https://
doi.org/10.1111/j.1551-2916.2007.02184.x.

[26] S.M. Thornber, P.G. Heath, G.P. Da, M.C. Stennett, N.C. Hyatt, The effect of pre-
treatment parameters on the quality of glass-ceramic wasteforms for plutonium
immobilisation, consolidated by hot isostatic pressing, J. Nucl. Mater. 485 (2017),
https://doi.org/10.1016/j.jnucmat.2016.12.028.

[27] N.C. Hyatt, Plutonium management policy in the United Kingdom: the need for a
dual track strategy, Energy Pol. 99 (2016), https://doi.org/10.1016/j.enpol.2016.
08.033.

[28] K. Webb, R. Taylor, C. Campbell, M. Carrott, C. Gregson, J. Hobbs, F. Livens,
C. Maher, R. Orr, H. Sims, H. Steele, S. Sutherland-Harper, Thermal processing of
chloride-contaminated plutonium dioxide, ACS Omega 4 (2019) 12524–12536,
https://doi.org/10.1021/acsomega.9b00719.

[29] S. Sutherland-Harper, F. Livens, C. Pearce, J. Hobbs, R. Orr, R. Taylor, K. Webb,
N. Kaltsoyannis, Interactions of HCl and H2O with the surface of PuO2, J. Nucl.
Mater. 518 (2019) 256–264, https://doi.org/10.1016/j.jnucmat.2019.02.036.

[30] M.R. Gilbert, J.H. Harding, Energetics of Ce and Pu incorporation into zirconolite
waste-forms, Phys. Chem. Chem. Phys. 13 (2011) 13021–13025, https://doi.org/
10.1039/c0cp01478h.

[31] C. Lopez, X. Deschanels, J.M. Bart, J.M. Boubals, C. Den Auwer, E. Simoni,
Solubility of actinide surrogates in nuclear glasses, J. Nucl. Mater. 312 (2003)
76–80, https://doi.org/10.1016/S0022-3115(02)01549-0.

[32] P.A. Bingham, R.J. Hand, M.C. Stennett, N.C. Hyatt, M.T. Harrison, The use of
surrogates in waste immobilization studies: a case study of plutonium, Mater. Res.
Soc. Symp. Proc. 1107 (2008), https://doi.org/10.1557/PROC-1107-421.

[33] National Research Council, Electrometallurgical Techniques for DOE Spent Fuel
Treatment, National Academy Press, Washington DC, 2000, https://doi.org/10.
17226/9883.

[34] Department of Energy and Climate Change, Management of the UK's Plutonium
Stocks: A Consultation Response on the Proposed Justification Process for the Reuse
of Plutonium, (2013).

A.R. Mason, et al. Ceramics International 46 (2020) 29080–29089

29088

https://doi.org/10.1016/j.ceramint.2020.08.080
https://doi.org/10.1016/j.ceramint.2020.08.080
https://doi.org/10.1016/S0149-1970(97)00032-2
https://doi.org/10.1016/S0149-1970(97)00032-2
http://www.nnl.co.uk/media/1672/advanced-reprocessing-position-paper-final.pdf
http://www.nnl.co.uk/media/1672/advanced-reprocessing-position-paper-final.pdf
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref3
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref3
https://doi.org/10.1557/adv.2019.460
https://doi.org/10.1029/2008GC002157
https://doi.org/10.1016/j.jnucmat.2010.11.035
https://doi.org/10.1016/j.jnucmat.2010.11.035
https://doi.org/10.1016/j.chemgeo.2004.06.003
https://doi.org/10.1557/PROC-465-333
https://doi.org/10.1088/1757-899X/9/1/012007
https://doi.org/10.1088/1757-899X/9/1/012007
https://doi.org/10.1098/rspa.1984.0035
https://doi.org/10.1098/rspa.1984.0035
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref11
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref11
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref12
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref12
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref12
https://doi.org/10.1557/JMR.1986.0564
https://doi.org/10.1557/JMR.1986.0564
https://doi.org/10.2138/am-1996-9-1022
https://doi.org/10.2138/am-1996-9-1022
https://doi.org/10.1524/ract.1994.6667.s1.469
https://doi.org/10.5169/seals-59299
https://doi.org/10.5169/seals-59299
https://doi.org/10.1016/j.jeurceramsoc.2012.04.046
https://doi.org/10.1557/PROC-807-267
https://doi.org/10.1557/PROC-807-267
https://doi.org/10.1557/opl.2014.662
https://doi.org/10.5772/20472
https://doi.org/10.1111/j.1551-2916.2006.01383.x
https://doi.org/10.1111/j.1551-2916.2006.01383.x
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref22
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref22
https://doi.org/10.1111/j.1551-2916.2006.00932.x
https://doi.org/10.1111/j.1151-2916.2003.tb03589.x
https://doi.org/10.1111/j.1151-2916.2003.tb03589.x
https://doi.org/10.1111/j.1551-2916.2007.02184.x
https://doi.org/10.1111/j.1551-2916.2007.02184.x
https://doi.org/10.1016/j.jnucmat.2016.12.028
https://doi.org/10.1016/j.enpol.2016.08.033
https://doi.org/10.1016/j.enpol.2016.08.033
https://doi.org/10.1021/acsomega.9b00719
https://doi.org/10.1016/j.jnucmat.2019.02.036
https://doi.org/10.1039/c0cp01478h
https://doi.org/10.1039/c0cp01478h
https://doi.org/10.1016/S0022-3115(02)01549-0
https://doi.org/10.1557/PROC-1107-421
https://doi.org/10.17226/9883
https://doi.org/10.17226/9883
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref34
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref34
http://refhub.elsevier.com/S0272-8842(20)32458-5/sref34


[35] OECD Nuclear Energy Agency, Pyrochemical Separations in Nuclear Applications, A
Status Report, (2004) http://www.oecd.org/.

[36] A.A. Coelho, J. Evans, I. Evans, A. Kern, S. Parsons, The TOPAS symbolic compu-
tation system, Powder Diffr. 26 (2011) 22–25, https://doi.org/10.1154/1.3661087.

[37] J.C. Woicik, B. Ravel, D.A. Fischer, W.J. Newburgh, Performance of a four-element
Si drift detector for X-ray absorption fine-structure spectroscopy: resolution, max-
imum count rate, and dead-time correction with incorporation into the ATHENA
data analysis software, J. Synchrotron Radiat. 17 (2010) 409–413, https://doi.org/
10.1107/S0909049510009064.

[38] J.A. Bearden, A.F. Burr, Reevaluation of X-ray atomic energy levels, Rev. Mod.
Phys. 39 (1967) 125–142, https://doi.org/10.1103/RevModPhys.39.125.

[39] B. Ravel, M. Newville, ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray
absorption spectroscopy using IFEFFIT, J. Synchrotron Radiat. 12 (2005) 537–541,
https://doi.org/10.1107/S0909049505012719.

[40] B.D. Begg, E.R. Vance, G.R. Lumpkin, Charge compensation and the incorporation
of cerium in zirconolite and perovskite, Mater. Res. Soc. Symp. Proc. 506 (1998)
79–86, https://doi.org/10.1557/proc-506-79.

[41] Y.Z. Cho, G.H. Park, H.C. Yang, D.S. Han, H.S. Lee, I.T. Kim, Minimization of eu-
tectic salt waste from pyroprocessing by oxidative precipitation of lanthanides, J.
Nucl. Sci. Technol. 46 (2009) 1004–1011, https://doi.org/10.1080/18811248.
2009.9711610.

[42] D.P. Reid, M.C. Stennett, N.C. Hyatt, The fluorite related modulated structures of
the Gd2(Zr2-xCex)O7 solid solution: an analogue for Pu disposition, J. Solid State
Chem. 191 (2012) 2–9, https://doi.org/10.1016/j.jssc.2011.12.039.

[43] M.C. Stennett, C.L. Freeman, A.S. Gandy, N.C. Hyatt, Crystal structure and non-
stoichiometry of cerium brannerite: Ce0.975Ti2O5.95, J. Solid State Chem. 192 (2012)
172–178, https://doi.org/10.1016/j.jssc.2012.03.057.

[44] A.V. Soldatov, T.S. Ivanchenko, S. Della Longa, A. Kotani, Y. Iwamoto, A. Bianconi,
Crystal-structure effects in the Ce L3-edge X-ray-absorption spectrum of CeO2:
multiple-scattering resonances and many-body final states, Phys. Rev. B 50 (1994)

5074–5080, https://doi.org/10.1103/PhysRevB.50.5074.
[45] A. Bianconi, A. Marcelli, H. Dexpert, R. Karnatak, A. Kotani, T. Jo, J. Petiau,

Specific intermediate-valence state of insulating 4f compounds detected by L3 X-ray
absorption, Phys. Rev. B 35 (1987) 806–812, https://doi.org/10.1103/PhysRevB.
35.806.

[46] C.L. Corkhill, D.J. Bailey, F.Y. Tocino, M.C. Stennett, J.A. Miller, J.L. Provis,
K.P. Travis, N.C. Hyatt, Role of microstructure and surface defects on the dissolu-
tion kinetics of CeO2, a UO2 fuel analogue, ACS Appl. Mater. Interfaces 8 (2016)
10562–10571, https://doi.org/10.1021/acsami.5b11323.

[47] L.R. Blackburn, S. Sun, L.J. Gardner, E.R. Maddrell, C. Martin, N.C. Hyatt, A sys-
tematic investigation of the phase assemblage and microstructure of the zirconolite
CaZr1-xCexTi2O7 system, J. Nucl. Mater. (2020), https://doi.org/10.1016/j.
jnucmat.2020.152137.

[48] Y.P. Lan, H.Y. Sohn, A. Murali, J. Li, C. Chen, The formation and growth of CeOCl
crystals in a molten KCl-LiCl flux, Appl. Phys. Mater. Sci. Process 124 (2018) 1–6,
https://doi.org/10.1007/s00339-018-2122-3.

[49] B.D. Begg, R.A. Day, A. Brownscombe, Structural effect of Pu substitutions on the
Zr-site in zirconolite, Mater. Res. Soc. Symp. Proc. 663 (2001), https://doi.org/10.
1557/PROC-663-259.

[50] N.V. Zubkova, N.V. Chukanov, I.V. Pekov, B. Ternes, W. Schüller, D.A. Ksenofontov,
D.Y. Pushcharovsky, The crystal structure of nonmetamict Nb-rich zirconolite-3T
from the Eifel paleovolcanic region, Germany, Zeitschrift Fur Krist. - Cryst. Mater.
233 (2018) 463–468, https://doi.org/10.1515/zkri-2017-2133.

[51] K.L. Smith, G.R. Lumpkin, M.G. Blackford, R.A. Day, K.P. Hart, The durability of
synroc, J. Nucl. Mater. 190 (1992) 287–294, https://doi.org/10.1016/0022-
3115(92)90092-Y.

[52] N.C. Hyatt, C.L. Corkhill, M.C. Stennett, R.J. Hand, L.J. Gardner, C.L. Thorpe, The
HADES facility for high activity decommissioning engineering & Science : part of
the UK national nuclear user facility, IOP Conf. Ser. Mater. Sci. Eng. 818 (2020)
1–8, https://doi.org/10.1088/1757-899X/818/1/012022.

A.R. Mason, et al. Ceramics International 46 (2020) 29080–29089

29089

http://www.oecd.org/
https://doi.org/10.1154/1.3661087
https://doi.org/10.1107/S0909049510009064
https://doi.org/10.1107/S0909049510009064
https://doi.org/10.1103/RevModPhys.39.125
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1557/proc-506-79
https://doi.org/10.1080/18811248.2009.9711610
https://doi.org/10.1080/18811248.2009.9711610
https://doi.org/10.1016/j.jssc.2011.12.039
https://doi.org/10.1016/j.jssc.2012.03.057
https://doi.org/10.1103/PhysRevB.50.5074
https://doi.org/10.1103/PhysRevB.35.806
https://doi.org/10.1103/PhysRevB.35.806
https://doi.org/10.1021/acsami.5b11323
https://doi.org/10.1016/j.jnucmat.2020.152137
https://doi.org/10.1016/j.jnucmat.2020.152137
https://doi.org/10.1007/s00339-018-2122-3
https://doi.org/10.1557/PROC-663-259
https://doi.org/10.1557/PROC-663-259
https://doi.org/10.1515/zkri-2017-2133
https://doi.org/10.1016/0022-3115(92)90092-Y
https://doi.org/10.1016/0022-3115(92)90092-Y
https://doi.org/10.1088/1757-899X/818/1/012022


310 
 

Appendix B – List of Figures 

Figure 1-1 - Geological disposal facility diagram displaying multibarrier 

method. Taken from [5]. ........................................................................ 23 

Figure 1-2 - Rate of decay of the components of spent nuclear fuel with time 

compared to the relative radiotoxicity of each component [7] ............... 24 

Figure 2-1– Diagram of beta decay and gamma decay of Co-60, showing the 

release of gamma rays of characterisic energy upon each decay event.

 .............................................................................................................. 34 

Figure 2-2 - Fission product yield of 235U as a function of mass number. 

Taken from [1]. ...................................................................................... 35 

Figure 2-3 - Open and closed fuel cycle flow chart (taken from [23]). .......... 37 

Figure 2-4 – Schematic of a PWR reactor design showing the reactor core, 

coolant loop, steam generator and control rods. Taken from [27]. ........ 39 

Figure 2-5 – A two dimentional representation of a continuous random 

network as described by the Zachariasen-Warren model (adapted from 

[64]) (left) and the modified random network (adapted from [1]) (right). 45 

Figure 2-6 – Structure of zirconolite 2M showing the Ca and Zr polyhedra, 

with alternating layers of Ti polyhedra. Taken from [87]. ....................... 50 

Figure 2-7 – Stages of glass dissolution (taken from [105]). ........................ 54 

Figure 3-1 – Pathways of solid state diffusion between two idealised 

spherical particles. Adapted from [121]. ................................................ 58 

Figure 3-2 – (a) Solution precipitation and (b) solution diffusion (adapted from 

[122]). .................................................................................................... 60 

Figure 3-3 – Typical stainless steel HIP cannisters produced at TUoS before 

HIPing (left) and after HIPing (right). ..................................................... 62 

Figure 3-4 – AIP 630H HIPing system used at The University of Sheffield. . 63 

Figure 3-5 – Diagram of Bragg’s law showing X-rays interacting with lattice 

planes. .................................................................................................. 64 

Figure 3-6 – XRD patterns of crystalline ceramics (top) and glass materials 

(bottom). ................................................................................................ 66 

Figure 3-7 – Emissions from a sample using SEM with illustrative depths ... 67 

Figure 3-8 – A transmission XAS spectrum of CePO4 at the Ce L3-edge 

(5.723 keV) measured at ESRF BM26A. .............................................. 70 



311 
 

Figure 4-1 - XRD pattern of each glass produced at melt temperatures 1100 

°C, 1200 °C and 1300 °C with miller indices indicating the primary 

reflections of CeO2 (PDF - 01-081-0792) : (i) 2.9 mol.% CeO2, (ii) 5.6 

mol.% CeO2 and (iii) 5.6 mol.% CeO2 + Fe. .......................................... 94 

Figure 4-2 – Representative BSE micrographs of each ATS glass (2.9 mol.% 

CeO2, 5.6 mol.% CeO2 and 5.6 mol.% CeO2 + Fe) at each melt 

temperature (1100 °C, 1200 °C and 1300 °C). ..................................... 95 

Figure 4-3 – BSE micrographs A, B: 1100 °C 5.6 mol.% CeO2 showing 

unreacted CeO2 crystallites of particle size < 1 µm, C, D: 1100 °C 5.6 

mol.% CeO2 + Fe showing reprecipitated CeO2 crystallites of 20 µm. .. 96 

Figure 4-4 – BSE micrograph of ATS 1300 °C 5.6 mol.% CeO2 + Fe glass 

with associated EDX analysis showing phase separation and CeO2 

crystallites. ............................................................................................ 97 

Figure 4-5 – Ce L3-edge XANES spectra of 2.9 mol.% CeO2 (2.9Ce), 5.6 

mol.% CeO2 (5.6Ce) and 5.6 mol.% CeO2 + Fe (5.6CeFe) ATS glasses 

synthesised at 1100 °C, 1200 °C and 1300 °C compared with CePO4 

(Ce3+) and CeO2 (Ce4+) reference compounds. .................................... 99 

Figure 4-6 – Fe K-edge XANES spectra of reference compounds and three 

ATS 5.6 mol.% CeO2 + Fe glasses produced at melt temperature 1100 

°C, 1200 °C and 1300 °C (left) with detailed view of the pre-edge 

regions of the spectra (right). .............................................................. 102 

Figure 4-7 – Example of the fitting of Fe K-edge XANES pre-edge region 

(1100 °C 5.6 mol.% CeO2 + Fe glass). The dotted line shows the data 

with the bold solid line showing the fit. Dashed lines represent the fitted 

gaussian peaks with the solid line showing the arctangent fitted to the 

background. ........................................................................................ 103 

Figure 4-8 – Graphical representation of the centroid position and total 

integrated intensity of ATS 5.6 mol.% CeO2 + Fe glasses and reference 

standard compounds determined by fits to the Fe K-edge pre-edge 

region. The oxidation state and coordination environment of Fe for each 

reference material is labelled in red, with the position of each ATS 5.6 

mol.% CeO2 + Fe glass also labelled. ................................................. 103 

Figure 4-9 – Model fit to the Fe K-edge EXAFS spectra for NaFeSi2O6, where 

A – k3χ(k), B – FT of k3χ(k), with dashed black lines represent the data 



312 
 

and solid blue lines present the theoretical fits. The fitting window is 

shown by a solid orange line. .............................................................. 105 

Figure 4-10 – k3χ(k) and the FT of k3χ(k) at the Fe K-edge EXAFS data of all 

5.6 mol.% CeO2 + Fe ATS glasses. Dashed black lines represent the 

data and solid blue lines present the theoretical fits. The fitting window is 

shown by a solid orange line. .............................................................. 108 

Figure 4-11 – Room temperature 57Fe Mössbauer spectra of all ATS 5.6 

mol.% CeO2 + Fe glasses. Pink line - fitted doublet; blue line - data fit; 

black dots - data. ................................................................................. 110 

Figure 4-12 – Normalised elemental mass loss (NLi) of Al, B, Ce, Fe, K, Li, 

Si, Na, Sn, Ti and Zr, and the pH for 5.6 mol.% CeO2 (5.6Ce) and 5.6 

mol.% CeO2 + Fe (5.6CeFe) PCT-B tests. .......................................... 114 

Figure 4-13 – Normalised elemental mass loss (NLi) of Al, B, Si, K, Li, Na 

and Fe alongside the pH for the 5.6 mol.% CeO2 + Fe MCC-1 test. ... 117 

Figure 4-14 – BSE micrographs of the cross section of 5.6 mol.% CeO2 + Fe 

MCC-1 samples from 7 – 84 d, along with EDX maps of the 70 d 

micrograph. A graphical representation of the change in thickness of the 

alteration layer with time is also included ............................................ 118 

Figure 4-15 – EDX line scans showing the number of counts of each element 

along the cross section imaged, which shows the alteration layer of the 

5.6 mol.% CeO2 + Fe ATS glass after 84 d MCC-1 test. Dashed lines 

represent the alteration layer limits. .................................................... 119 

Figure 5-1- XRD patterns of each HIPed (20 MPa, 4 h) glass produced at 

1100 or 1250 °C, where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 

and 1.00)Fe is the proportion of equimolar Fe0 added. Tick marks 

indicate the Bragg reflections for the corresponding phases: CeO2 (PDF: 

01-081-0792), Fe (PDF: 01-071-3763) and FeCr2O4 (PDF: 00-060-

0690). .................................................................................................. 136 

Figure 5-2 – BSE micrographs of each HIPed ATS glass where: A – 1100 °C 

5.6Ce, B – 1100 °C 5.6Ce1.00Fe, C - 1250 °C 5.6Ce, D – 1250 °C 

5.6Ce0.50Fe, E – 1250 °C 5.6Ce0.75Fe, F – 1250 °C 5.6Ce1.00Fe 

(5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 1.00)Fe is the 

proportion of equimolar Fe0 added). .................................................... 138 



313 
 

Figure 5-3 – BSE micrograph and EDX maps of the 1250 °C 5.6Ce1.00Fe 

HIPed ATS glass, showing Fe cubic crystallites and Fe/Cr rich dendritic 

crystallites, with corresponding EDX spectra for each phase. ............ 139 

Figure 5-4– BSE micrograph and EDX maps of ATS HIP 1250 °C 

5.6Ce1.00Fe glass at the boundary between the SS HIP canister and 

the glass melt. ..................................................................................... 140 

Figure 5-5 – Ce L3-edge XANES spectra of all HIPed ATS glasses 

synthesised at 1100 °C and 1250 °C and doped with 5.6 mol% CeO2, 

compared with CePO4 (Ce3+), Ce2Si2O7 (Ce3+) and CeO2 (Ce4+) 

standards (where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 

1.00)Fe is the proportion of equimolar Fe0 added). ............................ 141 

Figure 5-6– Room temperature 57Fe Mössbauer spectra of all Fe-containing 

HIPed ATS glasses. Pink line - fitted doublet; blue line - data fit; black 

dots – data (where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 

1.00)Fe is the proportion of equimolar Fe0 added). ............................ 144 

Figure 5-7– Normalised elemental mass loss (NLi) of Al, B, Ce, Fe, K, Li, Si, 

Na, Sn, Ti and Zr, alongside the pH for HIPed ATS 1250 °C 

5.6Ce0.00Fe and 5.6Ce1.00Fe PCT-B tests (where 5.6Ce is 5.6 mol.% 

CeO2 and (0.00 and 1.00)Fe is the proportion of equimolar Fe0 added). 

Error bars correspond to the SD of triplicate measurements. ............. 150 

Figure 6-1 - Powder XRD patterns of each A-site target formulation. Miller 

indices highlight major reflections of the zirconolite 2M phase. .......... 168 

Figure 6-2 – Quantitative phase analysis of powder XRD data of A-site target 

formulations presented in Figure 6-1 and Table 6-2. .......................... 169 

Figure 6-3– BSE images of a representative region of each A-site target 

forumulation where: 1 – Ca0.8ZrCe0.2Ti2O7, 2 - Ca0.8Ce0.2ZrTi1.6Al0.4O7, 

3 - Ca0.8Ce0.2ZrTi1.8Mg0.2O7 and 4 - Ca0.8ZrCe0.2Ti1.6Fe0.4O7. Each phase 

is labelled, and each micrograph is labelled with the average EDX 

composition of the zirconolite 2M/3T phase. ....................................... 170 

Figure 6-4 - Ce L3-edge XANES spectra of A-site target specimens. 

Reference compounds for Ce3+ and Ce4+ are included (CePO4 and 

CeO2 respectively). ............................................................................. 173 



314 
 

Figure 6-5 – Fe K-edge XANES spectra of reference compounds and all Fe-

containing zirconolites (left), with a detailed view of the pre-edge region 

of the spectra (right). ........................................................................... 176 

Figure 6-6 - Oxidation state and coordination environment of Fe in each 

formulation, characterised by the fitted Fe K-edge XANES pre-edge 

region and compared to the fitted parameters of the standard reference 

compounds. ........................................................................................ 176 

Figure 6-7 – Example of fitting of Fe K-edge XANES pre-edge region of 

Ca0.8Ce0.2ZrTi1.6Fe0.4O7 measured in transmission mode. The dotted line 

shows the data with the bold solid line showing the fit. Dashed blue lines 

represent the fitted Gaussian peaks with the solid line showing the 

arctangent fitted to the background. .................................................... 177 

Figure 6-8 - Powder XRD patterns of each AB-site target Ce-doped 

zirconolite with Ti site charge compensating ions labelled. Miller indices 

highlight major reflections of the zirconolite 2M phase. ....................... 179 

Figure 6-9 – Quantitative phase analysis of powder XRD data of HIPed AB-

site target zirconolites presented in Figure 6-8, and Table 6-6. .......... 180 

Figure 6-10– BSE images of each AB-site target formulation where: 1 - 

Ca0.9Zr0.9Ce0.2Ti2O7, 2 - Ca0.9Zr0.9Ce0.2Ti1.8Al0.2O7, 3 - 

Ca0.9Zr0.9Ce0.2Ti1.9Mg0.1O7 and 4 - Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7. Each 

phase is labelled, and each image is labelled with the average EDX 

composition of the zirconolite 2M/3T phase. ....................................... 182 

Figure 6-11 – BSE micrograph and EDX maps of HIPed zirconolite 

Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 composition, showing an area of reaction 

around a CeO2 particle, forming a Ce-enriched zirconolite phase. ...... 183 

Figure 6-12 - Ce L3-edge XANES spectra of AB-site specimens. Reference 

compounds for Ce3+ and Ce4+ are included (CePO4 and CeO2 

respectively). ....................................................................................... 184 

Figure 6-13 – Normalised mass loss of NLi for Ca, Ce, Ti and the charge 

compensating ions (Al, Mg and Fe) for each A-site target material. .... 187 

Figure 7-1 – Powder XRD pattern of (Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7 

(black line), showing the Rietveld refinement fit (red line) and difference 

(green). Bragg reflections labelled for zirconolite 2M and 4M, with (hkl) 

values labelled for zirconolite 2M. Rp = 5.86 and Rwp = 8.17 %. ......... 207 



315 
 

Figure 7-2 – BSE micrographs of the bulk of 

(Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7, with low magnification image (top) 

and high magnification image (bottom) with EDX maps and EDX spectra 

of the light grey and dark grey regions observed. ............................... 209 

Figure 7-3 – Ce L3-edge XANES spectra of 

(Ca0.9Gd0.1)(Zr0.5Ce0.2Hf0.2Gd0.1)Ti2O7 (zirconolite A), showing the LCF fit 

with CePO4 and CeO2 reference spectra. ........................................... 210 

Figure 7-4 - Powder XRD pattern of zirconolite B 

((Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7) (black line), showing the 

Rietveld fit (red line) and difference (green). Bragg reflections labelled 

for zirconolite 2M and 3T, with (hkl) values labelled for zirconolite 2M. Rp 

= 6.81 % and Rwp = 9.56 %. ................................................................ 212 

Figure 7-5 - BSE micrographs of the bulk of zirconolite B 

((Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7), with EDX maps and EDX 

spectra. ............................................................................................... 213 

Figure 7-6 - Ce L3-edge XANES spectra of 

(Ca0.7Gd0.1Ce0.2)(Zr0.7Hf0.2Gd0.1)Mg0.2Ti1.8O7 (zirconolite B), showing the 

LCF fit with CePO4 and CeO2 reference spectra. ............................... 214 

Figure 7-7 - Powder XRD pattern of the Gd2(Zr1.6Ce0.2Hf0.2)O7 specimen 

(black line), showing the Rietveld refinement fit (red line) and difference 

profile (green). Bragg reflections labelled for Gd2Zr2O7, cubic ZrO2 and 

CeO2, with (hkl) values labelled for Gd2Zr2O7.Rwp = 4.39 % and Rp = 

3.19 %................................................................................................. 216 

Figure 7-8 - BSE micrographs of the bulk of Gd2(Zr1.6Ce0.2Hf0.2)O7, with low 

magnification (top) and low magnification (bottom). EDX maps and EDX 

spectra for each of the four phases identified: bulk pyrochlore, Hf-rich 

phase, Ce-rich phase and Zr-rich phase. ............................................ 217 

Figure 7-9 - Ce L3-edge XANES spectra of Gd2(Zr1.6Ce0.2Hf0.2)O7 

(pyrochlore), with CePO4 and CeO2 reference spectra. ...................... 218 

Figure 7-10 - Powder XRD pattern of (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-d (black 

line), showing the Rietveld refinement fit (red line) and difference 

(green). Bragg reflections labelled for cubic ZrO2, with (hkl) values 

labelled for cubic ZrO2. Rwp = 10.86 % and Rp = 7.83 %. .................... 220 



316 
 

Figure 7-11 - BSE micrograph of the bulk of (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-x 

formulation with EDX maps and EDX spectra for each of the two phases 

identified with light contrast Hf-rich phase and dark contrast Zr-rich 

phase. ................................................................................................. 222 

Figure 7-12 - Ce L3-edge XANES spectra of (Ca0.1Zr0.75Ce0.05Hf0.05Gd0.05)O2-x 

(cubic zirconia formulation), showing the LCF result with CePO4 and 

CeO2 reference spectra....................................................................... 223 

Figure 7-13 - Normalised elemental mass loss (NLi) of Ca, Ti, Gd and Ce for 

PCT-B tests on zirconolite A (dark green) and zirconolite B (light green).

 ............................................................................................................ 226 

Figure 7-14 - Normalised elemental mass loss (NLi) of Gd and Ce for PCT-B 

tests on pyrochlore (orange) and cubic zirconia (red). ........................ 228 

Figure 8-1 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS with synthesis 

temperature: (i) 1400 °C (ii) 1300 °C (iii) 1200 °C (iv) 1100 °C; the 

reaction time was 2h in air. Miller indices highlight major reflections of 

the zirconolite 2M phase. Primary diagnostic reflections of reagents and 

accessory phases are indicated by: P, CaTiO3 perovskite; T, TiO2 ..... 241 

Figure 8-2 - Quantitative phase analysis of XRD data of MSS products 

shown in Fig.8-1 and Fig.8-3 to 8-5; “excess” denotes addition of 

10 wt.% ZrO2 and 5 wt.% TiO2 to stoichiometric formulation. Unless 

otherwise stated MSS was performed at 1200 °C for 2 h in air with CeO2 

as the Ce source. ................................................................................ 242 

Figure 8-3 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS at 1200 °C for 2 h, 

with synthesis atmospheres: (i) air (ii) 5% H2/N2 (iii) Ar. Miller indices 

highlight major reflections of the zirconolite 2M phase. Primary 

diagnostic reflections of reagents and accessory phases are indicated 

by: P, CaTiO3 perovskite; T, TiO2; Z, ZrO2; C, CeO2. .......................... 244 

Figure 8-4 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS at 1200 °C in air with 

furnace dwell durations: (i) 8 h (ii) 4 h (iii) 2 h. Miller indices highlight 

major reflections of the zirconolite 2M phase. Primary diagnostic 

reflections of reagents and accessory phases are indicated by: P, 

CaTiO3 perovskite; T, TiO2; Z, ZrO2; C, CeO2. .................................... 246 

Figure 8-5 - XRD patterns of Ca0.9Zr0.9Ce0.2Ti2O7 MSS with additional 

excesses of 10 wt.% ZrO2 and 5 wt.% TiO2, and CeCl3 reagent where 



317 
 

indicated: (i) 1200 °C, CeCl3, 10 wt.% ZrO2 and 5 wt.% TiO2 (ii) 1200 °C, 

CeCl3 (iii) 1200 °C,10 wt.% ZrO2 and 5 wt.% TiO2 (iv) 1200 °C; the 

reaction time was 2 h, in air. Miller indices highlight major reflections of 

the zirconolite 2M phase. Primary diagnostic reflections of reagents and 

accessory phases are indicated by: P, CaTiO3 perovskite; T, TiO2; Z, 

ZrO2; C, CeO2. .................................................................................... 248 

Figure 8-6 - XRD patterns to compare; (i) the product of a secondary 

sintering process (1350 °C, for 20 h, in air) of the MSS product in (ii), (ii) 

Ca0.9Zr0.9Ce0.2Ti2O7  MSS; 1200 °C for 2 h in air. Miller indices highlight 

major reflections of the zirconolite 2M phase. Primary diagnostic 

reflections of reagents and accessory phases are indicated by: P, 

CaTiO3 perovskite; T, TiO2; Z, ZrO2; C, CeO2. .................................... 249 

Figure 8-7 - SEM micrographs, in secondary electron mode, of: (A) TiO2 (B) 

CeO2 (C) ZrO2 (D) Ca0.9Zr0.9Ce0.2Ti2O7 from MSS at 1200 °C, for 2h, in 

air. ....................................................................................................... 251 

Figure 8-8 - SEM micrograph, in SE mode, of the surface of the ceramic 

produced after sintering of MSS product at 1350 °C for 20 h, in air, 

highlighting component phases: accessory phases are indicated by: P, 

perovskite; Z, ZrO2; and zirconolite 2M and 4M polymorphs. 

Representative EDX spectrum of the zirconolite 2M phase is shown. 252 

Figure 8-9 - Ce L3 XANES spectra of recovered product of 

Ca0.9Zr0.9Ce0.2Ti2O7 MSS in air, compared with CePO4, CeAlO3 and 

CeO2 reference compounds: A) reaction at 1100 – 1400 °C for 2 h, in air; 

B) reaction at 1200 °C for 2 h using flowing 5% H2/N2, Ar or air; C) 

reaction at 1200 °C for 2 – 8 h, in air; D) reaction at 1200 °C for 2 h, in 

air, using CeO2 or CeCl3.7H2O as Ce source, with/without 10 wt.% ZrO2 

and 5 wt.% TiO2 excess. ..................................................................... 254 

Figure 8-10 - Comparison of quantity of Ce3+ and perovskite weight fraction 

in product materials. Black squares represent all MSS zirconolite 

materials produced at 1200 °C. Blue circles represent MSS zirconolite 

materials produced at temperatures other than 1100 °C, 1300 °C and 

1400 °C. .............................................................................................. 257 

 



318 
 

  



319 
 

Appendix C – List of Tables 

Table 1-1 – Nuclear waste category definitions, along with their relative 

volume and activity [2]. ......................................................................... 21 

Table 1-2 – Wasteform acceptance criteria, their definition and explanation of 

their relative importance........................................................................ 25 

Table 1-3 – Inventory of UK civil PuO2 as of 31 December 2018 [adapted 

from [13]]. Published by the Office for Nuclear Regulation. .................. 26 

Table 2-1 – Examples of elements which correspond to each category of 

cation in the glass network with associated Dietzel Field Strength range 

[63]. ....................................................................................................... 45 

Table 4-1 – Comparison of UK HLW glass composition, MW, and reported 

ATS compositions with experimental ATS compositions used in this 

work. N.B. 5.6CeFe refers to the addition of Fe0 in an equimolar quantity 

to the CeO2. .......................................................................................... 83 

Table 4-2 – Linear combination fitting of Ce L3-edge XANES spectra in 

Figure 4-5, showing the Ce speciation in each composition (2.9 mol.% 

CeO2 (2.9Ce), 5.6 mol.% CeO2 (5.6Ce) and 5.6 mol.% CeO2 + Fe 

(5.6CeFe)), errors are reported in parentheses. ................................. 100 

Table 4-3 – Intensity weighted centroid position and total integrated intensity 

of the fitted pre-edge region of Fe K-edge XANES spectra for all 5.6 

mol.% CeO2 + Fe ATS glasses and reference compounds. Data 

presented in Figure 4-8. ...................................................................... 104 

Table 4-4 – Fitted structural parameters for the EXAFS model of NaFeSi2O6 

in Figure 4-9. RFe-i is the average interatomic distance for a given Fe-i 

pair, σ2i is the Debye-Waller factor and NFe-i is the coordination number 

fixed in the model. The fit range in k was from 3 to 11 Å-1 and in R from 

1 to 5.5 Å. The R factor was 0.012 and the ΔE0 = 1.83 ± 1.35. The 

number of independent variables (Nv) and data (Nip, determined from the 

Nyquist theorem) was Nv = 24.7 and Nip = 16, respectively. ............... 106 

Table 4-5 – Structural parameter for the 5.6 mol.% CeO2 + Fe ATS glass Fe 

K-edge EXAFS fits. RFe-i is the average interatomic distance between Fe 

and i, σ2i is the Debye-Waller factor and NFe-i is the refined number of 

scatterers in the first oxygen shell. The amplitude reduction factor, 



320 
 

refined from the NaFeSi2O6 fit, was fixed at S02 = 0.67. BVS is the bond 

valence sum for the first oxygen coordination shell. ............................ 107 

Table 4-6 – 57Fe Mössbauer parameters for site A and B for ATS 5.6 mol.% 

CeO2 + Fe glasses where: δ – isomer shift (mm s-1), Δ – quadrupolar 

shift (mm s-1) and Γ – full width half maximum (mm s-1). The proportion 

of site A relative to the total is also shown. ......................................... 111 

Table 4-7 – Comparison of batched composition and XRF/ICP-OES results 

for two ATS glasses: 1200 °C 5.6 mol.% CeO2 and 1200 °C 5.6 mol.% 

CeO2 + Fe. .......................................................................................... 113 

Table 4-8 – Normalised elemental loss rate (NRi calculated from 7 – 28 d) 

calculated using linear regression for each PCT-B experiment (where 

5.6Ce = 5.6 mol.% CeO2 compositions and 5.6CeFe = 5.6 mol.% CeO2 

+ Fe). For MCC-1, the normalised elemental loss rate was calculated 

from 21 – 84 d. ND (not detected) signifies that the element was below 

the detection limit for ICP-OES measurement. ................................... 116 

Table 5-1– Comparison of UK HLW glass composition MW and reported 

ATS compositions with experimental batched HIPed ATS compositions 

used in this work. (N.B 5.6Ce1.00Fe corresponds to 5.6 mol.% CeO2 

with equimolar addition of Fe0, therefore 5.6Ce0.50Fe corresponds to 

half of the required equimolar addition of Fe0). ................................... 127 

Table 5-2– Results of linear combination fitting of Ce L3-edge XANES 

spectra of all HIPed ATS glasses in Figure 5, errors are reported in 

parentheses (where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 0.5, 0.75 and 

1.00)Fe is the proportion of equimolar Fe0 added). ............................. 142 

Table 5-3 – 57Fe Mössbauer parameters from the spectra in Figure 5-6 for 

site A, B and C for all Fe-containing HIPed ATS glasses where: δ – 

isomer shift (mm s-1), Δ – quadrupolar shift (mm s-1) and Γ – full width 

half maximum (mm s-1). Errors in parentheses, 5.6Ce is 5.6 mol.% CeO2 

and (0.00, 0.5, 0.75 and 1.00)Fe is the proportion of equimolar Fe0 

added. ................................................................................................. 145 

Table 5-4 – Comparison of batched composition and XRF/ICP-OES results 

for two HIPed ATS glasses: 1250 °C 5.6Ce0.00Fe and 1250 °C 

5.6Ce1.00Fe (where 5.6Ce is 5.6 mol.% CeO2 and (0.00, 1.00)Fe is the 

proportion of equimolar Fe0 added). .................................................... 148 



321 
 

Table 5-5 – Normalised residual dissolution rate (NRi calculated from 7 – 28 

d) for each PCT-B experiment (where 5.6Ce is 5.6 mol.% CeO2 and 

(0.00 and 1.00)Fe is the proportion of equimolar Fe0 added). ............ 151 

Table 6-1 – Summary of zirconolite compositions synthesised in this work.

 ............................................................................................................ 161 

Table 6-2 – Quantitative analysis using Rietveld refinement on XRD patterns 

of A-site target formulations displayed in Figure 6-1. Errors in 

parentheses. ....................................................................................... 169 

Table 6-3 – Avearge EDX determined composition of zirconolite 2M/3T for 

each A-site formulation, with associated deduced average Ce oxidation.

 ............................................................................................................ 171 

Table 6-4 - Average Ce oxidation state of each composition resulting from 

the linear combination fitting of spectra in Figure 6-4, with errors shown 

in parentheses. ................................................................................... 173 

Table 6-5 - Intensity weighted centroid position and total integrated intensity 

of fitted pre-edge Fe XANES spectra of Fe reference compounds 

alongside Ca0.8Ce0.2ZrTi1.6Fe0.4O7 and Ca0.9Zr0.9Ce0.2Ti1.8Fe0.2O7 

formulations. Data presented in Figure 6-6. ........................................ 177 

Table 6-6 – Quantitative analysis using Rietveld refinement of XRD patterns 

in Figure 6-8. Errors in parentheses. .................................................. 179 

Table 6-7 – Avearge EDX composition of zirconolite 2M/3T for each AB-site 

formulation with associated deduced average Ce oxidation. .............. 183 

Table 6-8 - Average Ce oxidation state of each AB-site target formulation 

resulting from the linear combination fitting of spectra in Table 6-8, with 

errors shown in parentheses. .............................................................. 185 

Table 6-9 - Comparison of the batched composition and XRF results for each 

A-site target formulation. ..................................................................... 186 

Table 6-10 – NRi for each composition calculated from d 4 - 10. Errors in 

parentheses. ....................................................................................... 188 

Table 7-1 – Composition of each wasteform investigated in this work where 

Ce is the Pu surrogate and Hf/Gd are neutron absorbers. .................. 202 

Table 7-2 – Coordination number of each ion targeting the Ca and Zr sites of 

zirconolite [88]. .................................................................................... 208 



322 
 

Table 7-3 - Comparison of the batched composition and XRF results for each 

HIPed ceramic formulation. ................................................................. 225 

Table 7-4 – NRi for each composition calculated from d 4 – 10. Errors in 

parentheses. ....................................................................................... 227 

Table 8-1 - Quantitative analysis using Rietveld refinement on XRD patterns 

in Fig. 8-1 and Fig.8-3 to 8-5; “excess” denotes addition of 10 wt.% ZrO2 

and 5 wt.% TiO2 to stoichiometric formulation. ** Refers to the material 

produced after the secondary sintering of the MSS material formed at 

1200 °C for 2 h in air with CeO2 as the surrogate. .............................. 243 

Table 8-2 - Results of linear combination fitting of spectra from Figure 8-9; 

“excess” denotes addition of 10 wt.% ZrO2 and 5 wt.% TiO2 to the 

stoichiometric formulation. .................................................................. 256 

 

  



323 
 

  



324 
 

 


	a1e4970f-b058-4d65-82f6-0c29a6d44973.pdf
	Molten salt synthesis of Ce doped zirconolite for the immobilisation of pyroprocessing wastes and separated plutonium
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 MSS - Ca0.9Zr0.9Ce0.2Ti2O7
	2.3 Materials characterisation

	3 Results
	3.1 Characterisation of phase assemblage by X-ray diffraction
	3.2 SEM/EDX characterisation
	3.3 Ce L3 XANES

	4 Discussion
	5 Conclusion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


	1b1f2615-d421-4771-853e-271fe90e7662.pdf
	a1e4970f-b058-4d65-82f6-0c29a6d44973.pdf
	Molten salt synthesis of Ce doped zirconolite for the immobilisation of pyroprocessing wastes and separated plutonium
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 MSS - Ca0.9Zr0.9Ce0.2Ti2O7
	2.3 Materials characterisation

	3 Results
	3.1 Characterisation of phase assemblage by X-ray diffraction
	3.2 SEM/EDX characterisation
	3.3 Ce L3 XANES

	4 Discussion
	5 Conclusion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References



	1b1f2615-d421-4771-853e-271fe90e7662.pdf
	a1e4970f-b058-4d65-82f6-0c29a6d44973.pdf
	Molten salt synthesis of Ce doped zirconolite for the immobilisation of pyroprocessing wastes and separated plutonium
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 MSS - Ca0.9Zr0.9Ce0.2Ti2O7
	2.3 Materials characterisation

	3 Results
	3.1 Characterisation of phase assemblage by X-ray diffraction
	3.2 SEM/EDX characterisation
	3.3 Ce L3 XANES

	4 Discussion
	5 Conclusion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References




