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ABSTRACT 

Considering the high overall costs of radioactive waste disposal and the growing 

requirements for improved quality of the final waste form, the benefits offered by thermal 

processing become very significant. Key drivers for the application of thermal treatment 

processes include the reduced volume, improved passive safety, and superior long term 

stability of the vitrified wasteform products. Currently, a fundamental lack of scientific 

knowledge and understanding significantly hinders the uptake of thermal treatment 

processes for the immobilisation and disposal of plutonium contaminated material waste. 

The project will contribute to accelerating the acquisition of knowledge and experience 

required to support the Nuclear Decommissioning Authority (NDA) in deploying thermal 

technologies as a national asset for intermediate level waste (ILW) treatment.    

Plutonium contaminated materials (PCM) waste is a sub category of ILW. The current 

treatment method for PCM is supercompaction and cement encapsulation, however, there 

are significant concerns regarding the reliability of the treatment method to consistently 

deliver a waste form suitable for long term performance. This project follows on from 

previous work which provided proof of concept studies for thermally treating PCM waste. 

This work uses a soda lime silica (SLS) glass cullet as the glass forming additive to aid 

vitrification, providing substantial benefits in terms of costs saving compared to previous 

work. The thermal treatment experiments showed no violent reactions between the waste 

simulant and the glass additives. The Ce (acting as a Pu surrogate) was effectively 

partitioned within the slag fractions of the waste form, with crystalline regions present in 

certain formulations. The Ce was found as trivalent species providing confidence that the 

slag component of the wasteforms developed here could incorporate Pu at the 

concentrations expected from treatment of PCM wastes. The materials produced here are 

broadly comparable, in terms of durability, to other simulant UK ILW glass products 

considered potentially suitable for geological disposal. 

The project also investigates the potential to use the glass forming oxides found within 

the ILW itself to aid vitrification. Using suitable ternary phase diagrams, it is possible to 

use the waste and any additional additives to create a formulation to ensure a glass is 

successfully formed at a reasonable operating temperature whilst always maintaining 

compatibility with currently available technology platforms. This method was utilised to 

vitrify representative pond scabbling waste. The simulant waste contained high levels of 

SiO2 which, in combination with glass forming oxides, were successfully vitrified. 
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Characterisation studies were performed to understand the relationship between Na2O 

and B2O3 and the effect this had on the microstructure of the resultant structure of the 

glass.  Glass dissolution experiments were also performed to test the performance of the 

glass in conditions expected within a geological disposal facility (GDF). The thesis also 

includes the results of samples acquired from a three month student placement working 

with Kurion’s geomelt facility at the Workington site (UK). 

Contained within this PhD are experiments which aim to provide significant information 

into the mechanism that drive glass alteration. However this data has only been applicable 

to short-term alteration. The research presented in Chapter 7 aims to understand the long 

term mechanism of the vitrified PCM waste by using 250 year old slag samples as a glass 

alteration analogue. The results presented provide evidence for the long term durability 

of the vitrified PCM waste samples.  
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1 INTRODUCTION 

The decommissioning of nuclear power stations and their related facilities, as well as the 

clean-up of sites contaminated by radionuclides from accidents and nuclear weapons 

programs, are international issues, with varying levels of progress. Without a clear path 

towards long term disposal, with high profile cases such as Yucca Mountain as a 

geological repository in the USA failing to deliver substantial progress, a solution to this 

problem remains a considerably vexing technical and political challenge. 

The central issues for nuclear waste management include the storage, transportation and 

disposal of radioactive waste generated at the back-end of the nuclear fuel cycle. 

Intergenerational responsibility means inaction is not an option. Governments cannot reap 

the benefits of nuclear power without taking responsibility for the legacy waste this 

produces. This includes managing suitable disposal methods for used fuel, high-level 

waste and contaminated sites.  

The Nuclear Decommissioning Authority (NDA) is responsible for managing the 

effective and efficient clean-up of the UK’s nuclear legacy waste. The Energy Act (2004) 

states the NDA is required to carry out R&D in support of decommissioning and clean 

up. As part of this programme the NDA funds a number of PhD projects through a bursary 

scheme, including this one. The PhD Bursary Scheme and wider support for University 

R&D play an important role in securing the future skill base for nuclear decommissioning. 

The project reported in this thesis will support the NDA’s commitment to “generate 

credible and preferred strategic options for the estate-wide use of thermal technologies”, 

by developing the necessary skills, capability, fundamental knowledge and 

understanding, required to support timely insertion of thermal treatment technologies and 

develop national expertise in this subject. 

This thesis focuses on the application of thermal treatment to process two particular sub 

categories of ILW streams including; plutonium contaminated materials (PCM) waste 

(Chapter 4) and masonry waste in the form of pond scabblings (Chapter 5). The thesis 

aims to develop an understanding of the waste and matrix reactions during thermal 
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treatment of PCM and masonry waste which are prominent at a number of NDA sites. 

The specific objectives are to understand; 

 The sequence of reactions leading to waste digestion in thermal treatment; 

 Control of radionuclides partitioning between off gas and the waste form using 

inactive surrogates; 

 Selection of glass forming additives to optimise waste digestion and waste form 

quality. 

More broadly the project will underpin the fundamental scientific knowledge to support 

the need for a baseline strategy towards a major investment in thermal treatment of ILW.  

A recent development within the thermal treatment industry, is the commissioning of the 

GeoMelt in-container vitrification (ICV) plant at NNL’s flagship central laboratory on 

the Sellafield site. The author undertook a three month secondment, with Kurion Inc, to 

support the commissioning of the system. The fundamental scientific knowledge obtained 

by the author through laboratory scale thermal treatment processes, enabled the author to 

contribute to the project and use the work to form part of this thesis. Chapter 6 describes 

the student involvement within the project whilst also using the facilities at Sheffield to 

analyse samples produced during the secondment period.  

Due to the nature of long lived radionuclides, the long term behaviour of the waste form 

needs to be considered. The project will develop an understanding of product stability 

with respect to generic ILW disposal concepts, through accelerated dissolution 

experiments. A number of studies have used archaeological glass samples to predict and 

study the long term behaviour of glass samples including radioactive waste glasses. This 

method will be utilised within this thesis to evaluate the long term performance of the 

vitrified PCM waste products synthesised in Chapter 4. Chapter 7 describes the methods 

used to study archaeological samples found within the town of Hayle, situated in west 

Cornwall. 

The overall aims of the investigation is to underpin the scientific processes of thermally 

treating PCM and masonry waste, using laboratory scale waste simulants. The 

fundamental knowledge and processes used in this thesis would be applicable to a number 

of ILW streams. The project aims to gain a complete understanding of the vitrified 

products through characterisation methods, product performance and long term 

behaviour.  
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2 LITERATURE REVIEW  

2.1 Radioactive Waste 

Radioactive wastes are classified into different categories by different countries, some 

subdivide waste streams into long and short-lived wastes, or by radioactivity levels. The 

civil nuclear industry is the main source for radioactive waste in the UK, however 

hospitals, universities and weapons decommissioning also contribute.  

There are four classifications for radioactive nuclear waste in the UK (Ojovan 2005) 

(DEFRA 2004) 

Very low level waste (VLLW): 0.1 m3 of VLLW contains less than 400 kBq of total 

activity or single items contain less than 40 kBq of total activity. Waste of this type can 

include contaminated gloves, paper etc,. from sources such as universities and hospital 

waste. VLLW, due to its low activity, can be incinerated and then placed in a landfill site.   

Low level waste (LLW): Containing radioactive materials other than those suitable for 

disposal with ordinary refuse, but not exceeding 4 GBq per tonne of alpha or 12 GBq per 

tonne of beta/gamma activity. The current treamtment method is to send the waste to 

the LLW Repository in Cumbria.   

Intermediate level waste (ILW): Waste with radioactivity exceeding the upper limits of 

LLW, but without the need to consider heat generating capacity in the design of storage 

or disposal facility. Waste includes fuel cladding, reactor components, and sludge from 

the treatment of radioactive effluents. ILW streams are usually made into cementations 

waste forms. 

High Level Waste (HLW): HLW can be described as heat-generating radioactive waste, 

as a result of the radioactive decay. The management of the heat generated needs to be 

addressed when selecting suitable storage and disposal options. HLW is mainly fission 

products originating from the reprocessing of spent nuclear fuels. Current treatment for 

high level liquid waste is incorporation into borosilicate glass, using a process called 

vitrification. 
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International agreement is that a deep geological disposal facility is the best options for 

long term storage of radioactive waste. The NDA is responsible for planning and 

implementing geological disposal in the UK. To implement geological disposal the NDA 

has set up the Radioactive Waste Management (RWM). RWM will eventually be 

developed into a Site Licence Company (SLC) responsible for the construction and 

operation of a geological disposal facility. RWM has developed a Generic Disposal 

System Specification (NDA/RWM 2010) which describes the requirements of the 

disposal system. 

To identify potential sites where a GDF could be located, the UK government favours a 

voluntarist approach, working with communities that are willing to participate in the 

siting process. A number of different geological disposal (GDF) concepts have been 

developed around the world for different geological environments and disposal 

inventories. Each concept will utilise a ‘multi barrier’ approach. This approach involves 

engineered and natural barriers working together to prevent radioactivity being released 

to the surface in amounts that could cause harm to life and the environment. These barriers 

are, from the waste outwards: 

Conditioned waste in the container - provide a stable, low-solubility matrix that limits 

the rate of release of the majority of radionuclides by dissolution in groundwater that 

comes into contact with the waste form. 

Over pack - prevent groundwater from reaching the waste form.  

Buffer - condition the chemical characteristics of groundwater and pore water in contact 

with the container and the waste form so as to reduce corrosion rate and/or solubility of 

radionuclides.  

Host rock - isolate waste from people and the surface environment by providing a large 

radiation shield. 

A geological disposal facility shall only accept wastes that comply with the Waste 

Acceptance Criteria (WAC). WAC specify the characteristics that waste packages will 

have to satisfy before being accepted for disposal. Such WAC are produced and issued 

by the facility operator following appropriate regulatory scrutiny.  

One of the major driving forces for thermally treating nuclear waste is the potentially 

large volume reduction. This becomes very important when considering final disposal 
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within a GDF. A larger volume reduction will equate to lower costs to the UK tax payer 

when constructing a GDF. Other drivers for thermal treatment include increased passive 

safety and improved long term performance within a GDF. 

2.1.1 Plutonium Contaminated Materials (PCM) Waste.  

PCM waste is a subcategory of intermediate level waste, which is generated as a result of 

the handling of plutonium during nuclear fuel processing and other related activities. 

PCM waste accounts for 7 % of the UK ILW inventory (NDA 2011). The amount of PCM 

waste in the UK is estimated to be over 31,000m³, with 70% of PCM waste stored at the 

Sellafield site (NDA 2013). PCM waste, similar to that held at Sellafield, is also stored at 

other public sector civil nuclear sites including Dounreay (4%) and Harwell (4%), which 

are all operated by the United Kingdom Atomic Energy Authority (UKAEA), as shown 

in Table 2.1.  

 

Site Existing Volume (m³) Total (including future arising m3) 

Sellafield 7975 22000 

Dounreay 840 1250 

Harwell 1230 1390 

Aldermaston 3400 6500 

Total Derived 13445 31140 

Table 2.1 Total PCM waste UK inventory – (NDA 2013) 

 

 

The PCM waste, which can incorporate masonry, metal, organic items, are double bagged 

in heat sealed PVC linings before being stored in 200L mild steel drums, as shown in 

Figure 2.1. The heterogeneous nature of the waste material presents a considerable 

materials science and engineering challenge for PCM waste immobilisation.   
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Figure 2.1 PCM waste stored in 200L mild steel drums. 

 

The radioactive content and waste composition are generally well understood within an 

acceptable degree of accuracy to underpin management controls for ensuring safe storage 

in the short term. However, longer-term control depends on managing the hazards that 

the waste present due to the presence of long-lived Pu isotopes which are radiotoxic and 

mobile in the subsurface. This requires that the PCM waste is converted into a passive, 

safe waste form suitable for long term storage.   

A process is already in place at the Sellafield site for the treatment of some categories of 

PCM waste, centred on the Waste Treatment Centre (WTC). The general method of the 

WTC is compression of the 200L drums containing the PCM waste, and the resulting 

crushed drums are grouted in cement, as shown in Figure 2.2, and stored within 500L 

steel storage containers (NuSAC 2005). 

However, there are concerns regarding the reliability of the supercompaction and 

subsequent grouting process to deliver a consistent waste form suitable for long-term 

storage and eventual disposal. Recognised issues associated with the reliability of the 

treatment process include: 

 

 

 



 

27 

 

Non-compactable waste – prevent the drums from being crushed into pucks smaller than 

the maximum height of 500 mm 

Wood rubber and PVC components – which may reassert their shape following 

supercompaction causing deformation.  

Liquid content of the waste – causes downtime of the facility, as well as additional costs 

of disposing of liquid waste. 

 

 

Figure 2.2 Compacted and cemented PCM waste drums 

Operating experience with the WTC demonstrates that significant challenges still remain 

in order to process existing stocks of PCM at Sellafield rapidly enough to satisfy current 

regulatory requirements for dealing with the legacy of past operations at the site. The 

work contained in this thesis demonstrates the applicability of thermal treatment methods 

as an alternative treatment method for PCM waste.  

2.1.2 Pu and the use of possible surrogates 

Pu is created in a nuclear reactor when uranium atoms absorb neutrons, Pu can then be 

extracted and recycled as fuel or for defence purposes (Ewing 2005). Nirex (2004) 

provides a comprehensive review of international literature on immobilisation matrices 
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for separated stocks of Pu. The radiotoxicity of Pu and the associated hazard this presents, 

makes it vital that the Pu contained within the PCM waste is safely immobilised. PCM 

waste originates from a ranges of processes, including fuel reprocessing and fast reactor 

fuel fabrication (Egan 2008). The main areas of concern within this study, when designing 

waste forms to immobilise Pu, are criticality issues and the segregation / partitioning of 

Pu. The ability to safely simulate the behaviour of Pu using a suitable surrogate, will be 

very important for this study. 

In order to alleviate concerns regarding the environmental damage that could ensue from 

a potential critical mass assembly within a nuclear waste form or from a waste repository, 

there have been a number of studies which analyse the bounding estimates for criticality 

risks (Rechard et al. 1996; Forsberg 1997). The amount of Pu required to form a critical 

mass is dependent on several factors resulting in values ranging from several hundred 

grams to infinity (Kienzler et al. 2003). However, the levels of Pu within the PCM waste 

under consideration in this study are expected to be much lower than the calculated 

amount of Pu required to reach critical mass, as shown from previous works by Cerefice 

(1996). Previous studies have shown PuO2 solubility in glass to be 10-11 wt% in silicate 

glass waste forms (Vienna et al. 1996; Fox et al. 2008). A homogenous distribution of Pu 

within the waste form would further lower the risk of criticality issues; designing a glass 

waste form to permit this will be critical to determining the success of the project. A 

significant disadvantage with the current treatment method of super- compaction and 

cement encapsulation is the potential for “hotspots” of Pu within the cemented waste 

product. As discussed, the risk of criticality is not considered likely within the PCM 

wastes or waste forms, but the ability to determine the partitioning of the Pu within the 

waste form is still important. If Pu preferentially resides in a minority phase within the 

waste form, the ability to immobilise the Pu from the environment relies on the properties 

of that one phase. If this phase is water soluble then this will obviously be a major 

concern. Previous laboratory scale studies of PCM waste conducted by Hyatt et al. (2014) 

produced multi phased glass waste forms. The experiments in this study are expected to 

produce similar compositions given the heterogeneous nature of the PCM waste.  

On the ground of safety and expenditure, surrogates were used to simulate the behaviour 

of Pu. In many cases the chemical behaviour of a radioactive element can be safely 

simulated using one of its inactive isotopes. This method is utilised in Chapter 5, with the 

chemical and physical effects of 90Sr, 137Cs and 60Co simulated using their naturally 
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occurring isotopes. In the case of Pu, however, inactive isotopes of the same element do 

not exist. Therefore a surrogate element that mimics aspects of the chemical and physical 

properties of Pu must be used. Bingham et al. (2008) identified a number of chemical and 

physical properties of Pu which must be closely considered when selecting a surrogate 

element. Based upon this, and to maintain consistency with previous studies (Hyatt et al. 

2014), CeO2 was used as a Pu surrogate within this body of work. Ce has a similar ionic 

radius and electronic configuration, which are known to determine structural, chemical 

and solubility behaviour of Pu in the final waste form (Lopez et al. 2003). Ce is also a 

useful surrogate for elements, such as Pu, that exhibit both 3+ (trivalent) and 4+ 

(tetravalent) valence states (Reid et al. 2012). A number of studies have determined that 

trivalent species such as Pu3+ and Ce3+ are much more soluble in borosilicate systems 

(Lopez et al. 2003) (Deschanels et al. 2007), with Cachia et al. (2006) showing that Pu 

solubility was effectively doubled by modifying its oxidation state, from 2 wt.% for 

Pu(IV) to 4 wt. % for Pu(III). This information is important for this study as the melting 

conditions will be designed to maximise waste loading within the vitrified product. A 

degree of caution should be exercised however, as it is reported that redox potential of Ce 

is dissimilar to that of Pu, as shown below, (Caravaca et al. 2008; Trinidad et al. 2008) 

meaning the Ce3+ / Ce4+ ratio would not be representative of the Pu3+ / Pu4+ ratio in the 

resulting glasses.     

Ce4+ + e  ⇌ Ce3+  (E0/V = 1.72) 

Pu4+ + e  ⇌ Pu3+  (E0/V = 1.006) 

2.2 Additional waste streams vitrified within the project 

The main focus of the project was to gain a greater understanding of the thermal treatment 

of PCM waste. The principles of thermally treating nuclear waste can be applied to a 

number of ILW streams within the nuclear waste industry. With a large investment in 

thermal treatment technologies planned at sites such as Sellafield, it is important for 

research engineers to be able to identify potential waste streams which would benefit from 

thermal treatment and to underpin the science behind these processes to aid with 

increasing the TRL for thermal treatment technologies. The following section describes 

the origin and technical information regarding a number of different waste streams 

studied within this thesis.     
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2.2.1 Masonry waste in the form of decommissioned silo pond 

scabblings 

The project will also look at vitrifying contaminated masonry waste (Chapter 5). This 

waste stream originates from the removal of masonry waste from decommissioned silo 

fuel ponds in the form of scabblings.  

The concrete walls have been in contact with fuel pond water and with the items held in 

the pond. The waste stream data sheet in Table 2.2, contains the activity of the listed alpha 

or beta/gamma emitting radionuclides.  

The radionuclides from Table 2.2 originate from the spent nuclear fuel within the ponds 

and are classified as fission products.  Most reactors in the world are fuelled with uranium, 

with 235U being the most common isotope associated with the fission events induced by 

low-energy neutrons, so-called thermal neutrons (Wilson 1997). During the nuclear fuel 

cycle, fuel within the reactor needs to be replaced due to depleted amounts of 235U.  

The spent fuel requires cooling and storage to allow the short half-life fission products to 

decay. 137Cs and 90Sr have half-lives of approximately 30 years. During this time in the 

silo ponds, similar to the one investigated within the project, the 137 Cs and 90Sr undergo 

β decay. The decay of fission products within the silo ponds leads to the contamination 

of the concrete walls as shown in Table 2.2. 

The total waste volume of contaminated masonry waste is 248.7 m3. The current treatment 

method is to place the contaminated masonry waste in 3 m3 boxes with further processing 

occurring at the decommissioning ILW encapsulation plant (DILWEP) involving cement 

encapsulation. The major disadvantage with this treatment method is the large increase in 

waste volume. Chapter 5 investigates the possibility of using the glass forming additives 

found within the masonry waste to aid vitrification. This would produce a monolithic, 

stable and highly durable waste form whilst providing substantial volume reductions.  
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Nuclide Mean radioactivity, TBq/m³ 

90Sr 7.62E-04 

60Co 2.31E-07 

137Cs  2.87E-03 

238Pu 7.87E-06 

241Pu 1.82E-04 

241Am 1.61E-06 

Total α 

Total β/γ 

2.95E-05 

3.82E-03 

Table 2.2 Best estimate of the derived activity of the main radionuclides contained 

within the contaminated masonry waste. The totals shown are the sums of the listed 

alpha or beta.gamma emitting radionuclides (adapted from NDA waste inventory 2016) 

2.2.2 Contaminated soils from the Sellafield site 

Chapter 6 focuses on a three-month industrial placement undertaken by the student 

working with the GeoMelt system, which is a Joule Heated Ceramic Melter (JHCM). 

Using the facilities within the ISL, analytical studies were performed on a number of glass 

samples from various projects. One such project was looking at the viability of vitrifying 

contaminated soils from the Sellafield site (section 6.4).  

A large amount of the contaminated soils contained within the UK radioactive waste 

inventory is classified as VLLW/LLW (670,000 tonnes, (NDA 2011)), which can be 

directly disposed of in a landfill site or LLW repository sites such as Drigg. There is a 

significant amount of contaminated soil classified as ILW (2,600 tonnes) which will not 

be suitable for direct disposal and will need further processing to immobilise the waste 

stream from the environment. There is considerable interest in thermally treating this 

waste stream to produce a stable, durable waste form with any volume reduction achieved, 

resulting in large savings in disposal costs. If the vitrified soils produce a high performing 

waste form, it provides the opportunity to use the LLW soil as the glass forming additive, 

bringing substantial savings by avoiding disposal costs through the LLW repository. The 
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thesis will determine the effectiveness of vitrifying contaminated soils using the GeoMelt 

process through analytical studies.  

2.3 Glass and its Relationship to Vitrification 

The properties of glass make vitrification of radionuclides an attractive proposition. 

Ojovan (2011), Donald (2010), Caurant et al. (2009) provides an overview of the glass 

wasteforms currently used for HLW as well as for low and intermediate level ratioactive 

waste (LILW) immobilization. The properties give vitrification its high-quality product 

and flexibility in incorporating radionuclides within the glass matrix (Bingham et al. 

2012). Because an understanding of the properties of glass is fundamental to 

understanding the advantages of vitrification as a waste treatment process, this section of 

the literature review will concentrate on providing a brief overview of glass structure and 

discusses how this structure relates to the durability of vitrified glass containing 

hazardous waste.  

2.3.1 Glass Structure 

Glass is a rigid, non – crystalline material defined by the absence of long – range ordering 

within the system. Glass materials generally have low porosity, often composed of 

primarily silica, alumina, and oxides of alkali and alkaline earth elements. There are a 

varying number of glass types including phosphate, oxynitride and sulphate glasses, 

however most glasses used in waste immobilisation are silicate glasses, therefore this 

literature review will focus mainly on borosilicate glass systems. There have been many 

theories of glass structure over the years, the difficulty can be drawn from the unique and 

complex cooling and nucleation behaviour exhibited by glass structures.  
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Figure 2.3 Glass melting behaviour- graph adapted from (Warren 1941) 

When a molten material is cooled from its liquid state, a point is usually reached (freezing 

point) where spontaneous nucleation and growth of crystals occurs and the material 

rapidly solidifies in a crystalline state. The nucleation event can occur homogenously or 

heterogeneously. However this spontaneous nucleation and growth model can be delayed 

under certain conditions and the material may remain in a liquid state at a temperature 

well below its normal freezing point. As the temperature further reduces, the viscosity of 

this supercooled liquid increases rapidly to a point where it is so high that the supercooled 

liquid is, for practicable purposes, a solid. This is known as a glass. It is generally 

accepted that this unique solidification behaviour produces a three dimensional random 

network model when describing glass structure (Zachariasen 1932). The model shows the 

glass composed of polyhedral structures, same as conventional crystal lattice, however 

with sufficient distortion of the bond angles to permit structural units to arrange in a non-

periodic manner giving rise to a random network.  

Silicate glasses are composed of three dimensional topographically disordered 

interconnected structural blocks of network forming silicon-oxygen tetrahedra (SiO4). 

Some of the oxygen atoms from the tetrahedra can be shared to form organised three-

dimensional silica networks. This model assumes that silicate glasses are built up of SiO4 

tetrahedra joined at their corners with variable Si-O-Si bond angles, unlike in crystals 

where bond angles and lengths are essentially constant. This leads to a fairly random and 

open network structure. 
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Warren (1941) used an extension to this model to describe the structure of alkali silicates. 

In this model, oxides can be divided into three main categories. There are those that can 

form continuous three-dimensional random networks by themselves (network formers), 

and there are oxides for which the cation can enter the network interstitially (network 

modifiers) (Shelby 2005). This arrangement of oxides is shown in Figure 2.4. The third 

category are classed as intermediate network formers. These oxides can form part of the 

glass network structure, but as either the network former or modifier. Al2O3 is a well-

known examples of an intermediate oxide network former. The tetrahedron AlO4
- 

negative charge is compensated for by a network modifying cation. In the absence of 

sufficient charge compensation however, Al can also behave as a network modifier.    

 

 

Figure 2.4 Structure of an alkali silicate (2D), as described by the Zachariasen-Warren 

model. Adapted from (Warren 1941). 

Appreciable amounts of most inorganic oxides can be incorporated in silicate glasses. 

Elements replace silicon within the glass to become network formers. By replacing silicon 

in the network, inorganic species such as metals found in the middle part of the periodic 

table (e.g. Fe, Cr) can be incorporated within the glass structure. Most monovalent and 
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divalent cations including Na and Ca do not enter the network but form ionic bonds 

assuming the role of network modifiers within the glass.  

2.3.2 Glass theory and the relationship with ILW vitrification 

The mechanism of how certain elements are incorporated and immobilised within the 

glass network is very important for this project. The reason for this is that few legacy 

waste and intermediate level waste are as closely controlled in their chemistry and 

physical composition as HLW, this includes PCM waste. Vitrification of ILW is made 

possible by the unique nature of glass formation allowing the glass waste form to be 

highly versatile and allowing the majority of elements to be safely incorporated within 

the glass structure.  

Vitrification of ILW offers many advantages over cementitious waste treatment, 

including greater volume reduction and superior long term performance. Legacy and 

intermediate waste streams suitable for vitrification contain a large number of different 

materials, these include;  

 Sand, concrete and cement  

 Sludges arising from magnox storage ponds 

 Spent organic exchange material 

 Zeolites and ceramics 

Given the varying degree of composition between the different waste streams, glass 

compositions developed for vitrification will need to incorporate substantial quantities of 

the key organic materials. These materials include SiO2, Fe2O3 and Al2O3. This presents 

a considerable opportunity for maximising waste loading. Many of the waste streams 

listed contain the glass forming oxides Therefore, unlike HLW vitrification, where all the 

silica required for glass making originates from the addition of glass frit, the silica in the 

vitrified product could originate from the ILW itself. The idea of using the glass forming 

oxides originating from the waste itself to aid vitrification will be utilised within this 

project.  

2.3.3 Glass durability  

The durability of a nuclear waste form is critically important due to the long lived nature 

of radionuclides. The dissolution behaviour of glass has typically involved subjecting the 
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glass to an attacking solution for commercially or scientifically important glasses. There 

are two generally accepted ways of measuring the durability of glass, static or dynamic 

testing. The glasses produced in this project were subjected to static testing involving 

PCT-B and MMC-1 testing . These test are similar in the sense that the glass is placed 

inside a container with the testing solution remaining sealed for the duration of the test. 

The major difference between in the two testing methods is that PCT-B uses powdered 

glass whilst MCC-1 uses a glass monolith.  

The main parameters that determine the rate of dissolution of a glass in aqueous solution 

is the composition of the glass (Gin et al. 2012), the attacking solution (Leemann et al. 

2011), pH (Vienna et al. 2013) and temperature. There have a number of studies 

performed determining the influence of each parameter on glass durability (Grambow 

2011; Knauss et al.1989). The waste forms produced in this project are mainly silicate 

and borosilicate systems therefore this section will mainly focus on issues affecting these 

types of glass waste forms. Figure 2.5 shows the generally accepted mechanism of nuclear 

waste glass dissolution within the literature. The following briefly describes each stage 

(Frugier et al. 2008).  

 

Figure 2.5 Schematic of the five stages (I – V) which describe the mechanism of nuclear 

waste glass durability (adapted from frugier et al. (2008)). 
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Stage I: Ion exchange (interdiffusion) of alkali ions – Referred to as the initial rate 

regime. Alkali ions exchange with positively-charged species from aqueous solution (H+ 

and H3O
+) leading to leaching of the alkali ions from the glass (Doremus 1975).  

Si-O-R + H2O  Si – OH + R+ + OH- (R = an alkali ion)    

Stage II: Hydrolysis of the silicate network – Interdiffusion results in hydrolysis of the 

silica network = Si – O- + H2O  Si – OH + OH- 

The OH- ions are formed to charge-balance the alkali ions released into solution, which 

leads to an increase in the pH of the solution in a closed system (Cailleteau et al. 2008).  

Stage III: The rate drop is associated with: 

 The development of a hydrated glass layer acting as a kinetic barrier to further 

ion exchange (Delage et al. 1992).  

 Dissolution rate will drop as silica concentration in solution increases, as it 

approaches silica saturation (Helgeson et al. 1984).  

 Increase in the aqueous concentration of elements from the glass (Arab et al. 

2006) 

 Passivation of the glass surface (Delage et al. 1992), as shown in Figure 2.6. 

 

 

Figure 2.6 Schematic of the alteration products which form on the surface of silicate 

glasses during aqueous dissolution. The concentration gradients of key species are 

included. (adapted from Frugier et al. (2008)) 
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It is now accepted that the rate drop is likely to be a result of a combination of both the 

increase of silica levels in solution and the alteration layer formation, as shown from 

studies of solution saturation effects (Snellings 2013), study of the gel layer properties 

and alteration products. Once the dense gel layer has formed glass dissolution proceeds 

according to regime IV. 

Stage IV: The residual rate (saturation) 

During the residual stage of alteration, in closed systems such as the static PCT 

experiments performed in this project, the glass maintains low levels of dissolution. 

Elements within the glass will continue to be leached into solution despite the formation 

of the dense protective gel layer, shown in Figure 2.6. This is because glass is inherently 

thermodynamically unstable and as such the glass will continue to undergo some form of 

reaction (Grambow 1992). 

Stage V: Precipitation of alteration products and possibly resumption of dissolution. 

This stage is not seen in all compositions of glass or under all test scenarios. This 

resumption occurs due to the precipitation of crystalline phases which damages the 

passivating layer (Cailleteau et al. 2008). This results in the concentration of dissolved 

species in the surrounding solution being reduced leading to resumption of dissolution 

destroying the diffusion barrier. Previous studies have shown this mechanism is due to a 

precipitation of zeolites at a given pH or solution concentration level (Ribet 2004).    

2.4 Previous studies of thermal treatment of PCM waste.  

There have been a number of proof of concept studies demonstrating the compatibility of 

thermally treating PCM waste (Witwer et al. 2010; Schumacher et al. 1995; Soelberg et 

al. 1995) however, a fundamental understanding of waste incorporation reactions and the 

impact of waste inventory on product quality remains to be established. The experimental 

methods demonstrated within this project follow previous work performed by the 

University of Sheffield (Hyatt et al. 2014),which aimed to underpin the scientific 

understanding behind the thermal treatment process of PCM waste, using ground 

granulated blast furnace slag (GGBS) as the glass forming additive. The study used the 

following process considerations:  

 Due to the high metal fraction contained within the waste, the aim was to oxidise 

the metal fraction to produce a mix slag / metal waste form.  
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 Partitioning of the Ce, acting as Pu surrogate, was expected to occur within the 

slag phase of the waste form, based upon previous studies (Schlienger et al. 1997). 

If sufficient decontamination of the metal fraction can be achieved, then it may be 

possible to dispose the metal fraction as LLW resulting in significant savings in 

terms of disposal.  

 To achieve this high partitioning ratio, all of the components need to be molten, 

including the metal fraction, therefore a melting temperature of 1560 ºC was 

aimed for. One of the aims of this project will be to lower this operating 

temperature, which is advantageous in terms of avoiding volatilisation of 

radionuclides and can increase the lifetime of various thermal treatment 

technology platforms.  

The study produced considerable success, with the glass waste forms developed 

physically and chemically immobilising the PuO2 (CeO2 surrogate), with analysis 

indicating, as expected, that Ce was incorporated within the oxide fraction. Substantial 

volume reductions of between 65 – 95 % against a baseline treatment method was also 

achieved.  Despite this success, due to the economic difficulties faced by the steel industry 

coupled with the wide range of applications for GGBS, renders the material a poor choice 

as a glass forming additive. The aims of this project follow on from Hyatt et al. (2014) 

study, but with the use of soda-lime-silica (SLS) glass as the glass forming additive, 

which given its unlimited supply, provides much greater economic benefits to the thermal 

treatment operator.  

The work presented within this body of work addresses a number of identified gaps in 

scientific understanding needed to further the development of thermal treatment 

technology for processing PCM and other ILW streams. The work presented in this thesis 

contributes new results adding to the body of knowledge developed by Hyatt et al. (2014) 

and other studies, in a number of areas including;   

 Analysis of iron redox ratio, Fe2+ / Σ Fe, in vitrified products of PCM waste 

simulants will be performed to provide insight into the oxygen partial pressure 

during processing. This will be achieved through using 57Fe Mӧssbauer 

spectroscopy. This is much better than trying to measure absolute oxygen 

fugacity over the melt.  
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 Long term, detailed leaching experiments will be performed to understand the 

long term behaviour of the vitrified products within a hyper alkaline environment 

similar to that with which would be expected within a GDF.  

 Optimisation of the process will be attempted by establishing redox conditions 

necessary to produce a fully vitreous waste form and to also lower the melting 

temperature to decrease volatilisation.  

2.4.1 Pu segregation via metal decontamination  

A number of PCM waste streams contain high levels of contaminated metal waste. 

Because of this, the waste form design will incorporate a mixed slag / metal waste form 

with the idea that the Pu (Ce surrogate) will partition into the slag fraction essentially 

decontaminating the metal fraction of the waste form. There have been a large number of 

publications that include information on decontamination of radioactive scrap materials 

(Ozturtc 1994). For the purpose of brevity, this section will focus on decontamination of 

steel. Worchester et al. (1993) provides a summary of previous experimental test results 

in the subject area, and the reader is referred to this for greater information. Reimann 

(1991) determined that the most efficient slag to decontaminate LLW metal waste at 1500 

ºC had a composition of approximately 40% SiO2 – 40% CaO – 20% Al2O3, obtaining 

decontamination of the metal to 0.04 ppm U. This composition is similar to the GGBS 

used as the glass forming additive in N. C. Hyatt et al. (2014) study producing 

decontamination factor of 99% of Ce within the slag fraction. For economic reasons 

(Motz 2001) this fluxing material is unsuitable for this application. Seitz et al. (1979) 

investigates a number of slagging materials suitable for decontaminating Pu containing 

metal, including additives similar to the SLS glass used in this study. During this study 

Seitz et al. (1979) demonstrated Pu partitioning coefficients (ratio of plutonium in slag / 

plutonium in steel) exceeding 106, sufficient to decontaminate steel wastes below the 

classification threshold for LLW wastes, using a slag material with composition 81% 

SiO2 – 13 % CaO – 4 % Na2O. This composition is similar to the SLS glass used in this 

study, providing a degree of confidence that partitioning of the Ce will occur within the 

slag phase. Min et al. (2008) study also found slag formers containing high amounts of 

silica proved to be effective for melt decontamination of stainless steel wastes 

contaminated in depleted uranium. The increased B found in the SLS glass frit may also 

be beneficial. Durinck et al. (2008) study shows that the addition of B2O3 is sufficient to 
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stabilize steel slags at an industrial scale by depressing the migration of Ca+ ions and 

rotations of the SiO4
-4 tetrahedrons which causes internal stresses within the slag.  

2.4.2 Combustible materials  

The PCM waste can essentially be categorised into combustible and non-combustible 

materials. The main combustible materials include PVC materials (originating from the 

double heat sealed bags containing the waste), rubber, gloves, paper towels and 

polythene. These materials present considerable problems for thermal treatment operators 

due to their low melting temperatures resulting in volatilisation occurring very early in 

the process, making it difficult to incorporate radioactive contaminates into the waste 

form without losses within the off-gas system. These material also contain a lot of carbon 

which can cause a highly reducing atmosphere during the thermal treatment process. Non-

combustible materials include concrete, metals, glass and filters. The concrete and glass 

components tend to have a high melting point and are ideal glass formers. The thermal 

treatment process will aim to oxidise metal component into a slag waste form. A number 

of studies have been performed which investigates the effectiveness of burning 

combustible material whilst oxidising non combustibles materials into a virtuous slag 

material (Flinn et al. 1980; Freeman 1997; Applewhite-Ramsey et al. 1995). All of these 

studies produced separable glass and metallic phases for each of the various compositions 

vitrified. Promisingly none of the waste surrogates variations tested was found to have a 

singular impact on plutonium partitioning to the metal or off-gas solid phases. This shows 

despite the heterogeneous nature of the PCM waste, with a mixture of combustible and 

non-combustible material, consistently high partitioning of the Pu into the glass phase is 

to be expected.  

The main organic material of concern in this study is PVC as it is present in all the 

simulated waste streams in this project, therefore an understanding of thermal behaviour 

is important. Mara (1977) examines the thermal decomposition mechanisms of PVC. 

Within this work Mara (1977) determines that by 600 ºC, 100 % of the PVC material is 

decomposed with carbon monoxide and carbon dioxide released in various quantities 

depending on melting conditions. At this temperature the non-combustible materials will 

not be molten and therefore it is unlikely that the combustible materials will affect the 

redox conditions necessary to oxidise the metal content (Siwadamrongpong et al. 2004).   
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2.4.3 Redox considerations 

As discussed in this section, one of the major advantageous of thermally treating nuclear 

waste is the ability to oxidise metal components, therefore it is important to understand 

the redox conditions within the melt as this will define the composition and properties of 

the glass and metal components. For a more comprehensive and theoretical discussion on 

redox behaviour in glasses, the reader is referred to Paul (1990).  

The glass oxidation state is most commonly observed by measuring the ferrous / ferric 

ratio of Fe. Won (1976) states that the Fe redox equilibria can be described by the 

following reaction: 

    Fe2+ + ¼ O2 + 3/2 O
2- = FeO2

-    

For this reaction, the Fe2+/ Fe3+ ratio increases with increasing polymerisation of the 

silicate network which shows that the Fe2+ / Fe3+ ratio increases under more reducing 

conditions, at higher temperatures and with a lower alkali content in the glass (Goldman 

et al. 1985; Johnston 1964). Mӧssbauer spectroscopy will be used in this project to 

investigate the Fe2+ / Fe3+ ratio within the vitrified waste forms, which will show the effect 

that the processing conditions and glass composition have on this ratio. This ratio will 

also have an effect on the waste form performance in terms of chemical durability as Fe2+ 

tends to decrease chemical durability in borosilicate glasses (Volf 1984).     

In terms of processing considerations, an understanding of redox chemistry in glass 

compositions is very important for potential technology platform operators. Potential 

processing problems that can be controlled by the redox chemistry in the glass include, 

foaming of the melt (Goldman et al. 1986), precipitation of metals (Bickford et al. 1988) 

and accelerated corrosion of the refractory lining (Plodinec 1986). Schreiber (1987) study 

concluded that to alleviate potential problems with foaming and precipitation of metals 

during processing of the nuclear waste in these glass melts, the Fe2+ / Fe3+ ratio of the 

melt should be between 0.1 and 0.5. This value will be determined in these studies via 

Mӧssbauer spectroscopy within this body of work.  

2.5 Thermal treatment technology platforms 

This section of the literature review with give a brief overview of the currently available 

thermal treatment technology platforms, for a more in-depth review of the application of 

thermal technologies for processing radioactive waste the author is referred to IAEA 
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(2006), Chapman et al. (1986) and Ojovan (2005). No single waste form or process is 

suitable to economically handle the total clean-up of the UK’s nuclear legacy waste, with 

which the NDA faces.  It is important to examine the key factors influencing the selection 

of thermal technologies as part of the NDA national waste management strategy. This 

section will concentrate on joule and plasma heating, as these two thermal treatment 

processes have been utilised in full scale thermal treatment plants processing radioactive 

waste.  

2.5.1 Joule heating  

Joule heating depends on the transfer of heat energy to a material from the resistance of 

an electric current flowing through that material. This dissipated power is predicted by 

Joules law:           

                 P=I2R   

P = Dissipated power (watt W), I = Current through the material (amps A), R = Resistance 

(ohms Ω) 

This shows that if the current can be maintained then an increase in electrical resistance 

will result in additional power being dissipated in the form of thermal energy resulting in 

the material heating more rapidly. Importantly to the operator, unless the voltage is 

increased, an increase in resistance will also decrease current, as predicted by Ohm’s Law: 

       R = V/I or V = IR 

        V = Voltage (volts V), I = Current and R = Resistance 

Several properties of glass impact the joule heating process, with Jantzen (1995) 

providing a detailed account. Among these properties is glass has poor electrical 

conductivity (high resistivity) as a solid, however as temperatures pass the liquidus 

temperature the resistance falls. This is due to the breakup of the glass structure allowing 

ions in the silica framework to be much more mobile (Shelby 2005), increasing the ability 

to carry the electrical charge. In terms of processing parameters, melt viscosity is 

considered the most important. Viscosity controls processing rate, glass homogeneity and 

heat transfer within the molten glass by controlling the strength of convection currents 

within the melt (Orfeuil 1987). Viscosity is modified by changing the feed composition 

or process temperature. This is an important point for operators of melter technology such 

as the GeoMelt system, as an increase in temperature can increase the performance of the 
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vitrified product through increased homogeneity due to an increase in convection 

currents, however it is known that an increase in operating temperature can also volatilise 

radionuclides resulting in poor retention within the glass matrix. There are a number of 

variations to induction melters including cold crucible induction melting (CCIM) (Sugilal 

2008).    

2.5.2 Plasma Vitrification  

Plasma vitrification uses extremely high temperatures in an oxygen starved environment 

to completely decompose waste material enabling plasma facilities to treat a large number 

of waste streams safely. Radioactive waste vitrification exploits the plasma’s ability to 

rapidly initiate a variety of chemical reactions including decomposition and oxidation 

(Moustakas et al. 2005). The author is refereed to Gomez et al. (2009) for a 

comprehensive review of plasma treatment of waste. This section provides relevant 

operational experience of plasma treatment of PCM and LLW with particular attention to 

radionuclide partitioning and off gas considerations.  

Tetronics have demonstrated the use of plasma vitrification to treat simulant PCM waste 

(Deegan 2004). Full oxidation of the PCM feed was attempted with an operating 

temperature was 1600 ºC, with the aims to volatilise the organic component whilst 

oxidising the metallic fraction. The Hyatt et al. (2006) study characterises the resultant 

vitrified product which had a glassy appearance with noticeable porosity. Porosity is a 

disadvantageous characteristic of a vitrified waste form as a porous structure increases 

the area from which chemical dissolution can occur, potentially increasing the rate at 

which radionuclides are released.  The porosity and fraction of crystalline components 

was observed to increase with increased waste loading of PCM simulants. CeO2 (as a Pu 

surrogate) was found to be incorporated in the slag phase at 90 % of the initial inventory. 

PCT experiments were used to determine the dissolution of the vitrified slag, with results 

showing no Ce detected in solution. Despite the relevant success of the vitrification trials 

in terms of incorporation of Ce and the apparent durability of the vitrified product, there 

were concerns relating to the off gas emission, expressed by Deegan (2007) study. These 

concerns arise from the high PVC content which, upon volatilisation, result in the 

possibility of enhanced cerium volatility through the formation of oxychlorides.  
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2.5.3 Hot isostatic pressing  

A brief overview of hot isostatic pressing is presented here. HIP essentially applies high 

temperature and pressure simultaneously to densify and remove porosity from materials. 

Atkinson (2000) provides an overview of HIPing, which the reader is referred to for more 

information. Figure 2.7 shows that the HIP utilises a furnace (maximum temperature up 

to 2200 ºC) contained within a pressure vessel (maximum pressure 300 MPa). The HIP 

process densifies the material through sintering of the bulk material. The added pressure 

to the system improves densification further by forcing the particles together which 

promotes the formation of grain boundaries by providing an opposing force to the internal 

pressure of the porosity Kinger et al. (1976).    

 

 

Figure 2.7 Schematic of HIP unit for nuclear application. Figure adapted from 

Maddrell (2013) 

There are a number of distinct advantages to HIPing radioactive waste, these include 

(Maddrell 2013):  
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 HIP has a wide processing window allowing suitability for processing a number 

of waste streams generating minimal secondary waste 

 Unlike JHCM, HIPing is insensitive to the physical, electrical and thermal 

properties of the waste form.  

 The major benefit as opposed to other thermal treatment systems is that the 

process is consolidated meaning no volatile losses.  

For these reason there are a number of active HIPing facilities currently under 

development for processing a number of waste streams including, ILW liquid waste 

resulting from 99Mo production at ANSTO (Carstens et al. 2014).  

2.6 Summary 

This section has shown the clear advantages to vitrifying radioactive waste, including 

large volume reductions, long term durability and increased stability of the vitreous waste 

form. A large amount of fundamental research has been performed during the last 20 

years in the area of glass science which is applicable to the thermal treatment of higher 

activity radioactive waste. The radioactive waste management industry is now 

recognising that a baseline waste treatment method of cementation is unsuitable for a 

large number of problematic waste streams. This has led to a large investment in a number 

of thermal treatment technology platforms, including the recent partnership between NNL 

and Kurion (Chapter 6). To support this level of investment, a fundamental understanding 

of waste incorporation during thermal treatment needs to be established. This project 

utilises the previous work performed, as covered in this chapter, to aid with glass 

formulations to vitrify a number of higher activity waste streams. The work performed 

will be compatible with currently available technology platforms, providing the scientific 

understanding to progress a number of thermal treatment processes further along the 

technology readiness level (TRL). The research will also gain an understanding of the 

long term performance of the vitrified waste form. This will provide a strong safety case, 

allowing disposal within the UK’s planned GDF.     

 



 

47 

 

3 EXPERIMENTAL METHODS 

3.1 PCM laboratory scale experiments 

Four bounding waste streams were used in the project to represent the spectrum of PCM 

waste streams found at the Sellafield site, defined as masonry, organic, metal and mixed 

waste streams. Section 2.1.1 describes how PCM waste is stored, but to recap, the 

contaminated material is firstly double bagged in heat sealed PVC linings before being 

stored in 200 L mild steel drums. Each steel drum weighs 20 kg and is expected to be 

packed with 25-80 kg of PCM waste, depending on the nature of the waste, and is limited 

to a total overall safety limit of 100kg (Egan 2008).   

Table 3.1 shows representative PCM waste simulants based on previous studies by 

Bingham (2010). Table 3.2 lists the individual PCM waste components.  

 

Weight % PVC Metals Masonry Mixed 

Mild Steel 44.44 20.00 30.00 30.00 

PVC 55.56 10.00 10.00 10.00 

Metal Items 0 70.00 0 15.00 

Masonry Waste 0 0 60.00 40.00 

Glass 0 0 0 5.00 

Total 100.00 100.00 100 100 

Table 3.1 Representative PCM simulant waste 
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PCM Waste Component Constituent Weight % 

Metal items 316 Stainless Steel 96.5 

 Aluminium 1.0 

 Copper 0.5 

 Lead 2.0 

   

Masonry waste Masonry, crushed 95.0 

 Windows glass 5.0 

   

PuO2 CeO2 surrogate 1.043 

Table 3.2 List of individual PCM components 

3.1.1 Plutonium (Cerium) Content 

The projected PuO2 contents of PCM wastes are expected to have an average value in the 

region of 33 g Pu per 200 L drum, making an average of 0.165 g/L (Hyatt et al. 2006). 

Criticality limits dictate that the upper PuO2 content of the PCM waste is no greater than 

230 g PuO2, equivalent to 0.32 wt% PuO2. CeO2 was used as a PuO2 surrogate, 

information regarding justification for this decision can be found in section 2.1.2.  

The abundance of PuO2 in PCM waste is inherently low (<1.0 wt. %). A key aim of the 

project is to accurately determine the partitioning of Ce between different phases within 

the final waste form, therefore over-doping of CeO2 was carried out. This provided a 

conservative approach, effectively representing the highest conceivable PuO2 content. 

This approach assisted the detection and quantification of CeO2 by analytical methods 

(particularly XRF and SEM/EDS).  

Assuming a molar equivalent of PuO2 by CeO2, the upper estimated limit of 230 g Pu per 

80 kg drum equates to 0.207 wt% CeO2. To meet the aims of the project, as stated above, 

five times the amount of CeO2 was used. Therefore all melts were doped with 1.043 wt% 

CeO2 as a PuO2 surrogate. 



 

49 

 

3.1.2 Waste form and Process Formulation Criteria 

An aim of this work is to develop a set of formulation criteria based on the physical and 

chemical properties of the raw waste and match these to generic waste form types. The 

formulation criteria were;  

High Metal Content – Due to the high metal content of the PCM waste, as shown in 

Table 3.1, a mixed metal / oxide waste form was aimed for initially, but with optimisation 

studies performed to attempt full oxidation of the system following initial trials.  

Pu Partitioning – Pu is largely insoluble in steel and is expected to transfer into the oxide 

(slag) fraction (Strachan 2001). 

Thermal Processing – Metal components should be molten during processing in order 

to maximise volume reduction and assist the transfer of Pu and subsequent distribution 

throughout the oxide material. The Fe-Cr-C phase diagram shows that, depending on the 

carbon content of the steel, the liquidus temperature (Tliq) varies from approximately 

1548°C for pure Fe to 1150°C at 4.3 wt.% carbon (eutectic point). If the raw waste 

components are to be molten a target temperature of at least 1500°C should be aimed for. 

One of the aims of the study is to lower this processing temperature to optimise the 

process.   

3.1.3 Oxide Waste Fraction 

In the absence of glass forming oxides within the waste itself, a glass forming additive 

must be added prior to, or during processing. In this study a ratio of 1g of additive to 1g 

of PCM waste (including the drum) was used.  

Previous work (Hyatt et al. 2014), effectively used ground granulated blast furnace slag 

(GGBS) as a glass forming additive, vitrifying the waste at 1560°C. 

This study used recycled commercial soda – lime – silica (SLS) as the glass forming 

additive sourced from Specialist Aggregates. Unlike GGBS, SLS is a low cost cullet and 

is widely available. This family of glasses is also used in the immobilisation of high level 

waste therefore the physically and chemical properties are very well understood. Table 

3.3 shows the composition of the GGBS and SLS aggregate. 
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Component Wt % GGBS SLS 

SiO2 35.7 70.77 

Al2O3 13.2 1.57 

Na2O 0.2 13.27 

K2O 0.4 0.62 

MgO 8.8 1.5 

CaO 39.7 10.16 

Fe2O3 0.3 0.36 

MnO 0.5 0.05 

TiO2 0.5 0.05 

SO3 0.8 - 

Total  100.1 98.35 

Table 3.3 Composition of GGBS and SLS additive 

3.1.4 Product quality assessment criteria. 

To ensure the quality of the waste form reaches the standards imposed by the criteria, the 

following assessment criteria were agreed upon.  

1. PuO2 (CeO2 surrogate) from the PCM should be physically and chemically 

immobilised in the resulting materials 

2. No residual waste remains following processing 

3. No reactive products remain following processing (thermodynamically stable) 

4. No adverse waste / matrix reaction occur during or following processing.  

5. Resulting waste forms are sufficiently durable  

6. Significant volume reduction is achieved 

3.1.5 Prototype Waste form Development 

The PCM wastes were simulated using the most appropriate materials. The same 

representative materials as used in previous studies (Hyatt et al. 2014) were used, as these 
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waste simulants closely represents the make-up of PCM waste. The waste containers, 

PVC bags and PCM simulants selected are shown in Table 3.4. 

 

PCM Simulant 

Component 
Source Details 

Mild steel can + lids 

Fenton Packaging Ltd, 

Bridge street, Morley, LS27 

0LE 

Mild steel, unlined small 

paint can + lids 

PVC Sheeting 

Romar Workwear Ltd, Ivy 

Mill, Main Street, 

Hensingham, Whitehaven, 

Cumbria, CA28 8TP 

PVC sheeting identical to 

that used on Sellafield site 

to bag PCM. 

316 Stainless Steel Avus Metals, Unit 7 

Enterprise Park, 

Woodbourn Road, 

Sheffield S9 3JL 

Commercial grade Aluminium 

Copper 

Lead 

Airgun Spares, Hillside, 

Shawbury Lane, Shustoke, 

Warwickshire B46 2RR 

Lead shot pellets 

Borosilicate lab glassware Pyrex ® glass labware Commercial grade 

Crushed masonry + 

concrete 

Core drilling from the 

Hadfield building 

Mixed, crushed masonry 

waste using TEMA 

milling machine 

Window glass Hadfield building 
Discarded window pane 

glass 

CeO2 Acros Organics >99.9% purity 

Table 3.4 PCM waste simulant components, suppliers and details 
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3.1.6 PCM simulant experimental setup 

PCM simulants and additives were weighed out according to the calculated waste 

composition shown in Table 3.1. The actual composition of the PCM waste simulants are 

shown in Table 3.5. B2O3 was also added at 1wt% to act as a tracer element during later 

dissolution experiments. 

 

Weight (g) PVC  Metal  Masonry Mixed 

Mild steel 41.1 41.4 41.3 41.1 

Metal items 0 144.0 0 20.5 

Masonry waste 0 0 82.6 54.7 

Glass (PyrexÂ®) 0 0 0 6.8 

PVC sheeting 51.5 20.7 13.8 13.7 

CeO2 0.948 2.143 1.433 1.416 

B2O3 0.916 2.081 1.385 1.373 

Sub-total 91.6 208.1 138.5 137.2 

     

Glass frit additive 91.9 208.1 138.8 137.3 

Total weight 182.6 416.1 275.9 274.6 

     

Crucible 610.0 1035.6 574.7 499.5 

Total weight inc. crucible 792.6 1451.7 850.5 774.1 

Table 3.5 Actual weights used for PCM simulants 
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Figure 3.2 PCM simulants plus SLS additive prior to thermal treatment. The black 

crucible is a graphite/clay composite crucible. 

Figure 3.1 shows the experimental set-up of the representative PCM waste prior to 

thermal treatment. The paint tin cans were used to represent the 200 L drums found at 

PVC Metal  

Mixed Masonry 

Figure 3.1 Representative PCM mock up drums with simulant waste (Top Left) 

PVC, (Top Right) Metal, (Bottom Left) Mixed and (Bottom Right) Masonry. 

1 cm 1 cm 

 

 

 

1 cm 

 

 

 

1 cm 

 

 

 

3 cm 
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Sellafield. These were pierced to allow PVC combustion gas egress early in the thermal 

cycle and thereby avoid potentially dangerous explosive releases. The metal waste 

stream, was contained within a graphite / clay crucible called a Plumbago crucible, as 

shown in Figure 3.2. This was due to the high corrosive nature of the metal waste stream 

at high temperatures during the glass melt. 

3.1.7 Thermal Treatment process 

Crucibles containing the additive and waste, as shown in Figure 3.2, were placed in an 

electric muffle furnace and preheated overnight at 2°C per minute to 1100°C. The 

crucibles were held at this temperature for 8 hours until they were transferred to a gas 

fired furnace which had been preheated to 1100 ± 25°C. The gas fired furnace was ramped 

to 1560°C ± 25°C over a period of 90 minutes. The crucibles were held at 1560°C for 4 

hours, this amount of time is necessary to ensure that the glass/ceramic fraction is 

homogenised and that the CeO2 is fully incorporated and evenly distributed within the 

glass fraction of the waste form. The preheat step was to avoid thermal shock of the 

alumina crucibles. Temperature measurements were verified using an optical pyrometer 

throughout the melting procedure.  Crucibles were removed from the furnace, as shown 

in Figure 3.3, and allowed to cool in air, as shown in Figure 3.4.  

 

Figure 3.3 Crucibles removed at 1560ºC from gas fired furnace 

 

Figure 3.4 Crucibles allowed to cool in air once removed from the furnace 
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3.2 Product and Process optimisation 

A key aim of the project is to evaluate waste forms against product quality criteria and to 

develop and implement a plan for process and product optimisation, based on the 

fundamental understanding of waste / additive interactions during thermal treatment. This 

was achieved with the help of various meetings with industrial stakeholders within the 

project including NDA and NNL. The main areas of optimisation that were explored 

were, lowering processing temperature and full oxidation of waste form.  

3.2.1 Lowering processing temperature 

Section 3.1.2 explains that due to the high content of metallic material, and the need for 

the raw material to be molten, a suitable processing temperature should be above 1500°C. 

From previous studies a reasonable starting temperature of 1560°C was agreed. Lowering 

this processing temperature provides a number of advantages including radionuclide 

retention and also lowers the risk of volatilisation issues. From an operators point of view 

a lowering operating temperature equates to greater longevity of the refractory material 

and other components.  

3.2.2 Oxidation of metal components  

Section 3.1.2 also states that due to the high metal content of the PCM waste, it is unlikely 

that a fully oxidised waste form could be achieved and that a mixed metal/oxide waste 

form would be suffice. There are a number of benefits to achieving a fully oxidised waste 

product. A completely oxidised waste form provides a homogenous, monolithic waste 

form as opposed to a mixed slag / metal system. The long term performance of the 

homogenous waste package can be confidently modelled and predicted enabling a strong 

safety case to be built for disposal. However, the long term behaviour of a mixed system 

would be difficult to predict and model, with the interactions of the corrosion products of 

the metal and the slag material needing careful consideration. Fully oxidising the high 

metallic waste streams also avoids any further processing to separate the slag and metal 

phase, which has not yet been demonstrated in an active context.  After consultation with 

industrial stakeholders it was decided that iron oxide in the form of Fe2O3 would be used 

as an additional additive to act as an oxidising agent for the metal content within the PCM 

waste.  
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The amount of Fe2O3 to be added should be kept to a minimum to achieve maximum 

volume reduction. It was agreed that enough Fe2O3 should be added to target the metal 

fraction post processing.  

Fe2O3 was added at a 1:1 molar ratio with the expected metallic fraction obtained in the 

previous melt, plus 10wt% of that amount as a margin of conservatism to permit complete 

oxidation.  

Based upon previous studies (Hyatt et al. 2014), it is expected that certain waste streams 

with a relatively low metallic content will produce a fully vitreous product.  If this is the 

case and no metallic fraction is produced, a 1:1 molar ratio of Fe2O3 to the metallic drum 

will be added to ensure a common process for all waste streams, regardless of the metal 

content. 

3.2.3 Small Scale PCM melts experimental setup  

For proof of concept studies it was decided to perform the experiments on a smaller scale 

using 200ml crucibles. The exact same composition was used as previous melts just 

scaled down to 200ml crucible size (28.57% of original weight of components).  The 

following materials were used to represent the PCM waste at a smaller scale as shown in 

Table 2.1. The first sets of melts were performed without the addition of Fe2O3 to 

determine the expected metallic fraction. The composition for both sets of experiment 

(with/without Fe2O3) is shown in Table 3.6.  

Due to the size of the crucibles, coupled with the thermal processing temperature agreed 

at 1450°C, an electric muffle furnace was suitable for this set of experiments. The 

crucibles were heated to 1450°C at 3°C per minute. The crucibles were held at 1450°C 

for 4 hours before being removed and left to cool in air. 200ml Plumbago crucibles were 

used for the high metal content in the first melt trials. Since the aim of the experiment 

was to oxidise the metal content for optimisation purposes, alumina crucibles were used 

following initial proof of concept trials. The reason for this is the graphite clay 

composition of the plumbago crucible induces a reducing atmosphere which would be 

undesirable when attempting to oxidise the metallic content.  
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Weight (g) 

PVC 

No 

Fe2O3 

PVC 

with 

Fe2O3 

Metal 

No 

Fe2O3 

Metal 

with 

Fe2O3 

Masonry   

No   

Fe2O3 

Masonry 

with 

Fe2O3 

Mixed 

No 

Fe2O3 

Mixed 

with 

Fe2O3 

Stainless steel 11.57 11.57 11.74 11.74 11.57 11.57 11.74 11.74 

Metal items 0 0 41.29 41.29 0 0 5.78 5.78 

Masonry waste 0 0 0 0 22.00 22.00 14.86 14.86 

Glass  0 0 0 0 1.17 1.17 0.83 0.83 

PVC sheeting 14.45 14.45 5.91 5.91 3.85 3.85 3.91 3.91 

CeO2 0.27 0.27 0.67 0.67 0.40 0.40 0.40 0.40 

B2O3 0.26 0.27 0.64 0.64 0.39 0.39 0.39 0.39 

Sub-total 26.29 26.29 60.10 60.10 38.59 38.59 39.85 39.85 

         

Glass frit  26.29 26.29 60.10 60.10 38.59 38.59 39.85 39.85 

Fe2O3 
* - 9.11 - 97.96 - 32.85 - 11.19 

Total weight 52.58 61.69 120.20 218.16 77.59 110.44 79.70 90.89 

Crucible 157.63 153.7 166.90 163.5 133.96 163.60 173.56 160.87 

Sub total 210.20 215.39 287.90 381.66 210.65 274.14 222.67 250.80 

Table 3.6 PCM waste simulants at 200ml scale with addition of Iron Oxide 

* Fe2O3 was calculated from amount of metallic content from the melt with no Fe2O3. A 

1:1 molar ratio of Fe2O3 to the metallic content was added to the batch. If the melt resulted 

in no metallic fraction then Fe2O3 was added at a 1:1 molar ratio with the PCM waste 

drum (masonry waste).  
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3.3 Overview of PCM mock up vitrification trials 

 

Table 3.7 gives a general overview of the PCM vitrification trials as described in 3.1.5. 

The difference between the three melts are the type of crucible used and the operating 

temperature.   

 

Melt 

Number 
Crucible type  Operating temperature Samples 

Melt 1 

Alumina classic 1560°C Melt 1 – PVC 

Alumina classic 1560°C Melt 1 – Masonry 

Plumbago 1560°C Melt 1 – Metal 

Alumina classic 1560°C Melt 1 – Mixed 

Melt 2 

Alumina tapered edge 1560°C Melt 2 – PVC 

Alumina tapered edge 1560°C Melt 2 – Masonry 

Plumbago 1560°C Melt 2 – Metal  

Alumina tapered edge 1560°C Melt 2 – Mixed 

Melt 3 

Alumina tapered edge 1450°C Melt 3 – PVC 

Alumina tapered edge 1450°C Melt 3 – Masonry 

Plumbago 1450°C Melt 3 – Metal  

Alumina tapered edge 1450°C Melt 3 – Mixed  

Table 3.7 General overview of PCM vitrification trials as described in section 3.1.5) 

 

Table 3.8 gives a general overview of the PCM vitrification trials as described in 3.2.3. 

PC = plumbago crucible and AC= alumina crucible.  
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Melt Crucible type Details of Work package Samples 

Melt 1 

(small scale) 

Alumina 200 ml 
1450°C operating 

temperature. 

1:1 wt. % glass frit additive to 

waste components. 

Waste components small 

particle size fraction (>1mm) 

SSM1 – PVC 

Alumina 200 ml SSM1 – Masonry 

Alumina 200 ml SSM1 – Mixed 

Plumbago 200 ml SSM1P- Metal (PC) 

Alumina 200 ml SSM1A- Metal (AC) 

Melt 2 

(small scale) 

Alumina 200 ml 
1450°C operating 

temperature. 

1:1 wt. % glass frit additive to 

waste components. 

Waste components small 

particle size fraction (>1mm) 

Fe2O3 added at 1:1 molar 

ratio with metallic fraction of 

SSM1. 

SSM2 – PVC 

Alumina 200 ml SSM2 – Masonry 

Alumina 200 ml SSM2 – Mixed 

Plumbago 200 ml SSM2 – Metal 

Table 3.8 General overview of PCM vitrification trials as described in section 3.2.3 

3.4 Glass formulations to effectively condition and immobilise 

UK ILW – Contaminated Masonry Waste  

Section 3.1.3 explains the use of additives to act as oxidising agents within the melt, 

however, a large number of ILW streams already contain large amounts of SiO2 within 

the waste itself, which could potentially be used as a glass forming oxide to aid with 

vitrification. Therefore some, or possibly all, of the SiO2 in the vitrified product could 

originate from the ILW itself. Section 2.3 describes the properties of glass, which makes 

it an excellent medium for waste immobilisation. The ability to incorporate a large 

number of elements into the glass structure is particularly important for this project as 

few legacy and intermediate level wastes are as closely controlled in their chemical and 

physical makeup as HLW. This section of the project evaluates whether contaminated 
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masonry waste from decommissioned silo ponds, in the form of concrete scabblings, 

contains enough SiO2 to aid vitrification and produce a durable, passive glass waste form. 

3.4.1 Materials 

To represent contaminated concrete in the form of pond scabblings from decommissioned 

silo ponds, core drillings were sourced from the recent buildings work taking place on the 

Sir Robert Hadfield Building, Mappin St, Sheffield, South Yorkshire, S1 3JD, as shown 

in Figure 3.5. 

 

Figure 3.5 Core drilling from Hadfield building works to represent concrete waste 

Using a TEMA mill, the core drillings were reduced to a fine powder as shown in Figure 

3.6.  

 

Figure 3.6 Concrete waste from Hadfield building milled to small particle sized powder 

The powdered concrete as shown in Figure 3.6 was sent for XRF analysis to determine 

the composition of the material, in particular the amount of SiO2 within the masonry 

waste. Due to the vast amount of research performed, it was decided that a sodium 

borosilicate system would be aimed for when vitrifying the masonry waste, using 

additions of boric acid and sodium carbonate. Donald (2010) and Ojovan (2005) provide 

1 cm 

1 cm 



 

61 

 

an excellent overview of vitrifying radioactive waste using a borosilicate system.  When 

considering glass formulations to vitrify masonry waste it is important to consider the 

following parameters: 

Minimise amount of additive – It is desirable to vitrify as much masonry waste as 

possible to increase waste loading. Therefore a system with as high a content of SiO2 as 

possible should be aimed for with minimal use of other glass forming additives. 

Minimise melting Temperature – To avoid volatilisation of radionuclides, temperatures 

above 1100°C should be avoided.  

Viscosity – To assist with the thermal treatment process, it is important to maintain low 

melt viscosity.  

Based on the requirements above, five varying compositions from the sodium borosilicate 

system were selected as shown by the numbered points (C1-C5) in Figure 3.7.  

 

Figure 3.7 Modified version of the sodium borosilicate ternary system generated from 

thermos-calc phase diagram software, used to formulate glass composition. Numbers 

show selected compositions in Table 3.10. 
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Composition SiO2 (wt. %) B2O3 (wt. %) Na2O (wt. %) 

C1 68.0 18.0 14.0 

C2 69.4 18.7 12.6 

C3 72.0 15.0 13.0 

C4 68.0 22.0 10.0 

C5 72.0 19.0 9.0 

Table 3.9 Composition selected and tested. 

The masonry waste used in this project is assumed to be representative of contaminated 

masonry waste removed from decommissioned silo ponds in the form of scabbled 

concrete. The exact composition of the scabbled concrete from the silo ponds found at 

Sellafield is not yet available. However, it is likely to be a conventional Portland matrix. 

The main source of radionuclides is from the decay of spent fuel stored in the silo ponds, 

classified as fission products, this contaminates the concrete lining of the silo ponds. 

When considering suitable simulants to provide realistic behaviour of a radioactive 

element, an inactive isotope of that element can be considered. Senior (2013)  states that 

137Cs is contained within the first 5 mm depth of the surface. The chemical and physical 

effects of 90Sr, 137Co and 137Cs can be safely simulated using their naturally occurring 

stable isotopes. It is known from the NDA waste inventory that these radionuclides are 

present within the contaminated masonry waste as shown in Table 2.2. Although not listed 

as a contaminant within the scabbling waste (Table 2.2), UO3 was used to provide a 

realistic representation of radionuclide behaviour in the glass, these would allow 

representation of the effect of sample irradiation due to radioactive decay (McGann et al. 

2012). In order to maintain a conservative approach the masonry was doped with one part 

simulants/ actinides to 100 parts masonry waste. The simulant radionuclides and UO3 

were milled together and mixed with 8.64g of masonry waste. This gave a 3:1 ratio of 

masonry waste to simulant and UO3. Masonry waste was used to dilute the contaminated 

masonry waste to provide a ratio of 1 part simulants to 100 parts masonry waste. 

Composition 1 and 2 were doped with the contaminated masonry waste to give samples 

CM1 (Contaminated Masonry waste 1) and CM2 (Contaminated Masonry waste 2). 
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Using the composition of the masonry waste, and with the glass forming oxides used, the 

expected compositions of the glass samples are shown in Table 3.10. 
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 Component Oxide  C1  C2 C3 C4  C5 CM1 CM2 

Base Glass H3BO3 B2O3 18 18.7 15 22 19 18 18.7 

Na2CO3 Na2O 14.1 12.68 13.1 10.1 9.1 14.1 12.68 

Simulant 

Waste 

 SiO2 52.39 53.53 55.48 52.39 55.48 52.29 53.53 

 CaO 5.81 5.93 6.15 5.81 6.15 5.79 5.93 

 Al2O3 2.35 2.4 2.49 2.35 2.49 2.34 2.4 

 Fe2O3 0.83 0.85 0.88 0.83 0.88 0.83 0.85 

 UO3 0 0 0 0 0 0.05 0.05 

 SrO 0 0 0 0 0 0.02 0.02 

 Co3O4 0 0 0 0 0 0.05 0.05 

 Cs2O 0 0 0 0 0 0.06 0.06 

 Other 5.79 5.16 6.12 5.79 5.67 5.74 4.98 

Total   100 100 100 100 100 100 100 

Table 3.10 Elemental compositions of seven vitrified masonry waste glass compositions (wt. %), including base glass, simulant waste components and 

total wt. % of waste loading. 
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3.4.2 Methods 

The raw materials shown in Table 3.12 were mixed together in a plastic bag before 20ml 

crucibles were filled to below 1cm of the crucible with the composition shown in Table 

3.10. The crucibles were heated at 4°C a minute to 300°C then held at this temperature 

for 30 minutes. The furnace was then ramped to 1100°C at 4°C a minute then held at 

1100°C for 4 hours. The pre heat treatment at 300°C was required to avoid thermal shock 

of the crucibles. The molten glass was then poured into a cylindrical mould (6cm in 

diameter) to produce cylindrical glass samples. The glass was then allowed to anneal at 

500°C for 1 hour before ramping down to room temperature at 1°C a minute.  

3.5 Chemical Durability  

3.5.1 Introduction 

An accelerated static chemical durability test was used to assess the long term aqueous 

durability of a selection of the glasses reported in this thesis, based on the American 

Society for Testing and Materials (ASTM C1285-02 2002). The glass was prepared by 

crushing in a TEMA mill. The crushed glass was then sieved to 150-75 µm particle size 

fraction. Details for cleaning glass powder and vessels prior to dissolution experiments 

can be found in Appendix 1. 

Monolithic samples were sectioned using a Buehler IsoMet ® low speed saw with a 

Buehler Series 15 LC wafering blade, lubricated with Buehler IsoCut ® fluid. The 

monoliths were cut to the required size of 10 x 10 x 5 mm. The sectioned glass samples 

were then ground using silicon carbide abrasive paper, to a surface roughness of P1200 

(European P-Grade). The polished samples were then cleaned ultrasonically for 5 minutes 

in UHQ water. The samples were then cleaned ultrasonically in isopropanol for 5 minutes. 

After cleaning, the powdered glass and monolith glass were stored in desiccator until they 

were required.   

3.5.2 Product Consistency Test B (PCT-B) 

The product consistency test (PCT) is an international standard static leaching test 

designed to assess the durability of nuclear waste glasses and multiphase ceramics. The 

test uses powdered samples and is governed by ASTM International standards. There are 
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two variations of the PCT experiment, A and B. PCT-B allows for a range of 

temperatures, durations, particle size distribution, leachate compositions and test vessel 

materials. For the purpose of this investigation PCT-B was deemed most suitable and was 

used to assess the durability of the samples produced in all of the results chapters in this 

thesis.  

To simulate the hyperalkaline conditions of a UK cementitious Geological Disposal 

Facility (GDF), saturated calcium hydroxide solution was used (Snellings 2013). To 

avoid carbonation of the test, the experiments were run under a nitrogen atmosphere. To 

achieve this without the use of an expensive environmental oven, a stainless steel airtight 

container was designed and fabricated to house the samples whilst dry nitrogen was 

passed through the container. It was decided that each stainless steel container would be 

big enough to house eight 1L HDPE vessel which equates to two separate glass 

dissolution experiments (three triplicate samples and one blank).    

The following dimensions for the stainless steel container, Figure 3.8, were agreed upon 

to ensure eight 1L bottles would fit inside allowing two sets of dissolution experiments 

to be carried out per stainless steel container.   

 

Figure 3.8 Dimensions of fabricated stainless steel drum to house eight 1L HDPE 

vessels, all measurements shown are in mm. Steel vessel has diameter of 320mm. 

Dimensions of eight 1L HDPE vessels shown with room for inlet tubing (filled circle). 



 

67 

 

The dimensions were such that it could fit within a 100L general purpose oven. Six 

stainless steel containers fabricated by CS Press Tools to the authors design, and six 

general purpose ovens were brought from Gen Lab. The fabricated steel vessels are shown 

in Figure 3.9, which also shows the eight 1L HDPE vessels housed within the container.  

 

 

Figure 3.9 Fabricated stainless steel drum which houses eight 1L vessels for two sets of 

dissolution experiments 

A six splitter manifold was fabricated to the authors design to carry nitrogen gas from the 

cylinder to the six general purpose ovens as shown in Figure 3.10. Inlet and outlet tubing 

were passed through the top of the general purpose oven and were connected to the 

stainless steel drums via a quick release valve. Nitrogen gas was then passed through a 

bubbler into the air tight stainless steel container and out through another bubbler. The 

lid was bolted shut with a rubber gasket between the fitting to ensure the system was 

airtight, this ensured the experimental conditions were under a nitrogen atmosphere. The 

experimental set up is shown below in Figure 3.10.  
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Figure 3.10 Experimental set up shown for glass dissolution experiment 

Each test was carried out at 50°C with varying amounts of leachant depending on the 

amount of time points for solution to be taken. ASTM standards requires no more than 

10% of the starting solution to be sampled. Each sample point uses 4ml of solution, so as 
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an example, for a 28 day PCT experiment which uses five time points, a starting solution 

of 200ml would be needed to ensure only 10% of the solution (20ml) was removed during 

the experiment. The amount of powder used for each study varied, depending on the 

density of the glass, to ensure a glass-surface area-to-leachant-volume ratio (SA/V) of 

1200m-1.  

Ca(OH)2 leachant was produced by adding excess Ca(OH)2 powder to UHQ water in a 

HDPE vessel. The vessels were then shaken vigorously in order to achieve full dissolution 

of the Ca(OH)2 before being filtered to remove excess Ca(OH)2 from solution. To ensure 

the solution maintained a high pH the test vessels contained an Advantec USY-1 

ultrafilter unit, filled with a slurry of Ca(OH)2 powder. The experimental setup for the 

HDPE vessels are shown in Figure 3.11. The vessels were placed inside the airtight 

stainless steel containers (Figure 3.9) under a nitrogen atmosphere, in an oven at 50°C.  

 

Figure 3.11 experimental setup of HDPE vessels used in PCT experiments using 

Ca(OH)2 leachants. Image modified from Backhouse (2016). 
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For analysis, 4 ml aliquots of solution were taken at designated intervals using a 

FinnPipette F1 variable-volume pipettora and then filtered using a 0.22 µm 

polyethersulphone (PES) syringe filter. The time-points for sampling varied between the 

experiments, information regarding time points and duration of experiments can be found 

in the associated results chapter for the various samples. Before and after the removal of 

each aliquot, the vessels were weighed to account for any mass loss that might occur 

during the experiment. The filtered solution was acidified with 1 vol. % 69 % ultra-pure 

nitric acid, and analysed by Inductively-Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES. The emission of characteristic photons associated with electron excitation is 

used to quantify elemental concentration in ICP-OES. Each element has a characteristic 

photon emission wavelength, the photons produced are then separated using a diffraction 

grating prior to detection using a photomultiplier The final signal count obtained is 

proportional to solution concentration and is quantified via calibration with standards of 

known composition. This measured the release rates of elements from the glass into 

solution.  

Normalised mass losses and loss rates were calculated as follows. Firstly the sample 

concentrations were corrected for removal of liquid during sampling and testing. Mass 

loss in g of element i at the given time interval t (in days), mit, was calculated using: 

mit = (Cit – Bit)Vt  

Where Cit is the concentration of element i in the aliquot in g L-1; Bit is the concentration 

of element i in the blank in g L-1 and Vt is the solution volume, at time of aliquot removal 

in L. The normalised mass loss of element i, NLi, in g m-2 at a given time interval t (in 

days) is given by:  

NLi = 
𝑚𝑖𝑡

𝑓𝑖 .  𝑆𝐴𝑖

 

Where fi is the mass fraction of element i in the glass before leaching. SA is the surface 

area of the initial glass in m2g-1. The values obtained on the triplicate samples were 

averaged to give NLi, For convenience, the dissolution results contained within this thesis, 

when NLi values are given they are the mean values, NLi. The normalised release rate of 

element i, NRi, in g m-2 d-1, is given  by:  

NRi = 
𝑑NLi

𝑑𝑡
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There are a number of error sources during analysis of dissolution rates a glass. These can 

include; Weighing/ volume error, error in standard concentration and instrument error. 

Therefore to a standard error range of ±10.25% was used for all normalised mass loss for 

all of the PCT data contained within this thesis.  

The glass powder was analysed, post dissolution, using x-ray diffraction (XRD), to 

identify any secondary precipitates. SEM-EDS was also used to look at the morphology 

and composition of the precipitates.  

3.5.3 Materials Characterisation Centre Test 1 (MCC-1) 

Chapter 4 uses the MCC-1 test as part of the durability test. MCC-1 is a static leaching 

test designed for the assessment of the durability of monolithic waste forms for disposal 

of radioactive waste. It is defined by ASTM International. The test in Chapter 4 was 

carried out at 50°C, with a Ca(OH)2 leachant. The surface area of the monolith was 400 

± mm2 and a leachant volume of 40ml ensured the required SA/V ratio of 10 ± 0.5m-1. 

The vessels used for the MCC experiments were Savillex 60 ml perfluoralkoxy (PFA) 

Teflon standard jars. Figure 3.7 shows a schematic diagram of the experimental setup.  

 

Figure 3.12 Experimental setup for MCC-1 dissolution tests. Image adapted from 

Backhouse (2016) 

Each monolith was placed onto a PFA Teflon basket in a vessel, with 40 ml of Ca(OH)2. 

The vessels were placed in the airtight stainless steel containers (Figure 3.9) in an oven 

at 50°C for 112 days. No sampling of the solution was performed as the intended purpose 

of the experiment was to identify any alteration products which had formed on the surface 

of the glass. To achieve this, the samples were gently rinsed with UHQ water, in order to 
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remove any remaining Ca(OH)2 without washing off precipitates. The samples were then 

mounted in resin and ground to a P1200 grit finish before polishing to 1µm finish using 

diamond paste.  

3.6 SEM – Scanning Electron Microscopy  

White light has wavelength from 400-700 nanometers (nm), scanning electron 

microscopy was developed when this wavelength became the limiting factor in light 

microscopy. Observations of microstructure are limited in scale by the wavelength of the 

measuring medium. Smaller wavelength can be used to resolve smaller features.  

Electrons have much shorter wavelengths, enabling much better resolution.  

Scanning electron microscopes (SEM) use a beam of electrons, produced at the top of the 

column, which are accelerated down across large voltages. Through a combination of 

lenses and apertures, a focused beam of electrons is directed at the sample which results 

in energetic electrons being released from the surface of the sample. This interaction 

yields information on the size, shape, texture and composition of the sample (Figure 3.13). 

 

Figure 3.13 SEM schematic 

When an electron of specific wavelength hits an atom:  

 An electron from the inner shell (1s) is ejected. 

 To stabilize the atom, an electron from an outer shell (2p) drops down to fill the 

vacant inner shell positon (1s). 
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 The electrons in the outer shell have relatively high energy compared to the inner 

shells, the difference in energy between the 1s electron and 2p electron is emitted 

as an x-ray. This X-ray has a characteristic energy related to the atom being 

ionised.  

Therefore the characteristic X-ray can be analysed and the element of origin identified by 

energy dispersive X-ray spectroscopy (EDS). 

SEM imaging was performed on a bench top Hitachi TM3030, which has magnification 

capability of x30000 with an accelerating voltage of 5-15kV. An Oxford instruments 

Quantax 70 EDX detector was used for microanalysis and element mapping of glass 

samples. 

Glass monolith samples were cut using a slow saw to enable the sample to be mounted in 

epoxy resin. Powered samples were mixed in epoxy resin and carefully poured into 5 

cylindrical moulds (3mm) within a standard epoxy mould and left to set. The remaining 

epoxy was carefully poured into the mould, as shown in Figure 3.14. The glass samples 

were sequentially polished with Silicon-carbide papers to 45µm before water based 

diamond pastes polished the sample to a 1µm finish.   

 

Figure 3.14 Monolith samples mounted in epoxy resin, right: powered samples mixed 

with resin placed in inner cylindrical moulds before epoxy resin is carefully added. 

Samples were carbon coated prior to analysis, to produce a conductive layer which 

inhibits charging and improves the secondary electron signal. 

Three semi- quantitative EDX measurements were made throughout the crucible, near the 

top, in the middle, and towards the bottom of the cross sectioned vitrified waste within 

3mm 
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the crucible. This enabled any microstructural and chemical inhomogeneity within the 

glass samples to be identified with respect to their location.  

Metal fractions were cross sectioned, mounted and polished in the same way as the glass 

samples, with the obvious exclusion of carbon coating. Particular attention was made to 

cross section through the glass and metal interface.   

3.7 X-ray diffraction 

Vitrification consists of super-cooling a liquid with a high enough rate to avoid 

crystallisation. The detailed theoretical knowledge of nucleation, growth and 

crystallisation process in glass forming melts is a key issue for a number of industrial 

applications. Crystallisation needs to be well understood in nuclear waste vitrification for 

a number of reasons, one being that crystallisation can cause blockages during pouring of 

vitrified HLW.  

In general if a molten glass is held at a temperature for a sufficient time, or cooled slower 

than the critical cooling rate, crystals will form in the melt. XRD is a very useful tool for 

detecting and identifying crystal phases within the glass samples.  

X-rays are electromagnetic radiation of wavelength about 1Å (10-10m), which is about the 

same size as an atom. When the X-rays are directed on a sample, diffraction of the X-rays 

occur at each crystal plane. This results in the atoms on the crystal plane acting as a 

scattering centre, emitting a secondary wave. All of these secondary waves interfere with 

each other to produce the diffracted beam. This interaction of the radiation and the crystal 

structure can be described by Braggs law, described below; 

λ=2dhklsin2θ  

Where λ is the wavelength, dhkl is the interplanar spacing (distances between planes 

defined by the same set of miller indices) and θ is the diffraction angle.     
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Figure 3.15 Schematic of incoming x-rays diffracting off a regular crystal lattice, 

demonstrating the principles of X-ray diffractometry. 

If the wavelength is fixed, atoms on any particular plane will cause X-rays to be diffracted 

at such an angle which will correspond to a particular inplanar spacing. The wavelength 

can be fixed by using a characteristic radiation source such as Cu kα (1.5418Å).  

Glass samples were prepared for XRD by grinding in a puck mill or grinding in a 

percussion mortar, based on the amount of material available. The resultant powder was 

sieved to a size fraction of <75µm. X-ray diffraction was performed on the powdered 

glass, using Bruker D2 Phaser instrument operating at 40kV and 30mA with Cu Kα 

radiation source (1.5418Å). The samples were scanned over the range 10-65 °2θ with a 

step size of 0.02 at a speed of 0.4 °2θ min-1. 

Analyses of the resulting diffraction patterns were performed using the Bruker 

Diffrac.suite EVA software package. The software is able to identify crystalline phases 

present (~>1 wt.%) in the X-ray diffraction patterns by comparing them against X-ray 

diffraction patterns in the international centre for diffraction data (ICDD) database. 

3.8 X-Ray Fluorescence (XRF)  

XRF was utilised regularly throughout the course of this project to identify and quantify 

the composition of solid samples. XRF works using the same principles as those described 

in Section 3.6 with the ionising radiation taking the form of an X-ray beam. The ionisation 

of the sample results in the emission of characteristic photons. The photons are collected 

Incoming X-Rays Diffracted X-Rays 

dhkl 
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as the signal which is proportional to the elemental composition and quantification can 

thus be obtained via calibration with known standards.   

The XRF analyser used in this project was a Panalytical Zetium. The equipment used a 

4kW rhodium X-ray tube for high count rate. An advantage to using the Panalytical 

Zetium is its ability to quantify the amount of B in the sample, particularly useful when 

studying borosilicate glasses such as those synthesised in Chapter 5. Detection of low 

atomic mass components such as B can be problematic due to attenuation of the X-Rays 

in air. 

If not quoted within the table of results, the errors associated with XRF analyses can be 

found within Appendix 2.    

3.9 Density Measurements 

The density of the each glass sample was determined using He gas pycnometry on 

powdered materials (<75µm). An AccuPyc II 1340 Pycnometer was used with 200 purges 

of the chamber, 50 cycles, and an equilibration rate of 0.005 psi min−1 at 25 °C in a 

1 cm3 chamber and a fill pressure of 12.5 psi. The estimated precision was ±0.01 g cm−3. 

The AvvuPyc measures the density by measuring the density of gas displaced by that 

sample.  

1. A sample of known mass is loaded into a calibrated sample chamber of known 

volume.   

2. Gas is introduced into the chamber, which fills the void volume of the chamber 

including the pores of the sample.  

3. The difference between the void volume of the empty chamber and the new 

volume with the sample, is the volume of the solid sample phase.  

4. This volume is divided into sample weight, determining the density (g/cm3) 

5. Pressure vented off to atmosphere – Valve C opens.  

Gas pycnometry is non-destructive and is more accurate and reproducible than the 

traditional Archimedes water displacement method.  

3.10 Differential Thermal Analysis (DTA)  

Differential thermal analysis is often used to measure the temperature difference (ΔT) 

between the samples under study with some reference material placed at the same 

 

 

1
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temperature and pressure conditions. DTA is used to measure endothermic and 

exothermic transitions as a function of temperature. Exothermic reactions are observed 

when reactions occur taking the sample to a lower energy state such as the crystallisation 

of the glass T(c), due to the enthalpy of fusion being released from the sample. 

Endothermic reactions are observed when reactions occur taking the sample to a higher 

energy state such as the glass transition temperature T(g) in glass. The heating profile 

shown in Figure 3.16, displays exothermic and endothermic peaks associated with various 

thermal events as the temperature of the glass sample is increased.     

The samples were ground to <75µm using a TEMA mill. For DTA measurements a 

Netzsch TG449 F3 Jupiter, calibrated with aluminium standard in air, was used. 

Approximately 25mg of the powered sample, and aluminium standard, was weighed out 

using Oertling electronic balance to ±0.0001g. The samples were placed into two 

platinum crucibles and heated in an alumina furnace from room temperature, at a rate of 

10°C min-1, under high purity atmosphere to 1100°C (Tm for glass samples). Temperature 

and temperature difference between sample and standard were recorded every 0.1 

seconds. Data analysis was performed using Perkin Elmer, Pyris Software.    

   

 

Figure 3.16 Typical DTA curve of a glass, Tg is the glass transition temperature 

(exotherm onset); Tx and Tp are the onset and peak of the crystallisation exotherm; 

respectively; and Tm is the melting endotherm. 



 

78 

 

3.11 Mossbauer Spectroscopy  

The Fe2+ / Fe3+ ratio is a good internal standard of the redox conditions on the melt. The 

iron redox ratio is critical in terms of processing, with consideration needed to avoid 

issues such as foaming within the melter (Hrma et al. 1998). Due to the large amount of 

metal waste included within the PCM waste envelope, it is important to establish the 

redox conditions during vitrification of PCM waste, and what this effect has on the quality 

and performance of the final waste product.  

Mӧssbauer spectroscopy (MS) is recognised as being the gold standard for determining 

the Fe2+ and Fe3+ ratio in solid materials, including nuclear waste vitrification with a 

number of studies using MS. 

The Mӧssbauer effect is the recoil-free emission and resonant absorption of gamma (γ) 

rays by specific atomic nuclei in solids. This technique is a powerful probe of nuclear 

energy levels in solids, providing details of local electron configuration, including 

oxidation states.  

57Fe is the most commonly investigated Mӧssbauer active nucleus and is most useful for 

the current study. 57Co is the source which decays to 57Fe in an excited state as shown in 

Figure 3.17.  

 

Figure 3.17 Energy level schematic for 57Co to 57Fe decay 

57Fe isotope has a large recoil free fraction which makes high quality Mӧssbauer 

measurements possible. The parent isotope used for measurements is 57Co which has a 

270-day half-life and decays primarily to the 137 KeV level of 57Fe (Figure 3.17) 
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following capture of an atomic electron. From this 57Fe can then decay to its 14.4 keV 

state resulting in the emission of a gamma ray. 57Fe in a target sample, will resonantly 

absorb this gamma radiation and emit gamma radiation when it drops back to its ground 

state. The gamma emitting source is vibrated normal to the target in order to scan a range 

of frequencies.  

To detect and analyse the local environment of the targeted nucleus, recoilless emission 

or absorption of a gamma ray is required. Resonant absorption occurs when the atoms in 

the emitting and absorbing matrices are in identical environments. In reality, it is more 

common for the emitting and absorbing materials to differ resulting in resonant absorption 

occurring at slightly different energies. The difference is referred to as the isomer shift. 

Figure 3.18 and Figure 3.19 shows the difference in Mӧssbauer spectrum between an 

emitter and an absorber in both identical and non-identical conditions. The isomer shift 

is sensitive to the oxidation state and can therefore be used to quantify the Fe2+/Fe3+ ratio.  

 

 

Figure 3.18 Mӧssbauer spectrum obtained from an emitter and an absorber in identical 

conditions 
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Figure 3.19 Mӧssbauer spectrum obtained from an emitter and an absorber in non-

identical conditions 

Hyper fine interactions are interactions between the nucleus and its surrounding electrons, 

leading to changes in the nuclear energy levels. These changes provide information that 

enables characterisation of the host material. These interactions result in complex spectra 

shown in Figure 3.20. A typical Mӧssbauer spectrum consists of doublets and sextet 

features as shown in Figure 3.20. The type of peak depends on a number of factors 

including the number of Fe electrons (Fe0, Fe2+, and Fe3+). The spectra are also 

temperature dependent.  

Interaction of the nuclear quadrupole moment with the electric field gradient leads to 

splitting of the nuclear energy levels, shown as the red spectra in Figure 3.20. For 57Fe, 

this causes individual peaks in the transmission spectrum to split into doublets. The 

doublet features reflects the symmetry of the bonding environment and the local 

electronic structure. 

Hyperfine splitting occurs due to the magnetic moment 57Fe possess. If magnetically 

ordered materials are present, this will cause unsettling of the energy levels associated 

with 57Fe causing hyperfine interactions resulting in the sextet feature shown in green in 

Figure 3.20. 
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The combination of IS and quadrupole splitting parameters (along with the hyper-fine 

field in the case of magnetically ordered phases) can be used to identify the valence state 

and site occupancy of Fe in a given site. There are number of studies present in the 

literature which determine the isomer shift versus quadrupole splitting data for common 

rock forming minerals, a discussion of which can be found in Burns (1990). From this 

information, it is shown that fairly distinctive ranges occur for each valence state and site 

occupancy of Fe, as shown in Figure 3.21. Figure 3.21 can be used to determine the 

valence state of Fe from a particular Mӧssbauer signal for amorphous materials allowing 

the Fe2+ / Fe3+ to be calculated for the glass samples produced in this project.  

Figure 3.22 shows the typical experimental setup for the 57Fe Mossbauer spectrometer. 

This was operated at room temperature utilising a 57Co source, at a velocity of ± 6mms-1. 

Samples were prepared using finely ground samples sieved to <75µm. For samples 

containing large amounts of Fe, the samples were mixed with graphite, which dilutes the 

samples, in order to keep the signal to noise ratio low.   

 

Figure 3.20 (blue) isomer shift (IS) the 1/2 and 3/2 labels represent the nuclear spin. 

(Red) Interaction of the nuclear quadrupole moment with the electric field gradient 

leads to splitting of the nuclear energy levels into doublets. (Green) When a magnetic 

field is present at the nucleus results in the formation of a sextet pattern. Simplest case, 

lines vary in the ratio 3:2:1:1:2:3. Figure modified from (Dyar et al. 2006) 
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Figure 3.21 Room temperature, isomer shift versus quadrupole splitting data show 

fairly distinct ranges occur for each valance state and site occupancy of Fe. 

The samples were loaded into a holder with a transparent Perspex window, normal to the 

gamma source vibration direction. The gamma waves passing from the sample were 

detected and fed into a channel analyser, where the counts are combined with the values 

for the gamma ray energy of the source. All Mӧssbauer spectra were deconvoluted using 

RECOIL software.  

 

Figure 3.22 Typical experimental setup for a transmission Mӧssbauer experiment 

3.12 Raman Spectroscopy  

As discussed in previous chapters, glass is defined as an amorphous solid completely 

lacking in long-range, periodic atomic structure. This lack of long range order results in 

diffuse scattering when using X-ray diffraction techniques. This is due to the random 

distribution of atoms results in X-rays being scattered in many directions, leading to a 
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diffuse scattering over a wide 2Ɵ range instead of high intensity Bragg peaks. Raman 

spectroscopy is extremely useful for determining the atomic structure of amorphous 

materials especially in glass science.  

Raman spectroscopy relies on the inelastic scattering of incident radiation through its 

interaction with vibrating molecules. This is achieved by using a monochromatic laser to 

illuminate the sample and detect the resultant scattered light. The majority of the scattered 

light is of the same frequency as the laser; known as Rayleigh or elastic scattering. A tiny 

fraction however is shifted in energy from the laser frequency due to interactions between 

the incident electromagnetic waves and the vibrational energy levels of the molecules in 

the sample. It is possible to plot the intensity of this “shifted” light against the frequency 

resulting in a Raman spectrum of the sample. In Raman spectra, the abscissa has arbitrary 

rather than absorption units because it is simply a measure of the number of scattered 

photons captured by the detector at any particular frequency (Yaday 2015).  

3.13 XANES – X-Ray absorption near edge spectroscopy 

X-ray absorption near edge spectroscopy (XANES) can be used to determine the valence 

state and coordination geometry of atoms. X-ray absorption spectroscopy probes the 

immediate environment of the selected element, within about 6 Ȧ, and its theory and 

interpretation does not rely on any assumption of symmetry or periodicity unlike XRD. 

For this reason XANES has been shown to be a powerful tool for the investigation of 

element speciation and local co-ordination in (boro) silicate glasses for radioactive waste 

immobilisation (McCloy et al. 2012; Short et al. 2005) and therefore will be used in this 

project.  

Two synchrotron facilities were used over the course of this project, the National 

Synchrotron Light Source (NSLS) and the European Synchrotron Radiation Facility 

(ESRF). The use of these facilities enable X-ray absorption spectroscopy of glasses by 

bombarding thin powdered samples with high flux monochromatic X-rays. The principles 

used in XANES are based on the interactions of X-rays with matter. The X-ray absorption 

coefficient (µ) is the probability for an X-ray to be absorbed by a sample. X-ray 

absorption near edge spectroscopy involves measuring (µ) as a function of X-ray energy. 

The energy of the X-ray beam is slowly varied. As the energy is scanned through the 

energy space, the associated absorption of the X-ray beam is measured and may be plotted 

as shown in Figure 3.23. Each element has a specific set of absorption edges at the binding 
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energies of its electrons. Figure 3.23 shows the XANES part of the absorption spectrum 

near an absorption edge. The geometry and the oxidation state of the atom affect the 

XANES part of the absorption spectrum and can be used to determine the oxidation state 

of atoms, as used in this study. The XANES results throughout this thesis are analysed 

through the semi-quantitative approach (LCA). This approach utilises the fact that 

XANES features are a fingerprint of the valence state and local structure of the absorber. 

The XANES spectra can be analysed as a linear combination of reference compounds 

XANES. The author is grateful to Dr. Martin Stennett for data acquisition.   

 

Figure 3.23 Typical XAS spectrum of the K-edge of a glass sample showing the XANES 

region including the pre-edge peak and the EXAFS region. 
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4 THERMAL TREATMENT OF 

PLUTONIUM 

CONTAMINATED MATERIALS 

(PCM) WASTE 

4.1 Introduction  

As outlined in Section 2.1.1, one possibility for treating plutonium contaminated material 

(PCM) waste, and which yields a large volume reduction, is via thermal treatment. Proof 

of concept studies have shown PCM waste compatibility with thermal treatment 

processes. However, to support the increased investment in thermal treatment 

technologies a fundamental understanding of the processes and the impact of waste 

inventory needs to be established. In this Chapter, laboratory scale experiments have been 

performed using SLS glass frit as a glass forming additive. A range of analytical 

techniques have been applied in order to understand the process and sequence of reactions 

that occur between the waste and glass matrix during vitrification. 

To achieve the aims set out in this project, laboratory scale experiments using mock up 

PCM waste drums have been performed (Table 3.5) using the items described in Table 

3.4. The mock-up PCM waste drums were thermally treated as described in section 3.1.7. 

Additional melts were performed in order to optimise the process, an overview of which 

can be found in Table 3.7. This Chapter is split into two parts. The first part discusses the 

results of the experiments described in Table 3.7, and the analysis of the vitrified waste 

forms. The second part of this chapter discusses the results of the experiments in Table 

3.8 which aims to optimise the process by completely oxidising the waste form as 

described in section 3.2. 
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4.2 Melting behaviour 

A summary of the samples generated are shown in Table 4.1 (A: W = additive: waste 

ratio)  

 Waste description Additives Crucible Details 

Melt 1 

1560°C 

Can + PVC SLS glass A:W = 1:1 Alumina classic Failed 

Can + PVC + Metal SLS glass A:W = 1:1 Plumbago Successful 

Can + PVC + Masonry SLS glass A:W = 1:1 Alumina classic Failed 

Can + PVC + Mixed SLS glass A:W = 1:1 Alumina classic Failed 

Melt 2 

1560°C 

Can + PVC SLS glass A:W = 1:1 Alumina tapered Successful 

Can + PVC + Metal SLS glass A:W = 1:1 Plumbago Successful 

Can + PVC + Masonry SLS glass A:W = 1:1 Alumina tapered Successful 

Can + PVC + Mixed SLS glass A:W = 1:1 Alumina tapered Successful 

Melt 3 

1450°C 

Can + PVC SLS glass A:W = 1:1 Alumina tapered Successful 

Can + PVC + Metal SLS glass A:W = 1:1 Plumbago Successful 

Can + PVC + Masonry SLS glass A:W = 1:1 Alumina tapered Successful 

Can + PVC + Mixed SLS glass A:W = 1:1 Alumina tapered Failed 

Table 4.1 Summary of the samples generated with SLS glass additive at a A:W 1:1 %wt. 

ratio. 

Melt 1 was unsuccessful with all but the plumbago crucible failing. The alumina classic 

crucibles (Ø=96mm x I/D=90mm x 145mm high) used in melt 1 had a high failure rate. 

For the next set of melts (2) alumina crucibles with tapered edges (Ø=102mm x 

I/D=93mm x 145 mm high) were selected, providing immediate benefits, with all 

crucibles able to contain all of the vitrified material. The likely reason for this success is 

the increase thickness of the wall in the tapered edge crucible as shown by the dimensions. 

The classic crucible has approximately 3mm thick wall whilst the tapered edge crucible 

has approximately 4.5mm thick walls. This increase in the thickness of the crucible wall 

provided a slightly lower thermal gradient across the wall for the tapered edge crucible, 

thereby reducing the risk of cracks developing via thermal shock. Melt 3 used the same 
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tapered edge crucibles but unfortunately due to thermal shock of the crucible for the 

mixed waste, a large amount of material was lost. Melt 1 was discarded at this stage due 

to the failure of the crucibles. The following section concentrates on the melting 

behaviour and characterisation of Melt 2. The resulting vitrified products for Melt 2 are 

shown in Figure 4.1 to Figure 4.4.    

 

Figure 4.1 Vitrified can + PVC waste from Melt 2, 100% glass waste form 

 

Figure 4.2 Vitrified Can + PVC + Mixed waste from melt 2, small metallic button 

located at the bottom of the crucible 

 

Figure 4.3 Vitrified Can + PVC + Masonry waste from melt 2, 100% glass waste form 

5 mm 

5 mm 

5 mm 
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Figure 4.4 Vitrified Can + PVC + Metal waste from melt 2, glass waste form with 

metallic fraction at bottom of the crucible. 

The melting behaviour showed no violent reactions between the waste simulant and glass 

additive. However, the alumina and graphite/clay crucibles suffered obvious corrosion 

during melting. In addition, the graphite/clay crucibles exhibited significant weight loss 

due to oxidation at high temperature. The observed melting behaviour generally showed 

that the last items to melt were, as expected, the steel components. A metallic fraction 

resulted for the vitrified metal waste (Figure 4.4) and the mixed waste (Figure 4.3). The 

waste forms derived from the PVC (Figure 4.1) and masonry waste types (Figure 4.2) 

were composed of 100% glass waste form. Glass in the masonry and metallic feed 

exhibited little crystallinity. Glass derived from the PVC and mixed waste streams were 

partially crystalline throughout. The composition of the four vitrified waste streams were 

determined by XRF, together with ICP-OES to determine the Ce content. Due to the 

absence of Cl within the XRF results, it was determined that the PVC was volatilised at 

high temperature. The results are shown in Table 4.2. 

Due to the corrosive nature of the high metal waste feeds during vitrification, it was 

necessary to use a Plumbago graphite – clay crucible. This had a major effect on the 

content of the FeO within the glass due to the degree of oxidation available to the waste 

and additive mixture during thermal treatment. 

 

 

Glass fraction 

Metal Fraction  

Plumbago crucible 5 mm 
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Component (Wt%) PVC Masonry Metal Mixed Glass frit 

SiO2 37.93 ±0.36 54.85 ±0.44 69.87 ±0.50 54.23 ±0.44 70.77 ±0.50 

MgO 0.85 ±0.06 0.86 ±0.06 1.17 ±0.06 0.93 ±0.06 1.50 ±0.08 

Al2O3 16.51 ±0.24 11.70 ±0.20 7.60 ±0.11 9.29 ±0.18 1.57 ±0.08 

CaO 5.46 ±0.14 7.07 ±0.11 7.43 ±0.11 6.90 ±0.15 10.16 ±0.20 

Na2O 6.02 ±0.15 6.81 ±0.10 7.72 ±0.17 6.53 ±0.15 13.27 ±0.14 

FeO 30.38 ±0.33 17.65 ±0.26 0.82 ±0.06 18.13 ±0.26 0.36 ±0.03 

CeO2 0.42 ± 0.05 0.33 ± 0.03 0.60 ± 0.05 0.43 ± 0.05 - 

Sum 99.31 ±0.60 99.53 ±0.60 98.59 ±0.60 99.09 ±0.60 98.89 ±0.60 

Table 4.2 XRF results show the composition of the 4 vitrified waste streams 

The reducing environment, imposed upon by the graphite clay crucible, led to a combined 

slag and metal waste form; the slag component was thus strongly depleted in FeO. The 

higher FeO content in the slag fraction of the PVC waste, compared to the waste form 

derived from the masonry and mixed waste, is a consequence of the proportionally higher 

amount of mild steel in the PVC waste. Chemical analysis determined no measureable 

retention of Cl within the slag fraction of the waste form. It was therefore concluded that 

all the Cl present within the PVC was volatilised at high temperature.  

Noticeable corrosion occurred for all the crucibles. This afforded higher levels of Al2O3 

within the waste forms. PVC has the highest amount of Al2O3 in the glass because as 

much of the organic material will have volatilised, the corrosion of the Al2O3 will occupy 

a much greater proportion of the glass forming oxides within the glass as opposed to the 

other wasteforms. Table 4.3 reports the measured densities of the slag fractions of the 

PCM waste forms. The results were obtained through pycnometry as described in Section 

3.9 

 



 

90 

 

 

 

Sample Density (g cm-3) 

PVC waste: slag fraction  3.08 ± 0.01 

Metal waste: slag fraction 2.51 ± 0.01 

Masonry waste: slag fraction 2.78 ± 0.01 

Mixed waste: slag fraction 2.86 ± 0.01 

Table 4.3 Pycnometry densities of PCM waste forms 

4.3 Product waste form characterisation 

4.3.1 PVC waste form (Melt 2) 

Visual inspection (Figure 4.1) of the waste form showed a homogenous glassy material 

with no inclusions or un-melted components. The following characterisation methods, as 

described in Section 3, were used to determine the microstructure of the material.  

Figure 4.5 shows the XRD pattern for the vitrified PVC waste stream. Identified 

reflections corresponding to Fe3O4 magnetite spinel phase are shown in the SEM images 

in Figure 4.5. Elemental X-ray maps shown in Figure 4.5 shows the composition of the 

phases identified within the XRD trace.  

An aim of this work was to try and determine the partitioning of Ce between crystalline 

regions within the glass. This was not possible by the EDX scans shown in Figure 4.6, as 

there was little difference between the Ce signals for the two EDX spectra. Figure 4.6 

does show where the expected Ce signal should be present at 4.84 KeV. A reason for this 

is because of volume interactions effects associated with the EDS measurements, which 

can lead to uncertainties with respect to the quantities analysed for different phases which 

are intimately associated in space. The EDX map does show that Ce is homogenously 

distributed throughout the sample. Cross sectional SEM images were taken from the top 

of the crucible down to the bottom of the crucible. There were no regional differences 

with the quantity of the spinel structures within the glass. However, there is a tendency 

for the crystals near the edge of the crucibles to have a common orientation into the glass, 

as shown in Figure 4.6. 
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1mm 100 µm 

Ce 

10 µm 

Ce 

2 
1 

Figure 4.5 (Top) XRD pattern showing identified reflections corresponding to Fe3O4.  

Figure 4.6 (Bottom) EDX scan showing distribution of elements within the structure. 

Ce 

Ce 
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This suggests that as the crucible is pulled out of the furnace, heterogeneous nucleation 

in the thermally supercooled region adjacent to the crucible wall is occurring. The grains 

grow rapidly, reject solute which lowers the liquidus and restricts their growth. This leads 

to further undercooling and additional nucleation. This theory is known as the “free chill 

crystals” (Hutt et al. 1999). According to this theory all the grains seen in the final 

material are nucleated immediately following supercooling.   

 

Figure 4.6 SEM Image showing crystal orientation directed towards the centre of the 

glass from the crucible wall 

4.3.2 Metal Waste (Melt 2) 

The high metal waste feed resulted in a mixed waste form with a metallic fraction located 

at the bottom of the crucible with a layer of slag on top, as shown in Figure 4.4. The 

graphite inclusions originate from the corrosion of the graphite clay crucible.  

Due to the reducing conditions imposed upon the melt by the graphite clay crucible the 

Fe is reduced as it partitions to form metallic Fe at the bottom of the crucible. The SEM 

images show a number of metallic inclusions within the glass material. Ce was found to 

be overwhelmingly incorporated in the glass phase with 0.60 Wt% of Ce detected in the 

glass fraction. EDS analysis demonstrated Ce to be concentrated exclusively within the 

glass phase, within detection limits. This confirms that Ce is more thermodynamically 

favourable to partition into the slag fraction, as agreed with Millers (1993) study.   

 

Direction of crystallisation 
500 µm 
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Figure 4.7 X-ray powder diffraction pattern showing diffuse scattering corresponding 

to amorphous structure in the form of CaO-Al2O3-SiO2 glass with graphite inclusions. 

SEM images also show small metallic inclusions found within the glass matrix, as 

confirmed by the EDX scan. 

 

250µm 

O Cr 

50µm 

Glass fraction  

Metal 

inclusion   
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It has been suggested that if clean separation of the slag and metallic fraction can be 

achieved it might be feasible to dispose the metal fraction as LLW, which would result in 

cost savings due to the decrease in waste volume classified as ILW. Figure 4.8 shows the 

metallic fraction from the melt. It is clear that a small amount of glass fraction remains in 

contact with the metal fraction, this is confirmed in the magnified image in Figure 4.10.   

 

 

Figure 4.8 Metallic fraction from vitrified metal waste. Glass fraction remains on the 

surface showing complete separation has not occurred. 

`  

Although small, the amount of Ce containing glass within the metal fraction is not 

negligible. Assuming Pu contaminated glass penetrated the metal fraction in a similar 

Glass 

Fraction  

200µm 

Metal 

Fraction  
Glass 

Fraction  

Resin 

Figure 4.9 Magnified cross section of the metal and glass interface. EDX images show 

glass oxide fraction penetrating into the metal fraction. 

Si O Fe BSE 

5 mm 
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way, then the partitioning achieved may not be sufficient to permit disposal of the metal 

fraction as LLW as it may exceed the upper limits of total Pu alpha activity of 0.1 GBq/t 

(Cummings 2014). It should be noted however, that clean separation between the two 

phases was not attempted in this work, and industrial practice in similar industries have 

shown good levels of separation between metallic and slag phases. Seitz et al. (1979) 

demonstrated Pu partitioning coefficients (i.e. ratio of plutonium in slag / plutonium in 

steel) exceeding 106, sufficient to decontaminate steel wastes below the classification of 

TRU wastes   

Figure 4.11 shows the microstructure of the metal fraction. The elemental mapping shows 

a Fe-Si-Ni alloy with concentrated areas of Cr within the metal alloy. EDX spot mapping 

was performed on the metal fraction. The concentration of Ce in the metal fraction was 

below the detection limits. This provides strong evidence that the Ce is partitioning within 

the oxide fraction as expected. 

`  

  

 

 

 

 

100 µm 

BSE Si Cr Ni Fe 

Figure 4.10 SEM image of metallic fraction from metallic waste stream with EDX 

mapping showing distribution of key elements within the metallic fraction  

EDX scan 

measurement 
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4.3.3 Mixed Waste (Melt 2) 

The vitrified waste form resulted in a small metallic fraction at the bottom of the crucible 

as shown in Figure 4.2. XRD studies showed the slag fraction composed of an amorphous 

component related to CaO–Fe2O3–Al2O3–SiO2 glass, and a number of crystalline phases 

within the glass matrix, labelled in Figure 4.12. EDX spot mapping (Figure 4.11) shows 

the relative concentrations of elements contained within the identified crystalline regions. 

The metallic fraction consisted of a Fe-Si-Ni alloy. EDX map shows that Ce is 

homogenously distributed throughout the  wasteform. 
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G 

C 

Fe 

Figure 4.11 (Top) X- ray powder diffraction pattern showing identified reflections 

corresponding to identified crystal phases. (Bottom) SEM images show crystalline 

regions with associated EDX scan shown in Figure 4.12 (G=glass, D=diopside, 

M=magnetite and C=chromite). 
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Figure 4.12 EDX scan of the phases identified in the XRD trace shown in Figure 4.11.  
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4.3.4 Masonry Waste (Melt 2) 

The masonry waste formed a 100% glass waste form during vitrification, as shown in 

Figure 4.3. The XRD trace in Figure 4.13 shows a relatively  amorphous structure with 

large amounts of background noise. It is likely that crystalline features are present within 

the XRD trace but are hard to distinguish from the background noise. TEM could be used 

to further probe the microstructure to determine any crystallite formation, however this is 

out of scope for this body of work. EDX spot mapping shows homogenous distribution 

of elements within the glass structure.  

 

 

 

Figure 4.13 X-ray powder diffraction pattern showing diffuse scattering corresponding 

to amorphous structure in the form of CaO-Al2O3-SiO2-Fe2O3 glass. EDX map shows 

homogenous distribution of Ce. EDX scan shows key elements within glass structure.  

500µm  

Ce 
1 
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4.4 Determination of Ce oxidation state by Ce L3 edge XAS 

X-ray Absorption Spectroscopy has been shown to be a powerful tool for the investigation 

of elemental speciation and local co-ordination in (boro) silicate glasses for radioactive 

waste immobilisation (McCloy et al. 2012). Figure 4.14 shows the Ce L3 edge X-ray 

Absorption Near Edge Structure (XANES) of the slag fractions, together with the data 

acquired for CeO2 and CePO4 (monazite) standards. The XANES spectra (Figure 4.14) 

permits straightforward fingerprinting of Ce oxidation state. From comparison of the 

spectra it is apparent that the XANES data of slag fraction closely resembles that of 

CePO4, demonstrating that Ce3+ is the dominant species. Using the position of the pre – 

edge features for the four waste forms we can quantify the amount of Ce3+ within the 

glass. This is shown in Table 4.4. As stated in Section 2.1.2, A number of studies have 

determined that trivalent species such as Pu3+ and Ce3+ are much more soluble in 

borosilicate systems (Lopez et al. 2003) (Deschanels et al. 2007), with Cachia et al. (2006) 

showing that Pu solubility was effectively doubled by modifying its oxidation state, from 

2 wt.% for Pu (IV) to 4 wt. % for Pu (III), Therefore it is reasonable to expect that the 

glass wasteforms developed in this study would be able to immobilise the Pu content 

expected from the PCM waste 

 

Figure 4.14 Ce L3 edge XANES data from CeO2 (Ce4+ standard), CePO4 (Ce3+ standard 

with monazite structure) and slag fractions from vitrification of simulant PCM wastes. 

(A
.U
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Sample E0 (eV) Oxidation state 

(Ref) CeO2 5731.41 +4 

(Ref) CePO4 5726.81 +3 

Masonry 5727.47 +3 (86%) 

Metal 5727.18 +3 (92%) 

PVC 5727.11 +3 (93%) 

Mix 5727.21 +3 (91%) 

Table 4.4 Position of pre edge features for each of the samples determines the amount 

of Ce3+ in the glass. It is assumed that the position of the absorption edge (E0) for mixed 

oxidation states is an interpretation of E0 for the two reference materials.  

4.5 Determination of redox conditions within the melt using 

Mössbauer spectroscopy 

Mossbauer studies can be used to determine the redox conditions within the melt by 

calculating the iron ratio within the glass. The Fe2+/Fe3+ ratio is a good internal standard 

of the redox conditions within the melt. The iron ratio provides important information in 

terms of processing and waste form considerations. For example, an Fe2+/Fe3+ ratio value 

between 0.1 to 0.5 (as a measure of the redox state of the melt) should provide a sufficient 

level of safety against foaming or precipitation and should be the goal for processing 

nuclear waste glass (Goldman et al. 1985). The redox conditions can also induce gas 

solubility reactions that lead to the formation of a stable layer of glass foam. Depending 

on the melter design, reducing conditions may be disadvantageous, due to the risk of 

conductive phases forming within the melt. Within a glass, Fe can exist as either a 

network forming (tetrahedral) site or a network modifying (octahedral) site. It is known 

that the redox and coordination environment of Fe in glass can strongly influence the 

physical properties of that glass such as viscosity, liquidus temperature and density 

(Mysen 1985). For this reason, there have been a number of studies performed using 
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Mӧssbauer spectroscopy to determine and quantify the oxidation state of Fe in glass 

(DeGrave 1986). This section concentrates on the results of the Mössbauer studies 

performed on the PCM vitrified products and the resultant Fe2+/Fe3+ ratio within the glass. 

Figure 4.15 - Figure 4.18 show the Mӧssbauer spectrum for the four vitrified PCM waste 

streams. Using the various literature sources (Kuno et al. 2000; Dyar et al. 2006; De Grave 

2003), enables each phase identified from the XRD traces (Figure 4.5 to Figure 4.12) to 

be assigned to a particular iron signal from the glass to give the relative area of each Fe 

species within the glass. For amorphous samples with no crystalline phases present 

(Figure 4.13 and Figure 4.7), the combination of the Isomer Shift (IS) and the Quadrupole 

Splitting parameters (QS) is sufficient to identify the valence state and site occupancy of 

Fe in a given site (Dyar et al. 2006). Table 4.5 gives the Mӧssbauer parameters in the 

glass, assigning each iron signal to a corresponding valence state to produce the Fe2+ / 

Fe3+ ratio within the vitrified product.  

 

Figure 4.15 Mӧssbauer spectrum for the glass fraction of the vitrified metal waste with 

a FeO content of 0.82 wt%. X axis = velocity (mm/s)  
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Figure 4.16 Mӧssbauer spectrum for vitrified PVC waste with a FeO content of 30.02 

wt%. x axis = velocity (mm/s)  

 

 

 

 

PVC waste 

FeO content = 

30.02 wt%  

 

Figure 4.17 Mӧssbauer spectrum for vitrified Masonry waste with a FeO 

content of 18.13 wt%. x axis = velocity (mm/s) 

Masonry waste 

FeO content = 

18.13 wt% 
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Figure 4.18 Mӧssbauer spectrum for vitrified Mixed waste with a FeO  

content of 17.65 wt%. x axis = velocity (mm/s) 

 

To calculate the Fe2+/Fe3+ ratio within the glass the amorphous component has been used, 

as this will give a more accurate representation of the redox reactions within the glass 

melt. Table 4.5 provides a quantitative measure of the fraction of crystallisation within 

the glass. For example, using the IS and QS, the amount of magnetite in the PVC waste 

can be determined as 77.4 % ± 2%. It would be interesting to determine the consistency 

of this method of quantifying crystalline phases in materials with other methods such as 

Rietveld refinement (Kniess et al. 2005). Mössbauer spectroscopy could be used as a 

method of quantifying crystalline phases within glass provided the crystalline phases 

contained Fe. The following section begins by describing the Mössbauer spectra shown 

in Figures 4.15 to 4.18 before commenting on the effectiveness of using the Fe2+/Fe3+ 

ratio within the amorphous component to predict redox conditions within the melt.  

 

 

Mixed waste 

FeO content = 

17.65 wt%  
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Sample 
IS 

(mm/s) 

QS 

(mm/s) 
Assigned phase Site 

Area 

(±2%) 
(Fe2+/ΣFe)  

Mixed 

waste 

1.09 1.81 Magnesioferrite Fe3+ 50.7 

0.74* 

1.15 2.19 Glass Fe2+ 34.1* 

0.41 0.71 Glass Fe3+ 11.1* 

 0.89 0.26 Chromite Fe2+ 3.3 

Masonry 

waste 

1.02 1.90 Glass Fe2+ 59.0* 

0.58* 

0.39 1.00 Glass Fe3+ 41.1* 

Metallic 

waste 

0.02 0.00 Metal (M) Fe0 54.9 

0.55* 

0.14 0.43 Glass Fe3+ (O) 8.4* 

1.93 0.02 Glass Fe3+ (T) 11.5* 

1.90 3.59 Glass Fe2+ 25.2* 

PVC 

waste 

0.23 0.00 Magnetite (M) T Fe3+ 25.5 

0.83* 

0.45 0.00 Magnetite (M) O,TFe2+,3+ 51.9 

0.67 1.13 Glass Fe2+ 18.7* 

1.35 1.64 Glass Fe3+ 3.77* 

Table 4.5 Assigned Mӧssbauer signal parameters (± 0.02 mm/s). Fe2+ / Fe3+ calculated 

using Is and Qs. (M) = magnetic site (sextet). O = octahedral site T = Tetrahedral site. 

* denotes the iron signal from the amorphous component which was used for the 

Fe2+/Fe3+ ratio.  
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Goldman et al (1985) states that operators should aim for a Fe2+/Fe3+ ratio in terms of 

processing and wasteform consideration. From this information, it would suggest that the 

Mixed waste and PCV waste, were poor glasses based upon redox considerations. 

However from the characterisation and melting behaviour of both glasses, there was very 

little evidence of foaming or precipitation of the melt. This would suggest that the 

Fe2+/Fe3+ can not be used in isolation to determine the processing capability of various 

glass wasteforms. It is clear from this study that the other factors are heavily influcing the 

processing conditions, this could be the large fraction of crystalline material or the 

hetergenous nature of the waste. Further study is needed to related the various factors to 

processability other than simply using the redox ratio, especially in complex glasses such 

as these with a number of multi-valent ions.  

The Mӧssbauer spectrum shown in Figure 4.15 for the slag fraction of the vitrified metal 

waste shows a “sextet” feature which corresponds to magnetic ordering within the glass. 

The intensity of the peaks within the spectrum is very weak due to the small amounts of 

iron oxide within the slag fraction (0.82 wt. %). Figure 4.7 shows the slag fraction of the 

vitrified metal type has an amorphous structure. SEM images in Figure 4.7 show small 

metallic inclusions within the glass matrix which account for the sextet feature in the 

Mӧssbauer spectrum due to the magnetic properties of the metal inclusions. This accounts 

for 54.9 % of the iron signal from the spectrum. Excluding this, presents the Fe2+ / Fe3+ 

ratio of the slag fraction which is 0.55 ferrous ions within the glass structure.  

The PVC waste has a complicated spectrum, as shown in Figure 4.16. Figure 4.5 shows 

that the crystalline phase within the glass is magnetite, and due to the wide range of uses 

of magnetite there have been a number of Mossbauer studies which determined the redox 

state of Fe within magnetite (Iyengar et al. (2014); Mada (1977); Gedikoq̌lu (1983); 

Topsoe et al. (1974).  

Magnetite is an inverse spinel because the tetrahedral sites (A) are occupied by Fe3+, while 

the octahedral sites (B) are occupied by 50:50 mixture of Fe2+ and Fe3+. This gives the 

structural formula for magnetite as [Fe3+]A [Fe3+, Fe2+]BO4. Magnetite is ferrimagnetic 

as a result of the crystal structure, this gives the slag waste form spontaneous 

magnetization properties. This was noticed when small shards of the slag waste from were 

attracted to the metallic tweezers.  
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Gorski (2010) states that magnetite can have a range of oxidation states dependent upon 

the amount of structural Fe2+, which can be discussed quantitatively as the magnetite 

stoichiometry (x = Fe2+/Fe3+). Figure 4.5 states that the magnetite present within the PVC 

waste matched with PDF card 19-629, and contained 69.0% Fe3+ and 31.0% Fe2+, 

confirming that the magnetite present within the glass waste form is stoichiometric 

magnetite (Fe3O4) giving an ideal Fe2+ content. The PVC waste Mӧssbauer spectrum 

shown in Figure 4.16 can be used to confirm this finding.  

The PVC waste Mӧssbauer spectrum shown in Figure 4.16 is characterised by two sextet 

features. The left hand side of the spectrum has clearly defined sextet features, which then 

overlap on the right hand side of the spectrum. The Fe signal resulting in the sextet 

features are from the two magnetite sublattices, site A (tetragonal site Tet Fe 3+) and site 

B (octahedral site Oct Fe2+, 3+). The sextet features can be assigned to each site by the 

position of the isomer shift (IS), as the IS is proportional to the electron density for Fe 

atoms. Lin et al. (2016) states that Fe2+ has a lower electron density than Fe3+ resulting in 

a IS value that is higher for Fe2+ atoms than that of Fe3+. Therefore, it is observed that the 

IS value is greater in the combination of the Fe2+ and Fe3+ sextet than the Tet Fe3+ sextet, 

this approach is used to obtain the values shown in Table 4.5.  

The stoichiometry of the relative areas of sites A and B within the magnetite structure can 

be obtained using the following formula (eq. 2) (Gorski 2010).                                                              

𝑋𝑀𝑆 =  
𝐹𝑒2+

𝐹𝑒3+ =  
1

2
 𝐹𝑒𝑂𝑐𝑡

2.5+ 

1

2
 𝐹𝑒𝑂𝑐𝑡

2.5++ 𝐹𝑒𝑂𝑐𝑡,𝑇𝑒𝑡
3+      (2) 

 

After inserting the values from Table 4.5 into the above formula the gives the following; 

1
2

 ×  51.94

1
2

 × 51.94 + 25.59
= 0.50 

This value corresponds to the most reduced form of magnetite (stoichmetric magnetite) 

and all of the available interstitial sites are occupied by ferrous and ferric ions. The results 

from the Mӧssbauer study shown in Table 4.5 agree with the XRD results shown in Figure 
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4.5 confirming the presence of stoichiometric magnetite, with an ideal Fe2+ content, 

within the glass.      

Elemental mapping in Figure 4.5 shows the distribution of Fe is also present within the 

amorphous phase. Lorentzian doublets were fitted to account for the iron signal from the 

amorphous phase. Using the QS and IS values, the specific coordination environment of 

the relevant Fe+ ions can be obtained (Dyar et al. 2006) as shown in Table 4.5. The overall 

Fe2+ / Fe3+ ratio of the vitrified PVC waste form can be calculated, which gives a fraction 

of 0.83 ferrous ions within the amorphous component of the waste form.  

Figure 4.13 shows that the vitrified masonry waste contains an amorphous structure. 

Therefore, using the approach of Dyar et al. (2006), the QS and IS values, from the 

Mossbauer spectrum shown in Figure 4.18, can be used to determine which Fe2+/3+ 

coordination site is responsible for each signal in the spectrum.  The masonry waste shows 

an iron ratio of 58.9% ferrous ions within the glass structure. Volf (1984) has shown that 

Fe2+ tends to decrease chemical durability of borosilicate glasses.  

The Mӧssbauer spectrum for the mixed waste (Figure 4.18) was fitted with Lorentzian 

doublets, centre shift (IS) and quadrupole splitting (QS) parameters. Figure 4.12 identifies 

a number of crystalline phases within the glass, including Mg(Fe3+)2O4, magnesioferrite 

spinel phase and (Fe,Mg)Cr2O4 chromite phases. The EDX map in Figure 4.12 shows the 

distribution of Fe within the microstructure is contained to the magnesioferrite, chromite 

and the amorphous glass phase. The three fitted Lorentzian doublets for the mixed waste 

Mӧssbauer spectrum correspond to these three identified phases as shown in Table 4.5. 

From the available literature it is possible to assign each site, using the position of the QS 

and IS values, to a specific coordination environment of the relevant Fe ions. Using the 

iron signals from the amorphous component of the waste form, the Fe2+ / Fe3+ ratio can 

then be calculated. The mix waste shows a fraction of 0.74 ferrous ions within the glass 

structure. 

When analysing Mössbauer results presented in this section, it is important to consider 

the redox reaction of ferrous and ferric iron. The redox reaction can be written in terms 

of the ionic species present in the system as (Eq.3) (Paul 1990): 

  4Fe2+ (glass) + O2 (glass) ⇌ 4Fe3+ (glass) + 2O-2 (glass)  (3) 
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The reaction describes the way in which Fe ions are solvated by the medium in which 

they react. In this case the medium is the molten glass. Using this equation, the factors 

determining redox equilibrium in glass are; 

 The activity of the oxygen in the melt 

 The activity of the oxygen ion in the melt  

 The equilibrium constant which is a function of the free energy change and 

temperature of the reaction  

 The activity of the redox ions in the melt.  

These factors will be used to analyse the results, in particular the effectiveness of using 

Mössbauer spectroscopy to determine the redox chemistry within the melt.  

It has already been noted that the choice of crucible has a large influence on the redox 

chemistry of the glass. The plumbago crucible imposes a reducing atmosphere resulting 

in Fe metal forming at the base of the crucible. At equilibrium, the activity of oxygen in 

the furnace atmosphere and that in the glass melt are identical (Paul 1990). Baak (1961) 

studied what effect Pt and Al2O3 crucibles had on iron – oxygen equilibrium in glass. 

Baak (1961) was able to show that in an Al2O3 crucible the Fe2+ / Fe3+ratio reached 

equilibrium after 3 hours of melting. The glass melts in this study were held at a 

temperature of 1560°C for 4 hours. Therefore it is likely that the activity of oxygen in the 

furnace atmosphere and that in the glass melts are identical for the waste streams vitrified 

within the Al2O3 crucibles. Using this approach enables a simple approach to discussing 

the FeO and Fe2O3 content of the glass in relation to the oxygen pressure (Eq. 4). This 

method avoids the unknown oxygen potential in the glass (O2-). 

   2FeO + ½ O2 = Fe2O3      (4) 

Adding Fe to the system changes the oxygen potential. This factor has to be independently 

established by E.M.F measurements. This assumption can be justified by using the partial 

pressure phase diagram for the iron oxygen system Figure 4.19. It is known from 

characterising the vitrified PVC waste type (Figure 4.5), and through the Mössbauer 

analysis that the Fe2O3 present within the glass is stoichiometric magnetite. Therefore the 

ferrous and ferric iron associated with the magnetite exist within the glass as pure oxides 

in the form of spinel phases. The same method is used in the partial pressure phase 

diagram in Figure 4.19 and provides some estimation to the oxygen partial pressure of 

the system. Using the phase diagram for the vitrified PVC waste type, the formation of 



 

109 

 

stoichiometric magnetite upon cooling from 1560°C indicates a partial pressure value 

between -6 and 0 mbar. This is consistent to measurements taken within conventional 

glass making furnaces (Kemori et al. 1986).   

The phase diagram in Figure 4.19 also indicates the oxygen partial pressure value for 

which Fe species forms. This indicates that the Plumbago crucible imposes a reducing 

atmosphere resulting in greater negative values for the partial pressure of the system of 

less than -12 mbar. This results indicates that for the melts performed within the Al2O3 

crucibles, the activity of the oxygen inside the glass melt was at equilibrium with the 

activity of oxygen in the furnace. 

 

Figure 4.19 Calculated temperature pressure phase diagram for the iron oxygen 

system. Figure adapted from (Muan 1958). 

A small metal fraction was present for the Mixed waste at the bottom of the crucible as 

shown in Figure 4.2. This disagrees with the partial pressure phase diagram in Figure 

4.19, as it has been shown that the partial pressure within the alumina crucibles, for which 

the mixed waste was vitrified in, is above the value for which Fe metal forms. Therefore, 

this indicates other factors are influencing the redox chemistry of the glass, and the redox 

reaction in the glass melt is more complicated than simply a measure of the activity of 

oxygen inside the glass melt.  

It is known that the glass composition can influence the thermodynamics of the Fe2+ / 

Fe3+ equilibrium and the iron diffusivity in silicate melts. Experimental studies in the 
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literature all show that the proportion of the redox ion in the higher oxidation state 

increases with the basicity of the glass (Duffy et al. 1976; Thiemsorn et al. 2008; Duffy 

et al. 2000). This generally translates as an increase in oxygen ion activity with increasing 

concentrations of the modifier oxide (Thiemsorn et al. 2008).  This can be explained by 

considering the ability of the oxygen to donate negative charge, which is at a maximum 

when it exists as the O2- ion uninfluenced by non-polarizing surrounding cations (Nanba 

2011) (e.g Na+, K+ or Ca2+). However, when oxygen is attached to Si, in the Si-O-Si units, 

the glass basicity is much less. This is due to the highly polarizing Si4+ ions. The 

polarization of O2-  results in negative charge being drawn off the ion therefore the oxygen 

atoms are less able to donate charge to a solute metal ion (Duffy 1976), resulting in a 

higher proportion of ferrous ions within the glass. Increased amounts of Na+ in the glass 

also stabilize the FeO4
- resulting in the Fe2+/Fe3+ equilibrium adopting a more oxidised 

state (Rüssel 2004). The concentration of modifier oxides, including Na2O and CaO, are 

similar for the vitrified PVC, Mixed and Masonry waste at approximately 6 and 5 wt% 

respectively, therefore it is unlikely this is influencing the redox chemistry for the various 

glass waste forms. 

The Al2O3 content in the glass should not be discounted however. The increased amounts 

of Al2O3 in the glass originate from corrosion of the Al2O3 crucibles. Al is incorporated 

into the glass as AlO4
-, which in a similar way to FeO4

-, need cations for charge 

compensation. Therefore, increasing the Al2O3 concentration in the glass leads to 

decreasing alkali concentrations available to compensate the charge of FeO4
- tetrahedra. 

Charge balanced AlO4 tetrahedra can substitute for SiO4 tetrahedron as a network former. 

As stated previously this reduces the ability for the oxygen atoms to donate charge to 

solute metal ions resulting in higher proportions of ferrous ions within the glass (Rüssel 

2004). This may explain why the amorphous component within the PVC waste glass has 

higher proportion of ferrous ions within the glass network, as PVC has a higher proportion 

of Al2O3 within the glass structure as determined by XRF methods (Table 4.2).  

This section has highlighted the complexity of the redox reactions for ferrous and ferric 

iron. The heterogeneous nature of the waste and the large amounts of elements within the 

glass including transition metals such as Cr and Fe which display a number of valence 

states within the glass further complicates the issue. This section has also shown that 

varying factors determining redox equilibrium in glass. Despite the fact that the partial 

pressure of oxygen within the system was shown to be similar for the glass melts 
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performed within the Al2O3 crucibles the varying ratio of Fe2+ / Fe3+ shows the large 

influence the glass composition plays with the redox chemistry. For this reason 

Mössbauer studies of laboratory scale melts within alumina crucibles are limited in the 

ability to predict redox conditions that might be present within an industrial scale melter. 

The metal fraction present within the Plumbago crucible for the high metal waste feed is 

a result of the reducing atmosphere. This is shown in the partial pressure phase diagram 

shown in Figure 4.19. The evidence shown in this section indicate that the resultant metal 

fraction seen in the mixed waste is influenced by the glass chemistry as opposed to the 

activity of oxygen inside the glass metal. The solubility of the FeO and Fe2O3 within the 

glass appears to be influencing the formation of the metal fraction in the mixed waste. It 

is known that an ordinary soda-lime-silica glass can dissolve some 30-40 wt% of iron at 

1400°C (Paul 1990). Using the mass balance of the system before and after the melts, the 

solubility of the metal fraction can be determined for the various waste streams. The 

vitrified PVC waste successfully dissolved 44.7 wt% of the metal waste within the glass 

matrix. The Mixed waste however dissolved 30.3 wt % of the metal waste within the glass 

matrix. The reason for this difference comes from the presence of Cr from the stainless 

steel. The PVC waste vitrified only the mild steel which contains trace amounts of Cr. 

The mixed waste however had large amounts of stainless steel, containing substantial 

quantities of Cr. It is known that when more than one redox component is present in the 

same melt, the resulting oxidation-reduction equilibrium becomes more complicated due 

to interactions among the redox couples. Schreiber et al. (1987) experimental study of 

mutual interactions of redox couples for geochemical melt systems conclusively proved 

the following internal electron exchanges; 

   Cr(melt)
3+ + 3Fe(melt)

3+ 
 Cr(melt)

6+ + 3Fe(melt)
2+ 

   2Cr(melt)
2+ + Fe(melt)

2+ 
 2Cr(melt)

3+ + Fe(metal)
0 

The bottom reaction clearly shows that the presence of Cr2+ in the melt causes the 

formation of Fe metal. This explains why the solubility of metal is lower in the mixed 

waste and why a metal fraction was present within the mixed waste. It would also explain 

the higher amounts of ferrous ions compared to ferric ions in the mixed waste glass. It 

should also be noted that internal electron exchanges will occur with other multivalent 

elements including Ce (acting as a Pu surrogate in this study). Schreiber (1980) was able 

to prove the following electron exchange reaction. 
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   Ce(melt)
4+ + Fe(melt)

2+  Ce(melt)
3+ + Fe(melt)

3+  

XANES analyses determined the Ce oxidation state to be predominately 3+. Therefore it 

is likely this reaction is leading to increased ferric ions within the glass samples. It would 

also explain why the masonry waste, with the higher proportion of Fe2+ within the glass, 

had the lowest amount of Ce3+ determined by the XANES analysis in Figure 4.15. 

From a practical perspective, thermal treatment operators aiming to control the redox 

equilibrium of Fe2+/Fe3+ ratio, may have more success by tailoring the glass chemistry to 

meet the objectives of the melt. For example Section 4.9 in this study investigates the 

potential for oxidising the metal fraction found within the vitrified waste by changing the 

glass chemistry. From the results seen in this section, this may be a more practical 

approach as opposed to controlling the activity of oxygen inside the melt.   

4.6 Volume reduction calculations 

As mentioned previously, one of the key advantages of thermally treating ILW is the 

potential volume reduction achieved, which can equate to large cost savings in terms of 

disposal within a GDF. With an estimated PCM waste volume of 30,000 m3 (set to 

continually grow) volume reduction is a key requisite of PCM immobilisation. In terms 

of potential costs savings the greater the volume reduction the greater the savings will be 

in terms of storage. However, criticality issues also dictate the amount of host material 

available within the waste form, thereby requiring a minimum level of dilution to ensure 

safe dispersion of Pu within the host matrix. This provides an upper boundary for volume 

reduction which will need to be considered when analysing the waste forms produced in 

this project. This section uses the data generated to calculate potential levels of volume 

reduction, as demonstrated via thermal treatment, relative to untreated PCM drums.     

Mass balance measurements before and after thermal treatment, are shown in Table 4.6, 

allowing quantification of the achieved volume reductions for each PCM waste stream as 

shown in Table 4.7. The results are given as volume reduction against a 200L untreated 

PCM waste drum. As expected the waste stream with the greatest volume reduction is the 

PVC waste (88.1% volume reduction), this is because the PVC glass additive was added 

at a 1:1 wt. % ratio, with the mass of PVC being considerably less than the other waste 

streams. Calculating the mass balance of the system for the metal waste stream was 

therefore challenging. This was due to the oxidation of the graphite clay crucible, 
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resulting in considerable mass loss from the crucible. Therefore it is difficult to 

differentiate between mass loss of the metal waste stream with that of the crucible. The 

volume reduction potential of the Mixed waste and Masonry waste was 55.5% and 64.9% 

respectively.  

The results show that considerable volume reductions can be achieved when thermally 

treating PCM waste with volume reductions ranging from 88.1% - 55.4% against 

untreated 200L PCM waste drum. A potential risk with minimizing the host matrix is the 

increased criticality concerns as a result of concentrating the Pu within the waste form.  

 PVC Masonry  Metal  Mixed 

Wt (empty crucible)/g 589.4 574.6 1035.6 499.4 

Wt (can + PCM)/g 91.1 138.5 208.1 137.2 

Wt (Additive)/g 91.1 138.5 208.1 137.3 

Wt (Waste+Additive)/g 182.3 277.1 417.0 274.6 

Wt (All) Before Melting/g 773.5 851.8 1451.7 774.1 

Wt (All) After Melting / g  738.4 843.8 1298.4 766.6 

Wt Mass loss/g 35.0 7.9 153.3 7.4 

Wt (Waste Remaining)/g 148.9 269.1 262.8 267.2 

Oxide Fraction/g 148.9 269.1 105.1 247.2 

Metal Fraction/g Na Na 157.7 19.9 

Oxide Fraction/Mass % 100% 100% 39.9% 92.5% 

Metal Fraction/ Mass % 0% 0% 60.0% 7.4% 

Final Mass % 163% 194% 126% 195% 

Density (Oxide) / g/cm3 3.0777           2.7752 2.5117 2.8579 

Density (Metal) / g/cm3 NA NA 7.6910 7.8610 

Table 4.6 Mass balance calculations of the vitrified PCM waste products 
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Hyatt et al. (2014) has calculated the lower boundaries for vitrified PCM volumes. This 

was done using the following information. Egan (2008) states that current PCM waste 

drums contain less than 230g Pu per 200L drum. Criticality concerns dictate the 

maximum allowable concentration of Pu is 60g / L, with the ideal value at a concentration 

of 6g / L. Therefore 38.3 litres of oxide material is needed to immobilise the Pu at a 

concentration of 6g / L. 

This decreases to just 3.8 litres of oxide phase at the uppermost Pu concentration limit of 

60g / L. The calculated oxide phase volumes from this study are 23.9 L for the vitrified 

PVC waste, 70.0 L for the Masonry waste and 89.1 L for the Mixed waste. The results 

for the metallic waste were excluded due to the uncertainty of the results from the mass 

loss of the graphite/clay crucible. The PVC oxide volume is higher than the preferred 6g 

/ L, with Pu concentration of 9.61g / L achieved using the 1:1 wt % ratio of additive to 

waste. Section 4.3.1 has shown that the Ce is homogenously distributed which may 

provide confidence in terms of the safety case that the criticality risk, at concentrations of 

9.61g / L is acceptable. The vitrified Masonry and Mixed wastes have large volumes 

providing dilution factors of 3.29 g / L and 2.58 g / L respectively, far below the 

acceptable value of 6 g / L. This provides the opportunity to potentially lower the amount 

of oxidizing agent providing greater volume reductions.  

It is important to consider the waste volume potential against the current treatment method 

of super compaction with cement encapsulation.  Figure 2.2 shows the cemented waste 

form containing the compacted 200 L steel drums. In this example there are six compacted 

drums encapsulated within cement, which will be contained within a 500 L container. 

From this we can calculate the volume reduction of a single PCM drum against an 

untreated 200 L PCM drum, which equates to 58.35 % volume reduction, via super 

compaction with cement encapsulation. It is known that not all PCM waste streams are 

suitable for super compaction and cement encapsulation, so it is likely that this figure is 

a best case scenario. Table 4.7 shows that the vitrified PCM waste has much greater 

volume reduction potentials compared to current treatment methods whilst producing a 

much more stable and durable waste form. In terms of criticality concerns, the vitrified 

waste product has much greater credentials compared to the cement encapsulated product. 

The work performed here has shown that the Ce (acting as a Pu surrogate) is 

homogenously distributed within the glass matrix. However, in the encapsulated cement 

wasteform there is no way of knowing confidently how the Pu is distributed within the 
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wastefrom giving rise to the risk of “hotspots” areas of highly concentrated Pu. This 

project has shown that in terms of volume reduction potential and avoidance of criticality 

issues the vitrified waste form are superior to the current treatment method.  

 PVC Masonry  Metal  Mixed 

Uncompacted Volume / m3 0.2 0.2 0.2 0.2 

Untreated Mass / kg 45 100 100 100 

Mass (additive) 45 100 100 100 

Total Mass (Waste+Additive) / kg 90 200 200 200 

Final Mass After Treatment / kg 73.56 194.28 126.32 194.60 

Volume (Oxide) / m3 0.0239 0.0700 0.0419 0.0865 

Volume (Metal) / m3 0 0 0.0205 0.0025 

Total volume / m3 0.0239 0.070 0.0624 0.0891 

Total Volume / L 23.91 70.01 62.36 89.07 

Volume as fraction of original volume 0.1195 0.3501 0.3118 0.4453 

Volume Reduction / % 
88.1%  

±0.5% 

64.9% 

±0.5% 

68.8% 

±0.5% 

55.4% 

±0.5% 

Table 4.7 Calculated volume reduction potentials for the vitrified PCM waste drums 

based upon mass balance 

Section 4.3.2 shows that Ce is more thermodynamically favourable to partition within the 

oxide fraction, this may allow the metal fraction to be disposed of as LLW. If this was 

achievable the potential cost savings can be estimated for the PCM waste inventory, using 

the volume reduction calculations in this section. LLW repository charges £3,077/m3 to 

dispose LLW. A final disposal option for ILW is yet to be determined, therefore an 

estimation of the disposal of ILW will need to be taken. Miller et al. (2006) report 

provides the costing for the construction, operation and eventual closure of ILW 

repository, estimated to be £6.2 billion. In this same report the estimated ILW inventory 

is 220,000 m3. Therefore a sensible estimate of £28,181/m3 for disposal of ILW can be 

determined for the purpose of this study. Using the information from Table 4.7, the 
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estimated cost savings can be calculated per 0.2 m3 PCM waste drum containing a large 

fraction of metal waste. Table 4.7 shows each volume of PCM waste drum, once vitrified, 

is approximately 0.06 m3. Therefore, if no separation between the oxide and metallic 

fraction was attempted, then the entire volume of waste would be disposed as of ILW 

costing £1,758 per PCM waste drum. Table 4.7 states that approximately 0.04 m3 of the 

vitrified metal waste is oxide fraction and approximately 0.02 m3 is metal fraction. Table 

4.8 demonstrates the potential cost savings from separating the metal and oxide fraction. 

Using the information from Table 4.7, the calculations shown in Table 4.8 show that 

~30% cost savings can be achieved from disposing the metal fraction as LLW. This 

compares favourably to the cost of disposing of the supercompacted and cement 

encapsulated drums which, based upon 6 compacted drums per 0.96m3 of packaged 

waste, equates to £4508 per compacted drum. The calculations shown in Table 4.8 do not 

account for a number of other factors including packaging and transport of the waste 

form. However, considering the large volume of PCM waste drums containing large 

fractions of metal waste, the project has clearly shown large potential cost savings can be 

achieved if clean separation of the metal and oxide fraction can be achieved.  

 

 No Separation  Separation  
Cement 

Encapsulation  

Volume of ILW (m3)  0.06 0.04 
0.96 (6 compacted 

drums) 

Volume of LLW 

(m3) separated metal 

fraction  

0 0.02 0 

Cost of ILW disposal 

(£) 

0.06 m3 x 28181 = 

1690 

0.04m3  x 28181 = 

1127 

(0.96*28181)/6= 

4508  

Cost of LLW 

disposal (£) 
0 m3 x 3,077 = 0 0.02m3 x 3,077 = 61 NA 

Indicative cost of 

disposal of PCM 

waste drum (£) 

1690 1188 4508 

Table 4.8 Cost comparison of PCM waste containing high metal waste stream (as based 

upon Metal waste in this study) when oxide and metal fraction is separated. Volume 

information was taken from Table 4.7   
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4.7 Dissolution in simulated hyperalkaline conditions of a 

cementitious geological disposal facility (GDF) 

Dissolution experiments utilising a modified version of the Product Consistency Test B 

(PCT-B) protocol were carried out on the simulated PCM waste streams. Section 3.5.2 

describes the experimental set-up of the PCT-B test in greater detail. In summary, 

experiments were carried out for a period of 112 days in saturated Ca(OH)2 solution, at a 

SA/V ratio of 1200 m-1, at 50°C, and with sampling points at 1, 3, 7, 14, 28, 42, 56, 84 

and 112 days. ICP-OES analysis was used to determine the concentrations of all elements 

in solution. The concentration data were used to calculate normalised mass losses and 

mass loss rates. Section 2.1 explains the concept of immobilising radioactive waste forms 

from the environment via a GDF. In the design of a GDF, the waste packages would be 

stored in underground vaults which would then be backfilled with a specially formulated 

cement-based material known as NRVB (Crossland 2001). NRVB is composed of a 

mixture of OPC, limestone flour, hydrated lime and water. This produces a high alkaline 

environment for which the radioactive waste forms would be stored. Previous work has 

shown that the pH of the repository will remain above 10.5 for about 106 years (Atkinson 

et al. 1989). The hyperalkaline conditions present within the cementitious GDF will 

minimise the solubility of long lived actinides (Atkins 1992). The slag samples in this 

experiment were leached in saturated Ca(OH)2 solution, as this was taken to be a 

simplified representation of a solution that has come into contact with portland cement 

(PC) based mortar or concrete, which contain significant amounts of portlandite 

(Ca(OH)2). It should be noted that Figure 4.20 through to Figure 4.22 use the following 

abbreviations within the graph legend. MET = metal waste stream, MAS = masonry waste 

stream, MIX = mixed waste stream and PVC = PVC waste stream.    

Figure 4.20 shows the pH of the leachate for the vitrified PCM waste mock up drums for 

all of the waste streams. Generally, the leachate pH of the blanks remained consistent 

across the experiments at 11.5 to 12.7. The pH does show a noticeable drop at the 

beginning of the experiment, however this fall in the pH values are likely due to 

carbonation of the samples after removal from the anaerobic chamber rather than changes 

in the leachate chemistry. The pH consistency of the pH throughout the experiment 

indicate that dissolution of the glass does not significantly affect the pH of the system. 

Figure 4.21 shows the concentration of Ca in the blank and slag containing solutions. The 

concentration of Ca remained relatively constant in the blank (Ca(OH)2 solution at ~540 
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mg/L ± 60.7 mg/L. This is consistent with the exclusion of CO2 under the anoxic 

conditions of the experiment, thereby avoiding carbonation and precipitation of CaCO3. 

The Ca(OH)2 solution containing the vitrified slag samples saw a rapid decrease of Ca 

concentration from 500 mg/L at the beginning of the experiment to Ca concentrations in 

the range of 60 – 200 mg/L depending on the vitrified sample. 

 

Figure 4.20 pH values for Ca(OH)2 PCT-B experiments for the vitrified PCM waste 

mock up drums. MET = metal waste, MAS = Masonry waste, MIX = mixed waste and 

PVC = PVC waste. 

The depletion of Ca from the glass sample solution, implies the consumption of Ca 

resulting in the precipitation of Ca bearing secondary phases at a rate which exceeds the 

diffusion of Ca into solution from the filter unit. This is consistent with previous work on 

other similar ILW glasses under similar conditions (Utton et al. 2013; Hyatt et al. 2014). 

Although calcium hydroxide was present, it appears that the rate of diffusion from the 

filter unit was insufficient to maintain a saturated concentration in solution. Despite this 

depletion of Ca from test solution, the hyper alkaline pH conditions, shown in Figure 

4.20, were maintained throughout the experiment. Monolith samples were also run, with 

the experimental setup described in section 3.5.3, to analyse the formation of the 

secondary phases in the form of alteration layers. The results are presented in Section 4.8.  
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Figure 4.21 Solution concentration (mg/L) of dissolved Ca in blank (i.e. no glass) 

saturated Ca(OH)2  solution and for the vitrified PCM waste mock up drums . 

Figure 4.22 shows the normalised loss (NL) values of key elements within the glass, with 

Table 4.9 showing the NL values at day 7, 28 and 112 days. As stated in section 3.1.2, B 

was added to act as a soluble maker of glass dissolution since B is assumed to not 

participate with the formation of secondary alteration products. Therefore the NLB can be 

a used to assess the durability of the slag products. The NLNa can also be used as a marker 

for glass dissolution, with the NLB and NLNa showing similar behaviour for the four 

vitrified waste streams. The NLB and NLNa are observed to increase rapidly over the first 

14 days of the experiment. After 28 days the rate begins to drop and the dissolution 

behaviour of the glass approaches the saturation/ residual rate regime. This is likely to be 

controlled by both saturation of the solution and formation of alteration layers. 
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Figure 4.22 Normalized mass loss (gm-2) of B, Na, Al, Si, Fe and Ce into solution from 

the four vitrified PCM waste streams during 112 day PCT in Ca(OH)2 
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 NL(Si) (g/m-2) NL(B) (g/m-2) NL(Na) (g/m-2) NL(Ce) (g/m-2) 

 7 days 28 days 112 days 7 days 28 days 112 days 7 days 28 days 112 days 7 days 112 days 

PVC 
(6.16±0.07) 

x 10-3 

(8.55±0.1)  

x 10-3 

(8.69±0.1)  

x 10-3 
0.18 ± 0.02 

0.23 ±   

0.03 

0.25 ± 

0.02 

0.713 ± 

0.10 

1.02 ± 

0.11 

0.95 ± 

0.11 

(7.11±0.79) 

x 10-4 

(9.09±1.19) 

x 10-4 

MET 
(2.69±0.03) 

x 10-3 

(6.17±0.07) 

x 10-3 

(7.91±0.09) 

x 10-3 

(4.97±0.56) 

x 10-2 

(7.30±0.82) 

x 10-2 

0.13 ± 

0.01 

0.21 ± 

0.02 

0.39 ± 

0.04 

0.38 ± 

0.05 

(3.47±0.38) 

x 10-4 

(4.96±0.36) 

x 10-4 

MIX 
(2.41±0.02) 

x 10-3 

(3.91±0.03) 

x 10-3 

(6.38±0.08) 

x 10-3 
0.12 ± 0.01 

0.16 ±   

0.02 

0.21 ± 

0.02 

0.50 ± 

0.05 

0.59 ± 

0.06 

0.52 ± 

0.06 

(2.73±0.32) 

x 10-4 

(8.53±0.51) 

x 10-4 

MAS 
(2.39±0.02) 

x 10-3 

(4.78±0.05) 

x 10-3 

(4.91±0.05) 

x 10-3 

(9.01±1.01) 

x 10-2 

0.112 ± 

0.013 

0.136 ± 

0.013 

0.337 ± 

0.06 

0.34 ± 

0.07 

0.36 ± 

0.07 

(3.17±0.35) 

x 10-4 

(7.96±0.81) 

x 10-4 

Table 4.9 Normalized mass loss (g/m-2) of B, Na, Ce and Si during the main phases of dissolution in the 112 days of testing (initial and residual phase) 

in saturated Ca(OH)2 solution for composition all of the vitrified PCM waste products. 
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The NLB and NLNa for the PVC waste shown in Figure 4.22 are considerably greater than 

that of the other vitrified waste streams providing evidence that the PVC waste form is 

less durable. This is likely due to the lower amounts of SiO2 within the glass composition 

of the PVC waste (37.93 wt %). The vitrified metal waste, deemed the most durable, has 

the highest SiO2 content (69.87 wt%) but lowest NLB. It is generally accepted that an 

increase in SiO2 within the glass network increase the durability of the glass because of 

the increasing ratio of bridging to non-bridging oxygens, leading to an increase in glass 

network polymerization (Farges et al. 2007; Chick et al. 1981). This also reduces the 

interconnectivity of alkali channels resulting in lower rates of dissolution (Ellison et al. 

1994; Doremus 1975).    

The initial and residual dissolution rates based on the normalized release of Na were 

measured using the values shown in Table 4.9 over the first 7 days and the last 28 days 

of the experiment respectively. The initial rates were between 0.03 – 0.06 gm-2d-1 and the 

residual rates were between 0.002 – 0.006 gm-2d-1 for the waste forms derived from the 

Masonry, Mixed and Metal waste types. These dissolution rates are comparable to 

previous studies for simulant inactive UK ILW glasses, with initial and residual 

dissolution rates of 0.02 – 0.04 gm-2d-1 and 0.003-0.005 gm-2d-1, respectively. This was 

based upon NLNa under similar conditions (Utton et al. 2013; Utton et al. 2012; Hyatt et 

al. 2014). This consistency in the durability results from this study and previous work is 

promising, as it shows that despite the heterogeneous nature of PCM waste and the 

varying composition of the resultant product, the chemical durability of the vitrified 

product consistently performs well. The initial dissolution rate of the slag derived from 

the PVC was considerably higher at 0.11 gm-2d-1. As discussed this is due to the lower 

amounts of SiO2 within the glass. However the residual rate of 0.002 gm-2d-1 is 

comparable with that of the other vitrified products in this work and from the other studies 

mentioned.  

The NL(Na)  values are consistently higher than the NL(B) across the four vitrified waste 

streams. The reasons for this could be that Na ions are mainly ionically bonded to one 

oxygen within the glass network (Shelby 2005), whereas BO3 and BO4 units are 

covalently bonded to between 1 – 4 other structural units which would indicate more 

resistance to leaching from the glass network. This was also seen in a number of glass 

samples analysed by Backhouse (2016). 
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4.8 Analysis of alteration product formation 

Given that the main response of glass to PCT and MCC-1 tests are generally incongruent 

dissolution, it is important to study the phases that form on the surface of the glass in the 

form of alteration layers. The formation and structure of these products can have a large 

influence on the dissolution behaviour, and long term performance of the glass product. 

There have been a number of studies performed to better understand the formation of 

alteration layers on vitrified radioactive waste glasses (Gin et al. 2011; Cailleteau et al. 

2008; Corkhill et al. 2013). This section will describe the alteration products formed on 

the surface of the vitrified PCM waste glass, as it is known that these layers can have a 

large influence on the chemical durability of the slag waste forms (Utton et al. 2013). 

Utton et al. (2013) analysed the formation of alteration products during the dissolution of 

vitrified model ILW in a high-pH Ca rich solution for 170 days. This will provide a useful 

comparison. 

MCC-1 type durability tests were also carried out on the monolith samples to study the 

formation of alteration layers which had formed on the glass. The monolith samples were 

kept in Ca(OH)2 solution for 112 days in anoxic conditions at 50°C. The samples were 

then mounted in resin before grinding and polishing down to a 1µm finish. SEM imaging 

was then performed, with EDX mapping to investigate the alteration products formed on 

the surface of the glass. The following section shows the alteration products formed. 

EDX line scans perpendicular to the surface of the glass monoliths were used to examine 

the concentration of elements in different regions. The point at which the Na 

concentration drops was considered to be where the bulk glass ends (indicated by I in the 

figures used throughout this section). Normalised plots have been used for the EDX line 

scans to better show the overlap between elements.  

4.8.1 PVC waste – alteration products 

A BSE image and EDX line scan for the PVC wastefom altered for 112 days is shown in 

Figure 4.23. Measurments of the alteration layer consistently measure 8-10 µm along the 

surface of the glass. 

It is clear from Figure 4.23 that the presence of Ca in the leachate is having a significant 

effect on the formation of alteration products. Previous studies by Utton et al. (2013) and 

Corkhill et al. (2013) have shown that the dissolution of radioactive waste glasses, in a 
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saturated Ca(OH)2 leachant was lower than in deionised water. Figure 4.23 provides 

evidence to explain the lower rates of dissolution at a high pH in the presence of Ca(OH)2 

leachate. The EDX scans in Figure 4.24, show that an outer layer of the altered glass 

contains high concentrations of Ca, indicating the interaction of Ca from solution with 

the glass. Backhouse (2016) has shown that alteration layers formed on glass surface in 

Ca(OH)2 are more passivating in nature than those formed in other leachate solutions, 

such as KOH. The EDX scans in Figure 4.24 show element signals relating to Si and Al 

on the outer surface of the altertion layer. This suggest the formation of a calcium-

aluminosilicate-hydrate phase (CASH). This would explain the agglomeration of powders, 

as it is well known that CSH is the bounding phase in cement chemistry (Hewlett 1998). 

The mechanism of Ca-rich precipitates cementing particles together has been seen in 

other studies (Chave et al. 2011; Gin et al. 2012). These studies suggest that the diffusion 

of ions through a Ca rich layer, as seen in Figure 4.24, is up to four orders of magnitude 

lower than those through a Ca-free layer. Rajmohan et al. (2010) states that this is due to 

the ability of Ca to form strong complexes with H2O molecules. Andriambololona (1992) 

assessed the dissolution of a simulant HLW borosilicate glass (R7T7) in contact with 

various cements, at high pH and 90 °C, and found the formation of a surface layer, most 

likely CSH gel, which appeared to slow the rate of dissolution of the glass. 

 Figure 4.24 shows cracks forming at the base of the spinel phase, this was consistantly 

seen throughout the microstructure. This suggests the spinel phase is more durable than 

the glass matix, The low vaules of NL(Fe) shown in Figure 4.23 confim that the Fe 

containing spinel phases are extremely durable. Fe was also shown to be retained within 

the Ca rich layer, likely a result of the low solubility of Fe as confirmed by the low values 

of NL(Fe) in Figure 4.23. 

There is also evidence shown in Figure 4.25 that the durable spinel phase within the glass 

matrix causes mechanical fracture at the surface. This mechanism would result in fresh 

surfaces for dissolution to occur. The NLB for the PVC waste glass in Figure 4.23 shows 

that it takes longer for this glass to reach steady state, confirming this dissolution 

mechansim.  

Due to the fact that Fe is a major component in most vitrified nuclear waste, there have 

been a number studies examining the role Fe plays in the dissolution process (Burger et 

al. 2013; Michelin et al. 2013; Stéphane Gin et al. 2013). Inagaki et al. (1997) observed 
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that the presence of magnetite casued an increase in the mass loss of soluble elements (B, 

Na). The higher B, Na release indicates that the presence of magnetite enhances glass 

dissolution. The NLB from the PVC waste was highest compared with the other vitrified 

waste streams confirming this observation seen from Inagaki (1997). Ianagki (1997) 

proposed that amorphous silica was precipitating on the magnetite surfaces which was 

consistent with other studies. The high magnification image shown in Figure 4.25 shows 

the mechanical effect of the magnetite spinel phase. Unfortunately no other 

characterisation studies were performed in this region. This is certainly an area for future 

work, to determine what thermodynamic effects the spinel phase has in precipitating Si 

(and other elements) at the surface of the magnetitie crystal structure.  

Three areas can be distinguished in Figure 4.24 including; bulk glass (grey), an altered 

glass layer (II) and surface precipitates (III). The dark layer (I) is where the alteration 

layer has pulled away from the bulk glass. This is likely a result of the sample preperation. 

The Ca peak is relatively wide compared with the width of the alteration layer. This is 

due to the analysis line crossing the CSH precipitates on the surface of the alteration layer 

(III). Outside of the bulk glass Figure 4.23 shows that Al, Fe and Mg maximum signal is 

contained within the Ca rich alteration layer (II). It is known that due to Fe low solubility, 

these ions will be less likely to enter solution. Therefore it appear the Fe ions accumulate 

within the alteration layer (II). Caution should be exercised when analysing the presence 

of Fe within the alteration layer, as Figure 4.24 shows that the Fe bearing spinel phases 

are extremely durable and are present within the alteration layer. This may influence the 

Fe signal within the alteration layer.  

The EDX scan in Figure 4.24 demonstrates the complexity of the glass dissolution process. 

The rapid decrease in Na signal seen at the interface within the bulk glass and the 

alteration layer is inconsistent with a process controlled by diffusion. It is known that ion 

exchange is not the dominant process of glass dissolution at high pH (Cailleteau et al. 

2008; Gin et al. 2011), instead congruent dissolution is more favourable. However, figure 

4.24 also shows that Fe, Al and Mg are retained in the alteration layer, therefore the 

process shown in Figure 4.24 can not simply be described as congruent dissolution. 

Further studies determining the performance of glass in high pH conditions have been 

attempted with both calcium and other solutions (such as KOH), to understand what effect 

calcium and alkaline conditions have on the dissolution of glass (Backhouse 2016).  
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Figure 4.23 BSE micrographs and normalised EDX scan of the vitrified PVC waste 

from 112 day dissolution testing. Dotted line denote the thickness of the alteration layer. 

I = bulk glass II = altered glass layer III = surface precipitates 
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Figure 4.24 Corrosion layer of vitrified PVC waste. Interaction of crystalline phases 

within the alteration layer 

4.8.2 Mixed Waste – Alteration products 

Figure 4.26 shows the alteration layer formed on the surface of the mixed waste form 112 

days after being submerged in saturated Ca(OH)2 solution. EDX line scan was again taken 

perpendicular to the glass surface. There appears to be four distinct areas; bulk glass (I) 

alteration layer (II), precipitates on the surface of the glass (III) or separated from the 

surface of the glass (IV). The Si and Na line scan show a rapid drop off at (I). This is due 

to the alteration being pulled away from the bulk glass during sample preparation. It 

would be expected that this drop would not be present during glass dissolution. The Na 

signal drops linearly through the alteration layer (II) from the bulk glass. This indicates 

corrosion is occurring through a diffusion layer, this can be seen in Figure 4.26 with the 

gel layer having a different contrast to the pristine bulk glass (II). This mechanism is 

consistent with Frugier et al. (2008) explanation displayed in Figure 2.6. There is a large 

spike in Ca signal at the interface of the alteration layer and the attacking solution. This 

is likely to correspond to Ca rich precipitates as shown in Figure 4.26. The increased 

brightness at this area is associated to a reduction in porosity, suggesting the outer layer 

(II) is less porous than the inner layer (I). This is consistent with previous studies reporting 

porosity of alteration layer (Cailleteau et al. 2008).  
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          Figure 4.25 BSE micrograph and normalized EDX line scans of the vitrified 

Mixed waste glass monolith from the 112 day dissolution test. Dotted lines indicate 

distinct regions, I = bulk glass II =alteration layer III + IV = surface precipitates.   
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Figure 4.26 Corrosion layer of the vitrified mixed waste 

4.8.3 Metallic Waste (Slag fraction) – Alteration products 

Figure 4.27 shows that the surface of the glass has undergone significant corrosion with 

the surface of the glass showing a rough surface. 

 

Figure 4.27 Surface of the Metal waste slag fraction. Obvious corrosion causing a 

rough finish to the corroded area 

Figure 4.29 provides a higher magnification of the altered glass. A clear alteration layer 

has formed on the surface of the glass at roughly 6-7 µm thick, consisting mainly of Ca, 

Si and Al. Present on top of the alteration layer is a large amount of secondary phases in 

the form of precipitates up to 10µm thick in places.  
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The structure of the alteration layer shown in Figure 4.27 is very similar to that seen by  

Backhouse (2016), who carried out similar durability studies in hyper alkaline conditions 

on 25 wt% Magnox aluminosilicate glass. This study also found needle like crystals 

present within the alteration layer similar to that seen in Figure 4.27. Backhouse (2016) 

was able to characterise these needle like crystals using micro XRD, which were 

identified as the mineral meixnerite (Mg6Al2(OH)18•4(H2O)). Fournier et al. (2014) 

review of crystalline phases formed within the alteration layers of nuclear glass, does not 

mention meixnerite. The mechanism of the formation of the localised corroded areas in 

Figure 4.29, leading to the creation of divots and postulated by Backhouse (2016), is 

shown in Figure 4.30. 

The surface of the corroded metal waste in Figure 4.28 would agree with Backhouse 

(2016) hypothesis concerning the formation of the needle like meixnerite crystals. Figure 

4.28 clearly shows Ca rich particles away from the glass surface acting as nucleation sites 

for crystal growth. From this, the needle like crystals grow into the glass causing the divot 

formations seen in this body of work. The EDX line scan in Figure 4.28 also shows that 

Mg is clearly concentrated within the needle crystal features, providing further evidence 

that meixnerite is forming on the surface of the glass. 

It is known from the normalised mass loss of elements into solution that the vitrified metal 

waste is the most durable wasteform. This is likely due to the higher concentration of Si 

and Al within the glass, as the presence of aluminium slows down the corrosion kinetics 

and decreases the silicon concentration in solution (Lediu 2005), as confirmed by the 

lowest NLSi from the metal waste. Another reason the metal waste could be the most 

durable is due to the Al content driving enhanced formation of CASH precipitating on the 

surface of the glass as shown in Figure 4.29.  

As a consequence of the precipitation of crystalline phases on the surface of the glass as 

shown in Figure 4.29, gel-forming elements are consumed in stable phases. Gin (2011) 

states that this would modify the gel composition, for example, zeolite precipitation is 

known to act as a Si and Al sink, leading to resumption of glass alteration. The formation 

of CASH phases precipitating on the surface of the glass, thereby increasing the content 

of Al and Si in the gel layer, could result in the resumption of glass alteration. Longer 

duration experiments would be needed to confirm this.   
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Figure 4.28 BSE micrograph and normalised EDX line scans of the vitrified metal 

waste (oxide fraction) after 112 days dissolution test. Dotted lines denote distinct areas 

within the alteration layer; Bulk glass (I), altered layer (II), surface precipitates (III) 

precipitates away from surface (IV). 
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Figure 4.29(Top) EDX map clearly shows signal of Mg contained within the alteration 

layer. (Bottom) Schematic of mechanism of meixnerite crystal formulation through 

presence of particulate matter in solution. Image adapted from Backhouse (2016). 
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4.8.4 Masonry Waste – Alteration products 

Figure 4.31 shows the surface of the vitrified masonry waste after being submerged in 

Ca(OH)2 for 112 days. The alteration layer (II) has formed on the surface of the glass is 

approximately 5µm thick, which is considerably smaller than the alteration seen in the 

prvious examples. The NLSi is the lowest in the Masonry sample, as shown in Figure 4.22, 

which corresponds to the smallest alteration layer. 

Some general trends for all the alteration layers seen in this section are observed. Distinct 

CSH phases were present on the surface of the alteration layer. This accounted for the 

agglomeration of powders seen during the PCT experiment (Section 4.7). Using the rate 

data for elements in Seciton 4.7, it would appear that the formation of precipitates seen 

in this section (Section 4.8) are having an effect on the measured concentration of 

elements in solution as they are retained within the alteration layer. This would indicate 

that the dissolution beaviour is not congruent for all elements. The mechanism and size 

of the alteration layers present in this section are consistent with the work of Utton et al. 

(2013).    
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Figure 4.30 BSE micrograph and normalised EDX line scans of the vitrified masonry 

waste after 112 days dissolution test. Dotted lines denote distinct regions in the 

alteration layer including; bulk glass (I) alteration layer (II) surface precipitates (III). 
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4.9 Product and process optimisation  

One of the aims of the investigation was to produce a full slag product with a single glass 

formulation, which could enable a more straightforward safety case to be considered for 

geological disposal facility. Section 3.2 provides the experimental information and 

reasoning behind this decision. This section will examine the results of the optimisation 

trials and determine the effectiveness of each mechanism.  

Figure 4.4 shows that a mixed slag / metal waste form is produced when the waste stream 

contains large amounts of metal components. Section 3.2.2 discusses the potential 

benefits to completely oxidising the entire waste form to produce a 100% slag material. 

Table 3.6 gives batch calculations for the small scale melts performed. The following 

section analyses the resultant wasteforms.  

Fe2O3 was calculated from amount of metallic content from the melt with no Fe2O3. A 

1:1 molar ratio of Fe2O3 to the metallic content was added to the batch. If the melt resulted 

in no metallic fraction then Fe2O3 was added at a 1:1 molar ratio with the PCM waste 

drum (masonry waste). 

4.9.1 Metal waste – Product optimisation  

Figure 4.32 shows the phase assemblage and microstructure of the metal waste (small 

scale). The microstructure shows chromite spinel phase formed within the glass. Figure 

4.32 shows that a small metallic fraction was also present within the waste weighing 

31.81g. Table 3.6 states that 53.03g of stainless steel was originally added to the batch 

meaning that 40.02 % of the metallic fraction has oxidised due to the addition of 60.10g 

of glass frit which acts as an oxidising agent. 

Figure 4.33 gives the microstructure of the vitrified metal samples with the addition of 

Fe2O3, which has completely oxidised the metal fraction resulting in no metallic fraction 

present, as shown in Figure 4.30.  

Figure 4.31 shows an amorphous component within the microstructure with spinel 

crystallisation in the form of chromite occurring. With the addition of Fe2O3 the amount 

of amorphous phase is considerably smaller as seen from the reduction in the diffuse 

scattering the XRD trace.  
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Figure 4.31 (Top) metal waste with no addition of Fe2O3, showing metallic fraction 

(Bottom) with the addition of Fe2O3 no metallic fraction is present. 

The phase assemblage shown in the XRD trace in Figure 4.32 indicates that the metal 

fraction has been successfully oxidised through the following reactions.  

3SiO2 + 2Fe + 2Fe2O3  3Fe2SiO4 (Fayalite) 

Fe + 4Fe2O3  Fe3O4 (Magnetite) 

This is a promising step as it shows the effectiveness of treating the metal fraction with 

the addition of Fe2O3. There are a number of phases present in Figure 4.34 that are also 

present in the vitrified Mixed waste shown in Figure 4.2 including diopside and a number 

of spinel phases. The durability of the Mixed waste was comparable to the other vitrified 

PCM waste samples, and would be considered suitable for geological disposal. This 

shows that the completely oxidized system shown in Figure 4.32 would be suitable for 
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disposal, this should however be confirmed with similar dissolution experiments as 

described in Section 3.5.  

There are a number of benefits to achieving a fully oxidised waste product. A completely 

oxidised waste form provides a homogenous, monolithic waste form as opposed to a 

mixed slag / metal system. The long term performance of the homogenous waste package 

can be confidently modelled and predicted enabling a strong safety case to be built for 

disposal. However, the long term behaviour of a mixed system would be difficult to 

predict and model, with the interactions of the corrosion products of the metal and the 

slag material needing careful consideration. Fully oxidising the high metallic waste 

streams also avoids any further processing to separate the slag and metal phase, which 

has not yet been demonstrated in an active context.   

 

 

 

Figure 4.32 XRD pattern of the small scale metal waste with no Fe2O3 addition, with 

the associated microstructure showing crystal phases. 
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Figure 4.33 XRD pattern of the small scale metal waste with addition of the Fe2O3 with 

SEM/EDX images showing distribution of key elements within the microstructure.  

4.9.2 Mixed waste – Product optimisation  

Figure 4.33 shows the mixed waste without the addition of Fe2O3 contained a small 

metallic fraction at the bottom of the crucible.  
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Figure 4.35 XRD pattern of the small scale Mixed waste with no Fe2O3 addition, with 

the associated microstructure showing crystal phases. 

5mm 

30µm 

Figure 4.34 (Left) Mixed waste with no addition of Fe2O3, showing metallic fraction 

(Right) with the addition of Fe2O3 no metallic fraction is present. 
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Figure 4.36 XRD pattern of the small scale Mixed waste with Fe2O3 addition, with the 

EDX mapping the distribution of key elements within the microstructure. 

With the addition of Fe2O3 this small metallic fraction was oxidised to give a vitreous 

waste form with no metal fraction present, similar to that seen in Figure 4.32. Figure 4.36 

shows that the microstructure of the vitrified Mixed waste with no Fe2O3 addition, 

contains chromite as identified by the corresponding XRD trace. Figure 4.37 shows the 

microstructure with the addition of Fe2O3. The XRD trace also shows chromite. Magnetite 

is also present within the microstructure, as shown by the EDX mapping in Figure 4.35. 

Magnetite and chromite share the same reflections within the XRD trace, therefore it is 

100µm 30µm 

BSE O Na Al 

Si Ca Cr Fe 



 

141 

 

difficult to distinguish between the two crystalline phases. The metal fraction has been 

oxidised through the following reaction. 

   Fe + 4Fe2O3  3Fe3O4 

The results show that the addition of Fe2O3 has caused a greater degree of crystallisation 

within the glass structure.    

4.9.3 Masonry Waste – Product optimisation   

A major advantage of thermally treat PCM waste is that no pre-treatment or sorting needs 

to be performed before treatment. To ensure a consistent approach was maintained 

throughout the optimisation process, Fe2O3 was added to both the Masonry waste and the 

PVC waste despite the fact that there was not a metallic fraction waste present post 

processing during vitrification (Figure 4.37 (left)). Fe2O3 was added at a 1:1 molar ratio 

with the metal content of the metallic drum the masonry waste would be stored in. Full 

details of the batch calculations can be found in Section 3.2. 

 

  

 

Figure 4.38 shows the vitrified masonry waste with no additional Fe2O3, compared with 

the addition of Fe2O3. From visual inspection, it is clear that with the addition of Fe2O3, 

a greater degree of crystallisation has occurred. This is confirmed from the XRD trace 

shown in Figure 4.38, confirming a much greater signal from the chromite spinel phase 

within the glass waste form. The corresponding SEM images shows both the number and 

size of the chromite spinel phase is greater with the addition of Fe2O3. It should also be 

noted that the metal component, representing the metal drum, was stainless steel powder. 

Figure 4.38 (Left) Masonry waste with no addition of Fe2O3 (Right) with the addition 

of Fe2O3. 
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In reality the 200L drums which store the PCM waste is mild steel therefore the amount 

of Cr will be considerably less than the stainless steel powder used in these experiments. 

Section 4.3.4 confirms that that the chromite spinel would not be present in the case of 

the 200L drums. Section 4.3.4 uses the same batch composition for the masonry waste 

but with the use of mild steel to represent the 200L mild steel drum. In this case the 

vitrified product was completely amorphous with no crystalline phases present (Figure 

4.3).  

 

 

Figure 4.37 (Top) XRD pattern of the small scale Masonry waste with the addition of 

Fe2O3 addition and without, (Bottom left) Microstructure without the addition of Fe2O3. 

(Bottom Right) Microstructure with the addition of Fe2O3. 

4.9.4 PVC Waste – Product optimisation 

Figure 4.39 shows the PVC waste without the addition of Fe2O3 (left) compared with the 

vitrified PVC waste stream with the addition of Fe2O3 (right). Upon visual inspection the 

vitrified PVC waste with the Fe2O3 addition (right) was a poor waste form with substantial 

porosity and a number of cracks causing the vitrified product to disintegrate with little 

force. This is undesirable in a waste form as the increase in surface area, due to the 
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increased porosity and cracks, increases the sites which would be in contact with ground 

water within a GDF, accelerating corrosion of the vitrified waste form. Aboutaleb (2015) 

studied the effect of adding Fe2O3 to soda-borate glasses and found that the glass structure 

weakened significantly with the addition of Fe2O3. Aboutaleb (2015) concluded that the 

Fe2O3 had contributed to the creation of non-bridging oxygen sites within the glass 

structure. It is likely the same mechanism has contributed to the poor waste form seen in 

the right image of Figure 4.38.  

 

 

Figure 4.38 (Top Left) PVC waste with no addition of Fe2O3 (Top Right) with the 

addition of Fe2O3, with the corresponding XRD trace (Bottom) 

The addition of Fe2O3 has essentially depolymerised the network, breaking up the random 

network and leaving nonbridging oxygen resulting in a poorly formed glass. From the 

XRD trace shown in Figure 4.39 and the microstructure in Figure 4.40, the vitrified PVC 

waste with the addition of Fe2O3 shows a relatively crystalline structure containing 

chromite spinel phase. The XRD traces shows a much greater amorphous content within 

the vitrified PVC waste without the addition of Fe2O3. Surprisingly there are no dendritic 
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crystalline features present within the vitrified product compared to the large scale PVC 

melts which saw a large degree of dendritic magnetite (Fe2O3) spinel phase present 

throughout the microstructure. The difference stems from the use of stainless steel powder 

to represent the 200L drum which houses the PVC waste. The stainless steel contains 

much greater concentration of Cr than the mild steel, which has resulted in the formation 

of Chromite spinel phase (Figure 4.41).  

  

 

Figure 4.39  PVC waste with the addition of Fe2O3 with EDX mapping showing 

distribution of key elements within the glass. 
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Figure 4.40 Microstructure of the PVC waste with no addition of Fe2O3. EDX maps 

show the distribution of key elements. 

  

4.9.5 Mössbauer studies on the metal waste stream described in Section 

4.9.1 

Mӧssbauer studies were performed on the vitrified samples show in Figure 4.31, to 

determine the effect the addition of Fe2O3 had on the redox conditions of the melt. The 

metal waste was selected as this best represented the digestion of metal waste, as stated 

in the initial aims of this section of the thesis. Figure 4.41 shows the Mӧssbauer spectrum, 

with the associated fitting parameters shown in Table 4.10. The spectrum shows two 

sextet features which overlap, similar to the Mӧssbauer spectrum for the PVC waste 

shown in Figure 4.16. As previously stated, this is due to the ferrimagnetic properties of 

the identified magnetite phase within the vitrified product. As discussed previously 

magnetite can have a range of oxidation states dependent on the amount of structural Fe2+, 

which can be reviewed quantitatively as the magnetite stoichiometry (x = Fe2+/Fe3+) . 

Using the same method as section 4.5 the relative areas of site A (tetragonal site, Fe3+) 
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and site B (octahedral site, Fe2+, Fe3+) can be obtained, using equation 1, to give the 

overall stoichiometry of the magnetite.    

 

Figure 4.41 Mossbauer spectrum of fully vitrified product small scale metal waste with 

addition of the Fe2O3 

Site CS (mm/s) QS (mm/s) 
Assigned 

phase 
Site 

Area  

(±2%) 
(Fe2+/ΣFe) 

1 0.41 1.23 Fayalite Fe2+ 7.5 

31.65 % 

2 0.67 0.91 Chromite Fe2+ 9.1 

3 1.92 3.04 Glass Fe2+ 1.1 

4 1.53 0.91 Glass Fe3+ 2.1 

M1 0.38 0.04 Magnetite (M) TFe3+ 39.6 

M2 0.77 0 Magnetite (M) O,TFe2+3+ 40.5 

Table 4.10 Fitting parameters for the Mӧssbauer spectrum of the fully vitrified small 

scale melt (SSM) with Fe2O3 addition 

Inserting the values obtained from the fitted Mӧssbauer spectrum, into eq (1), gives the 

following value;  
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1
2 ×  40.50

1
2  × 40.5 + 39.6

= 0.33 

As discussed previously, magnetite can have a range of oxidation states dependent upon 

the amount of structural Fe2+. For magnetite with an ideal Fe2+ content (assuming the 

Fe3O4) the mineral phase is known as stoichiometric magnetite (x = 0.50). This 

stoichmetric magnetite was present in the vitrified PVC waste, as shown in both the XRD 

trace (Figure 4.5) and the associated Mӧssbauer spectrum (Figure 4.16). As magnetite 

becomes oxidised, the Fe2+/Fe3+ ratio decreases (x < 0.50). When the magnetite is 

completely oxidised (x = 0), the mineral is known as maghemite (γ-Fe2O3). For the 

Mӧssbauer spectrum shown in Figure 4.41, a value of x = 0.33 shows that the magnetite 

present in the vitrified product is nonstoichiometric or partially oxidized magnetite. For 

nonstoichiometric magnetite, the structure is often written as Fe3-δO4 (where δ ranges 

from 0 for stoichiometric magnetite to 1/3 for completely oxidised. Vandenberghe et al. 

(2000) states that the stoichiometry of the partially oxidised magnetite can be determined 

through the following relationship; 

 

𝑥 =
𝐹𝑒2+

𝐹𝑒3+
=  

1 − 3𝛿

2 + 2𝛿 
 

 

This gives the value for Fe2+ / Fe3+ ratio for partially oxidised magnetite as 0.3. Combined 

with the other Fe bearing mineral phases within the slag waste form, the overall Fe2+/ΣFe 

ratio for the vitrified metal waste with the addition of the Fe2O3 is 31.65 %. This shows 

that there is a greater distribution of Fe3+ ions in the slag waste form with the addition of 

the Fe2O3 acting as an oxidising agent. 

4.9.6 Effectiveness of oxidising the metallic fraction  

The motivation for optimising the process in terms of oxidising the metal fraction, to 

provide a completely vitreous waste form, stems from the poor solubility of Pu in steels 

which can lead to the formation of distinct Pu bearing intermetallic phases (Booth et al. 

2012). The results from this study suggest that Pu has a high affinity for the slag phases 

therefore efficient decontamination of the metal melt is technically feasible. As 

(2) 
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mentioned previously, if clean separation of the metal and oxide phase can be achieved 

then substantial costs savings can be achieved by disposing the decontaminated steel as 

LLW. To achieve this the slag and metal phases would need to be tapped separately from 

the melter during processing or separated from the slag post processing which is 

undesirable. Therefore by optimising the system to oxidise the entire waste form, the risk 

of Pu bearing intermetallic phases settling can be avoided whilst ensuring a single 

process. 

The results from this section of the project show some promising results with Figure 4.31 

showing that with the addition of Fe2O3 the metallic fraction seen previously is now 

oxidised to give a completely vitreous waste form. The XRD trace in Figure 4.33 shows 

that Fe metal is oxidised to produce the major Fe bearing mineral phase of magnetite 

(Fe3O4) and fayalite (Fe2SiO4). The Mӧssbauer spectrum shown in Figure 4.41 confirms 

that the magnetite is in fact partially oxidised. It is known that chemical composition can 

have a large influence on the proportion of ferric and ferrous iron in silicate melts 

(Thornber et al. 1980; Gaillard et al. 2003). The results in this section show that the 

addition of the Fe2O3 results in a greater proportion of Fe3+ ions within the system.. The 

addition of Fe2O3 will increase the overall size of the waste form negating some of the 

benefits of the volume reduction seen in section 4.6 through thermal treatment. A 

potential option would be to sparge the melt with oxygen to aid oxidation of the melt 

(Sambasivam et al. 2007), however this does increase the risk of Pu carryover into the 

off-gas system.  

Despite the addition of Fe2O3, the optimisation process still needed to be applicable to all 

waste streams to avoid any pre-handling of the PCM waste drums ensuring a single 

process was maintained throughout. In the case of waste streams where a metallic fraction 

was not expected (PVC and masonry waste) Fe2O3 was added at a 1:1 wt.% with the metal 

component from the mock up waste drum. This did not have a detrimental effect on the 

vitrified masonry waste, with an increase in crystallisation resulting from the addition of 

Fe2O3. Contrarily, the addition of Fe2O3 to the PVC waste resulted in a very poor waste 

form with large amounts of porosity and cracks, as shown in Figure 4.38. This is a concern 

in terms of waste processing as characterising the waste to determine the metal content 

prior to thermal treatment is undesirable. One option could be to weigh the waste 

container. It is known from Section 2.1.1 that the maximum weight of each drum is 100kg. 

However for drums containing large amounts of PVC and organic waste the space 



 

149 

 

occupied by the waste does not exceed 100kg. Therefore any waste drum which does not 

weigh 100 kg would be deemed unsuitable for additional Fe2O3 and would be treated with 

the addition of glass frit at a 1:1 wt. % ratio. This could potentially be a simple solution 

to avoid the poor waste form shown in Figure 4.39.  

The results shown here display a certain level of success in enabling a fully oxidised 

system from high metallic waste streams providing a fully vitreous waste form. If clean 

separation of the metallic and oxide fraction can be achieved then, as shown by the 

calculated volume reductions and the associated cost saving, this would be the desirable 

treatment process. If this proves technically challenging, then this project has shown that 

with the addition of Fe2O3, the metallic fraction can be oxidised providing a stable waste 

form for disposal.  

4.10 Conclusion and summary  

The work contained within this Chapter has demonstrated the effectiveness of using SLS 

glass frit as a glass forming additive to aid with the vitrification of PCM waste. This 

provides an alternative to the economically unsuitable GGBS additive, producing a high 

performing vitrified waste form suitable for disposal within a GDF. 

The main findings during the study were as follows: 

 The necessity of using the clay/graphite crucible (plumbago) for the high metallic 

waste stream resulted in a reducing atmosphere during the melt. This produced a 

mixed slag/metal waste form with the slag fraction strongly depleted in Fe (Table 

4.2).  

 The remaining waste streams were processed within alumina crucibles producing 

a fully vitreous waste form for the PVC and masonry waste with the mix waste 

producing a small metallic fraction at the bottom of the crucible. The slag fraction 

was X-ray amorphous in the metal and masonry slag with a number of crystalline 

phases present for the PVC and mixed waste types.  

 Ce was found to be homogenously distributed throughout all of the vitrified 

products. Ce was found to be more thermodynamically favourable to partition 

within the slag fraction.  

 XANES studies determined Ce3+ to be dominant species within the glass. 

Trivalent species of Ce and Pu are known to have greater solubility in borosilicate 
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glass as opposed to tetravalent species. The concentration of Ce2O3 measured 

within the glass is far below the solubility limits therefore it is reasonable to expect 

that the slag waste forms developed here could incorporate Pu at the levels 

expected from the PCM waste.  

 Mössbauer studies demonstrate the complexity of the interaction between a redox 

ion and the glass melt especially with a number of multivalent speices present, as 

present within the vitrified PCM waste samples.  

 Large volume reductions were achieved through thermal treatment. PVC waste 

achieved the greatest volume reductions at 88.05%, due to the volatilisation of the 

large organic component. Volume reductions of 64.99% (masonry), 68.82% 

(metal), and 55.47% (mix) were achieved which is greater than the method of 

super compaction and cement encapsulation which has a best case scenario 

volume reduction of 58.35%. 

 112 day PCT dissolution tests were performed, the data suggests that the 

comparative durability of the four glasses, from the most to least durable is;     

MET > MAS > MIX > PVC. The dissolution results obtained in this study are 

similar to previous work considered potentially suitable for geological disposal 

(C. A. Utton et al. 2013). 

 Analyses of the corrosion layer on the vitrified waste forms showed that Ca from 

solution had precipitated on the surface of the glass forming secondary phases in 

the form of C-S-H.  

 Optimisation studies have shown the possibility of oxidising the metallic fraction 

from the high metallic waste streams with the addition of Fe2O3. This option 

provides a stable homogenous waste form if the metallic and slag fraction cannot 

be cleanly separated.  
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5 GLASS FORMULATIONS FOR 

THE IMMOBILISATION OF 

POND SCABBLINGS ILW.  

5.1 Introduction 

In the UK, most operational intermediate level waste (ILW) has been directly 

encapsulated in cement, however, there remains a large number of legacy intermediate 

level wastes, within the UK waste inventory, for which a decision on immobilisation has 

yet to be made. Concerns regarding the long term stability of the cementitious waste forms 

coupled with the large volume increase, has led to renewed interest in thermally treating 

the UK ILW inventory. Key drivers for the application of thermal treatment processes 

include the reduced volume, improved passive safety, and superior long term stability, of 

the vitrified waste form products. A number of waste streams have been identified as 

compatible with thermal treatment processes – including contaminated masonry waste.  

A source of contaminated masonry waste is found in decommissioned silo ponds. Spent 

fuel requires cooling and storage to allow the short–life fission products to decay. The 

decay of fission products within the silo ponds leads to the contamination of the concrete 

lining. The contaminated concrete is removed in the form of scabblings.  

This chapter investigates whether the contaminated concrete in the form of scabbled 

waste contain sufficient amounts of glass forming oxides to aid vitrification. 

Section 3.4 explains the experimental setup and the materials used to simulate the 

contaminated masonry waste. The following chapter will concentrate on the results and 

the performance of the waste form.  

5.2 Simulant Masonry Waste Characterisation 

Representative scabbled pond waste was sourced from core drillings taken from the 

University of Sheffield (Figure 5.1). The core drillings were milled to a fine powder using 
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a TEMA mill. The composition of the core drillings were determined using XRF analysis 

is shown in Table 5.1. The major component of the core drilling was quartz (SiO2), as 

confirmed by the strong intensity associated with Bragg reflections in the XRD pattern in 

Figure 5.2. Section 3.4 gives an overview of the experimental set-up. Using the sodium 

borosilicate phase diagram in Figure 3.7, five glass compositions were formulated. The 

melting temperature strongly indicates that the five compositions will vitrify at 1100°C, 

which is the temperature utilised in this body of work. The masonry waste from the core 

drilling, was used as the SiO2 component with waste loadings ranging from 68 wt % to 

72 wt %. The rationale behind the selected waste loadings and operating temperature are 

explained in Section 3.4.1.  

 

Figure 5.1 Core drilling taken from the Hadfield building

 

Figure 5.2 Powder X-ray diffraction patterns resulting from analysis of the simulant 

masonry waste showing identified reflections corresponding to quartz (SiO2), rutile 

(TiO2) and (CMAS) calcium magnesium alumina silicate. 
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Component Wt% 

SiO2 77.05 ± 0.53 

CaO 8.54 ± 0.18 

Al2O3 3.46 ± 0.11 

Fe2O3 1.22 ± 0.06 

K2O 1.08 ± 0.06 

MgO 0.42 ± 0.05 

TiO2 0.21 ± 0.03 

Na2O 0.15 ± 0.03 

P2O5 0.05 ± 0.02 

Other  0.40 ± 0.05  

LOI  7.42 ± 0.17 

Table 5.1 XRF results showing composition of masonry waste 

 

 Mass (g) 

Crucible 6.3200 

Masonry mass 1.0146 

Total mass before heat treatment 7.3346 

Total mass after heat treatment 7.2540 

Mass loss 0.0806 

  

Mass loss percentage (0.0806/1.0146)* 100 = 7.8 wt% mass loss 

Table 5.2 mass loss of masonry waste after heat treatment at 1100°C for 6 hours 

The mass loss can be attributed to the loss of water within the core drilling, associated 

with the cement binder. Kodur (2014) states that the mass of concrete at elevated 

temperatures is highly influenced by the type of aggregate, with siliceous aggregate 
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concrete, such as the core drilling used in this study, experiencing a much lower 

percentage of mass loss at high temperatures. As stated previously, the core drilling used 

in this study is assumed to be representative of the scabbled pond wastefound within the 

silo ponds. Therefore, it is possible the scabbled pond waste found within the silo ponds 

could have a different aggregate resulting in greater mass loss during thermal treatment.    

5.2.1 Sodium borosilicate glass system 

With the addition of Na2O and B2O3 acting as glass forming agents, It was decided that 

the SiO2 component within the masonry waste would form the SiO2 component of a 

sodium borosilicate glass. The model proposed by Yun (1979), based on experimental 

11B NMR results, describes the mechanism of creation of non-bridging O atoms (NBOs) 

in a simplified ternary glass SiO2-B2O3-Na2O system. This model constitutes a valuable 

starting reference and gives a useful description of the structural evolution as alkali 

cations are added to the glass melt. This understanding will be particularly important for 

this study due to the varying ratio of sodium and boron concentrations within the different 

glass compositions. In this model, the ratio K = [SiO2]/[B2O3] and the ratio 

R=[Na2O]/[B2O3] (both in mol%) are the most important composition related structural 

parameters. It is common for the K and R ratios to be quoted in studies concerning the 

structure of sodium borosilicate glasses. One of the aims of this investigation is to 

understand the structure and properties of the vitrified product. Therefore, it is useful to 

determine the R value as it will be used extensively in the analysis of the vitrified glass 

samples.  Table 5.3 gives the composition of the five batched compositions (Section 3.4) 

in molar % with the associated R and K ratio. 

  

Composition 

number 

SiO2 

(Mol%) 

B2O3 

(Mol%) 

Na2O 

(Mol%) 

R ratio 

[Na2O/B2O3] 

K ratio 

[SiO2/B2O3] 

C1 70.0 16.0 14.0 0.88 4.38 

C2 70.7 16.6 12.7 0.76 4.26 

C3 72.6 14.6 12.7 0.85 4.97 

C4 70.3 19.6 10.1 0.52 3.59 

C5 72.3 19.0 8.7 0.46 3.81 

Table 5.3 The targeted composition of the five vitrified waste forms in Mol % with the 

associated R and K values using the masonry waste as the SiO2 component. 
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5.3 Results and Discussion 

5.3.1 Analysis of phase assemblage 

 

Table 5.4 shows the composition of the vitrified masonry waste for all five compositions 

(C1-C5) determined using XRF spectroscopy.  

 

 

Figure 5.3: Vitrified masonry waste for C1 

A noticeable melt line had formed within the crucible, resulting in increased amounts of 

Al2O3 within the glass, as shown in Table 5.4. Figure 5.3 shows a vitrified product M1 

after heat treatment. Melting behaviour showed no violent reactions with no evidence of 

foaming within the crucible.  

All glass compositions were successfully cast into a cylindrical mould. There were, 

however, noticeable differences in viscosity between the glass compositions. The glass 

compositions with lower amounts of SiO2, including C1 and C4 at 68 wt. % SiO2, resulted 

in molten glass with a lower viscosity at 1100 ºC.  

The different compositions have varying levels of undissolved material within the glass 

matrix. Figure 5.4 shows optical images of C1, C3 and C5. The increased levels of 

undissolved material matches the increased intensity of the identified quartz mineral 

phase in the XRD trace as shown in Figure 5.5. C5 had a large amount of undissolved 

material contained within the glass matrix therefore displaying the strongest reflections 
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corresponding to quartz. The XRD pattern of C1 shows only diffuse scattering which 

confirms there is no undissolved material present within the glass matrix. C3 XRD pattern 

apparently shows the composition to be fully amorphous. However, the corresponding 

optical image in Figure 5.4 show low levels of undissolved material within the matrix, 

which are likely to be below the detection limits of the XRD. C5 and C3 have the same 

waste loading at 72 wt%, however, C5 clearly has greater amounts of undissolved 

material within the vitrified waste form. It known that the R ratio (Section 5.2.1) has a 

large influence in determining the structure of sodium borosilicate glasses.  

 

Table 5.4 Composition of vitrified core drilling. The table compares the premelt composition (M1-

M5) and the actual post melting composition (C1-C5)  

(Wt %) C1 M1 C2 M2 C3 M3 C4 M4 C5 M5 

SiO2  52.39 

 

58.76 

±0.47  

53.53 

 

59.43 

±0.47  

55.48 

 

60.22 

±0.47 

52.39 

 

58.09 

±0.47 

55.48 

 

60.52 

±0.47 

B2O3 18.00 

 

11.37 

±0.20 

18.7 

 

11.88 

±0.20 

15 10.26 

±0.20 

22 14.68 

±0.23 

19 12.73 

±0.21 

Na2O 14.1 

 

15.56 

±0.23 

12.68 12.77 

±0.21 

13.1 13.07 

±0.21 

10.1 12.16 

±0.21 

9.1 11.25 

±0.21 

Al2O3 2.35 

 

3.98 

±0.11 

2.4 3.92 

±0.11 

2.49 4.02 

±0.12  

2.35 3.72 

±0.11  

2.49 3.36 

±0.11 

K2O 0.73 

 

0.86 

±0.06 

0.75 1.09 

±0.06 

0.78 1.18 

±0.06 

0.73 1.00 

±0.06 

0.78 1.21 

±0.06 

CaO 5.81 

 

6.34 

±0.15 

5.93 7.17 

±0.17 

6.15 7.96 

±0.17 

5.81 6.54 

±0.15 

6.15 8.44 

±0.18 

Fe2O3 0.83 

 

0.89 

±0.06 

0.75 0.91 

±0.06 

0.88 1.13 

±0.06 

0.83 1.03 

±0.06 

0.88 1.29 

±0.06 

SO3 - 0.63 

±0.05 

- 0.72 

±0.05 

- 0.92 

±0.06  

- 0.71 

±0.05 

- 0.88 

±0.06  

Other 5.79 

 

2.06 

±0.09 

5.16 2.63 

±0.09 

6.12 1.94 

±0.08 

5.79 2.55 

±0.09 

5.67 0.99 

±0.06 

Density 

(g/cm3) 

2.549 

± 0.040 

2.536 

± 0.002 

2.539  

± 0.002 

2.492  

± 0.002 

2.491 

± 0.030 
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Additional Bragg reflections were identified in C5 with less intense reflections in C4. 

These reflections correspond to SiO2. Figure 5.5 showed Bragg reflections, with low 

intensity, corresponding to cristobalite which suggests that some of the undissolved silica 

has undergone a phase transformation to cristobalite.  The processing temperature of 

1100ºC is low for this transformation to occur with Wahl et al. (1961) observing the 

transformation at 1400°C . However Palermo et al. (1998) study proved that sodium 

silicate promotes the conversion of quartz to cristobalite at temperatures close to 1050°C. 

Palermo et al. (1998) found that sodium silicate would become saturated with respect to 

silica, and cristobalite would crystallize. It is likely a similar mechanisms is occurring in 

this study, with the Na from the Na2CO3 fluxing agent stabilising the cristobalite at 

1100°C. This is in agreement with the work performed by Ferrière et al. (2009).  

1cm

m 

C1 

C3 

C5 

1cm 

1cm 
Figure 5.4 Images of Glass C1, C3 and C5 showing the varying levels of 

undissolved SiO2 within the glass matrix 

1cm

m 
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Figure 5.5 Powder X-ray diffraction patterns resulting from analysis of each of the 

vitrified simulant masonry waste glass compositions. Indexed reflections correspond to 

the quartz mineral phase (cristobalite) formed in glass composition C5. Miller indices 

shown are as (hkl).  

 

 

 

 

 

5.3.2 Glass structure analysis – Raman spectroscopy analysis 

An interesting feature of Figure 5.5 is that C5 and C3 have the same waste loading 

(72wt%) but C5 has Bragg indexed reflections corresponding to quartz, likely to be 

undissolved SiO2 from the masonry waste (shown in Figure 5.4), whereas C3 has no 

apparent crystalline component, as evidenced by the diffuse scattering indicating an X-

1 mm 100 µm  5 µm  

40x mag 600x mag 10,000x mag 

Figure 5.6 Optical micrograph image of C1 glass composition at various 

magnifications, showing no crystalline phases formed. The lack of image contrast 

suggests chemical homogeneity within the sample 
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ray amorphous material. A small volume fraction of crystallites cannot be ruled out, 

which would be below the detection limits of the XRD. TEM diffraction data would be 

required to achieve this which is outside the scope of this work. Figure 5.5 indicates that 

the ratio of sodium and boron (R value) clearly has an impact on the overall structure of 

the glass. In order to understand what effect the varying concentration of alkali cations 

are having within the glass network, in terms of structural evolution of the glass, a method 

of characterising the structure of amorphous materials is needed. Raman spectroscopy 

can be used for this purpose. Section 3.12 gives a general overview of the principles of 

Raman spectroscopy. The main question of interest in this study is the speciation of the 

silicate and borate structural units, and how these two types of glass formers are connected 

within the glass structure. The structure of the sodium borosilicate system has been 

studied extensively using Raman spectroscopy within the literature Furukawa (1981), 

Matson (1983), Yaday (2015), Kamitsos (1994), Koroleva (2010).   

Figure 5.6 shows the Raman spectra of the five vitrified waste forms.  Manara et al. 

(2009), investigated the behaviour of ternary SiO2-Na2O-B2O3 borosilicate glasses at high 

temperatures by Raman spectroscopy. Within this study Manara et al. (2009) showed 

different R ratio values and the effect the glass modifier has on the glass structure, which 

concluded that borosilicate glasses become more depolymerised with a high R ratio value. 

This section will use the approach of Manara et al. (2009) study, along with other relevant 

literature, to determine the effect the R value has on polymerisation of the glass structure.  

Bell et al. (1969) states that the broad band at 460 cm-1 is due to bending of Si-O-Si bonds 

and that the change in the band shape and intensity are caused by incorporation of BO4 

units and BO3 units into the silica network. The results shown in Figure 5.6 would agree 

with this finding, with an increase in boron content in C4 and C5 (22 wt.% and 19wt% 

respectively) leading to a Raman band at 460 cm-1 with a greater intensity as opposed to 

C1, C2 and C3. The increased boron content has promoted the formation of borate groups 

within the silica network. 

The peak apparent at 620 cm-1 within the Raman spectra is used to investigate the effect 

of varying the R value on the glass structure. Manara et al. (2009) study has shown that 

the intensity of the peak at 620 cm-1 increases when the amount of Na2O content within 

the glass is increased, and especially for R values greater than 0.8. The results shown in 

Figure 5.6 would agree with Manara’s findings. From visual inspection it is clear that C1 
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has the largest intensity at peak 620cm-1 which corresponds to the largest R value of 0.88 

whereas C5 with the lowest R value, 0.46, has the lowest intensity in that range.  

The bands in the region of the spectra 800-1250 cm-1, represent the extent of glass 

polymerisation and results from the Raman active silicon Qn species. Figure 5.7 shows 

the deconvoluted region of the spectra 800-1250cm-1. The bands are assigned to Si-O 

stretching vibrations, as already published in a variety of Raman studies of alkali and 

alkaline earth silicate glasses (Manara et al. 2009; Frantz 2005) as shown in Table 5.5.   

 

 

It is known that typical Portland cement contains between 1-3 wt % SO3 (Taylor 1997). 

This is important to consider because many types of radioactive wastes that are destined 

to be incorporated in glass contain significant amounts of sulphur. Due to the low 

solubility of sulphate in silicate melts, sulphur can become the waste loading constituent 

during the vitrification of HLW. Vienna et al. (2014) states that when the sulphate 

capacity of the host glass exceeds 2 wt % (SO3), an immiscible layer forms on top of the 

glass. This layer is problematic as it may include radioactive fission products which can 

hinder their incorporation into the glass matrix (Stefanovsky 1993). For this reason there 

Figure 5.6 Raman Spectra for the vitrified masonry wasteforms in the region 200-1800 cm-1. 

R ratio values of compositions C1=0.88, C2=0.76, C3=0.85, C4=0.52, C5=0.46 
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have been a number of studies, utilising Raman spectroscopy, to characterise sulphur 

environments in borosilicate glasses (Lenoir et al. 2008; Marion et al. 2009; McKeown 

et al. 2001). The peak evident at 988 cm-1 corresponds to the formation of tetrahedral 

SO4
2- (sulphate) environments within the glass (McKeown et al. 2001). McKeown et al. 

(2001) showed that with the addition of SO3, at 1.15wt.% within a borosilicate system, 

sharp peaks appear superimposed on the borosilicate bands near 990 and 630 cm-1. Table 

5.4 shows that the glass samples (C1 – C5) contain SO3 ranging from 0.63 – 0.92 wt. %, 

therefore it is likely that the peaks shown in Figure 5.6 at 990 and 630 cm-1 are attributed 

to the SO4
2-  within the glass. Samples C4 and C5 have proportionally higher amounts of 

Q3 and Q4 species within the glass resulting in a broadening of the Raman bands plotted 

in Figure 5.7. Therefore this causes a slightly higher value for the Raman Shift for 

Samples C4 and C5 in the regions of Q3, Q3* and Q4.  

Lenoir et al. (2008) was able to plot a linear relationship between an increase in SO4
2- 

concentration within the host glass, with an increase in the Raman area relative to 

Gaussian band centred near 990cm-1. There appears to be a linear relationship between 

the R values and the area relative to the Gaussian band centred near 990cm-1 presented in 

this study. Composition C5 has an R value of 0.46 with a corresponding area centred at 

990cm-1 of 1.3%. Contrarily, composition C1 has an R value of 0.88 with a corresponding 

area centred at 990cm-1 of 6.4. This is consistent with previous studies by Manara et al. 

(2007) which investigated the behaviour of sulphur in silicate glasses as a function of 

alkali cation content. Other authors including Jantzen et al. (2004) report that sulphate 

solubility is improved by an increase of network modifier content thereby increasing 

network depolymerisation. The narrow peak observed at 990cm-1 is similar in frequency 

to symmetric S-O stretch vibrations of tetrahedral SO4
2- ions found in sodium sulphate 

(McKeown et al. 2001). The peaks at 990cm-1 shown in Figure 5.7 are considerably 

broader than the peaks for the sodium sulphate due to an increase in the disorder of the 

sulphate tetrahedron in the glass compared with sulphate tetrahedron in crystals. The Na+ 

act as charge compensating alkali ions in the glass bonding with the sulphate anions 

according to the reaction:  

2(Si-O-Na)+ + SO4
2-  2(Si-O-Si) + Na2SO4          (Manara et al. 2007) 

This explains the linear relationship between an increase in the area of the Raman band 

centred at 990cm-1 with an increase in the R value. Caution should be given with these 
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conclusions due to the relatively large error in determining the SO4
2- composition and the 

small range of compositions studied in this thesis. In addition it should also be noted that 

the SO4
2- was determined for the bulk of the sample and not exclusively from the glass 

phase. The Raman spectra however were taken only from the glass phase. The true SO4
2- 

content could be lower than the bulk, if for example, Na2SO4 and CaSO4 are present as 

separated phase. Despite these uncertainties, the results from this section are positive in 

terms of immobilising the SO4
2-  within the glass network. Vienna et al. (2014) states the 

solubility limit of sulphate in borosilicate glass is roughly 2 wt%. In this study the 

composition of SO4
2-  within the glass was below 2 wt%. For waste streams that have 

higher amounts of sulphate, this project has shown that sodium borosilicate glasses with 

a high R ratio can increase the solubility of sulphate within the glass. 

Figure 5.5 shows that there remains undissolved SiO2 within the glass matrix of M5. 

Sample M3 has lower levels of undissolved material as depicted by the X-ray amorphous 

diffraction pattern despite the same waste loading of 72 wt. % scabbled pond waste. This 

shows that the R value has an effect on the solubility of the scabbled pond waste in  the 

glass. There have been a number of studies performed investigating the structure of borate 

and borosilicate glasses which can be used to assess the influence of the R ratio (Osipov 

et al. 2013; Koroleva et al. 2010; Matson et al. 1983; Yaday et al 2015; Manara et al. 

2009). It is generally accepted in the literature that for low modifier oxide additions 

(R<0.5) triagonal BO3
0 is converted to BØ4 (Ø = bridging oxide) tetrahedral. For R > 0.5 

a significant number of non-bridging oxygen atoms form, which prefer silicate over 

borate sites. C3 has an R value of 0.85 therefore the non-bridging oxygen atoms prefer 

silicate over borate sites which allows the SiO2 to dissolve into the glass matrix. This 

shows that with an increase in Na2O an increase in non-bridging oxygen atoms occurs, 

which essentially increases the degree of depolymerisation within the glass. This goes 

some way to explain why the scabbled pond  waste is fully dissolved in C3 (R=0.85) as 

opposed to C5 (R=0.46) which shows inclusions within the glass structure. Osipov et al. 

(2013) showed that low alkaline borosilicate glasses (R<0.5), such as M5, contain a 

significant fraction of Si-O-B3 bonds within the glass structure. The number of Si-O-B3 

bonds clearly outnumber the fraction for Si-O-B4 bonds as expected from the low Na+ 

fraction of these glasses. 
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Raman studies showed that the Na2O/B2O3 ratio has a significant impact on the 

crystallisation behaviour of the glass sample with a lower R value promoting 

crystallisation within the structure.  

  

  

                                     

 

Figure 5.7 Gaussian peak-fit for the silicon Qn region of the Raman spectrum  
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 Raman Shift (±4cm-1) Resolved Raman Fractional Area (± 2.0%) 

 Q1 Q2 SO4
2- Q3 Q3* Q4 Q1 Q2 SO4

2- Q3* Q3 Q4 

C1 925 985 988 1048 1092 1152 12.6 20.6 6.4 23.5 23.3 13.6 

C2 925 990 983 1046 1090 1152 12.2 25.1 6.8 16.7 23.4 15.8 

C3 922 987 988 1048 1092 1152 10.6 24.6 6.6 20.1 21.6 16.5 

C4 935 991 993 1056 1110 1156 13.8 27.8 4.3 27.1 8.1 18.8 

C5 935 991 988 1057 1112 1154 16.0 29.2 1.3 26.9 7.7 18.9 

Table 5.5 Peak assignments, positions and intensity relationships for bands in the 

region 800–1250 cm-1, representative of the silicon Qn region 

5.3.3 Differential Thermal Analysis (DTA) 

Figure 5.8 shows the endothermic and exothermic reactions as a function of temperature 

for the vitrified C5 sample when compared with a reference sample, in this case pure 

quartz. The endothermic and exothermic reactions correspond to specific thermal events 

in the glass (section 3.10), shown in Table 5.6. The endothermic event shown at 592°C 

corresponds to the glass transition temperature (Tg). It should be noted that the Tg occurs 

over a temperature range, therefore Figure 5.8 quotes the onset temperature of the Tg 

event along with the lowest endothermic point quoted as the Tg temperature, which is the 

widely regarded method of determining the Tg value. This value is comparable to typical 

sodium borosilicate values (Avramov 2005). The thermal event indicative of Tg occurs as 

the glass converts from a solid to a liquid in the glass transformation region (Kamitsos, 

E.I 1994). The physical properties change during the glass transformation region, the 

glass is essentially viscoelastic solid/liquid, the glass takes on a fixed but disordered 

arrangement (Ojovan 2008). The Tg will cause an increase in the thermal lag of the sample 

relative to the inert reference material resulting in an offset of the curve, as shown in 

Figure 5.8. 
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Figure 5.8 DTA trace for the C5 vitrified masonry waste. The samples were heated at 

10°C per minute to 1100°C in an Argon atmosphere in platinum crucibles. All 

temperature values are shown in ºC. 

Composition 

Tg TC 

Tm 

Phase 

diagram Tm   Onset Peak TC1 TC2 

C1 559 ºC 581 ºC 695 ºC - 911 ºC 935 ºC 

C2 562 ºC 585 ºC 698 ºC - 918 ºC 940 ºC 

C3 569 ºC 593 ºC 712 ºC - 946 ºC 1035 ºC 

C4 585 ºC 601 ºC 711 ºC - 918 ºC 895 ºC 

C5 561 ºC 592 ºC  704 ºC 748 ºC 925 ºC 950 ºC 

Table 5.6 Thermal events in the vitrified masonry waste samples C1-C5. All 

temperature values are shown in ºC. 
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The exothermic event signalled by the peak at approximately 704°C, labelled TC1 in 

Figure 5.8 corresponds to the crystallisation temperature within the glass as the enthalpy 

of fusion is released from the sample. Compositions C1-C4 show only one crystallisation 

peak indicating a single phase is formed, C5 does show two crystallisation peaks 

indicating the formation of a secondary crystalline phase. This is confirmed in the XRD 

traces in Figure 5.5. 

Table 5.6 also gives the expected Tm of the vitrified samples using the phase diagram 

shown in Figure 3.7. The measured Tm values are consistently lower compared to the 

expected phase diagram values. This is not surprising, as the composition of the glass is 

somewhat different to the composition shown in the phase diagram. When using the phase 

diagram to formulate potential glass compositions the representative scabbled pond waste 

was considered to be 100% SiO2. However XRF studies show that the representative 

scabbled pond waste is composed of only 77.05 ± 0.53 wt. % SiO2 (Table 5.1). Therefore 

the overall glass composition will have lower amounts of SiO2, as shown in the XRF 

studies of the vitrified product (Table 5.4), which ultimately affects the temperature at 

which these raw materials initially form a eutectic melt for the SiO2 to then dissolve into. 

The same general trends do still apply, with the C3 and C5 having the greatest Tm value 

(946 ºC and 925 ºC respectively) due to the increased amount of SiO2 (72 wt. %).     

It is agreed both in terms of waste vitrification (IAEA 2002) and general commercial glass 

technology (Rose et al. 2011) that the two most important criteria when considering 

melting technology is viscosity – temperature profile (η–T) and the liquidus temperature 

(Tliq). For melter technology that are designed to pour molten glass into waste containers, 

the liquidus temperature is vital. Bingham (2012) states that to avoid unwanted 

crystallisation during pouring, which could block the pouring nozzle or cause 

inhomogeneity in the glass, the molten glass must be maintained at temperatures 

sufficiently in excess of TLiq until it has passed through the nozzle during pouring. The 

forming temperature, TF, is the temperature at which the glass is formed or poured, and 

is usually cooler than the regions of the melter in which the melting and homogenisation 

takes place. To ensure problem free melting and pouring the value of (TF–TLiq) must have 

a substantial positive value. The glass samples formed in this report were cast at 1100˚C 

therefore TF equals 1100˚C. Hrma et al. (1998) states that to avoid unwanted spinel 

formation, TLiq must be at least 100°C below the lowest temperature in the melter. No 

spinel formation was detected within the vitrified samples in this Chapter, due to the 
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absence of metal fraction within the waste. However it is conceivable that steel, which 

provides structural support within the concrete walls of the silo ponds, could be present 

within the waste stream. Using this information, the glass composition must have a 

melting temperature below 1000˚C to be compatible for pouring based on these 

requirements. Table 5.6 shows that all of the glass composition (C1-C5) have melting 

temperature below 1000˚C, providing strong evidence that all of the glass compositions 

formulated here would be compatible with currently available technology platforms 

which pour molten glass.   

5.3.4 Radionuclide retention and distribution within the glass network.  

After the initial success of vitrifying glass composition C1-C5, subsequent melt C6 and 

C7 were doped with stable isotopes of Cs2O (as Cs2CO3), CoO (as Co3O4), SrO (as 

Sr2CO3) and also U3O8, the composition of which can be found in Table 5.7. In this 

investigation, 90Sr, 60Co and 137Cs can be safely simulated using their naturally occurring 

isotopes. The U3O8 and inactive simulants were milled together with the masonry waste 

with 1 part simulants to 9 parts masonry waste. This was then diluted down with further 

masonry waste; this approach minimised handling of the active materials. From the 

known initial glass batch, the retention rates of the elements within the glass can be 

calculated following thermal treatment, which is shown in Table 5.8.  

The mass balance shown in Table 5.8 is encouraging, within the precision of the 

experiment. The small scale melts performed in this work result in an increase in Al2O3 

content due to corrosion of the crucible. This is difficult to account for and results in all 

the oxides should read lower than expected. 137Cs has been shown to be volatile at high 

temperatures, thus stabilization of this radioactive isotope in the glass matrix presents a 

challenge which must be met if the waste is to be successfully vitrified. Minimization of 

the amount of radioactive Cs emitted to the offgas stream reduces process hazard. The 

amount of Cs used in this study is at a concentration which would be considerably higher 

than expected in masonry waste classified as ILW. This conservative approach was 

chosen to ensure detection post processing. The retention rates for Cs in the glass (80%) 

are comparable with those found in previous studies (Cirero-Herman 1998) which 

showed Cs retention rates of 76.9% after processing similar borosilicate glasses at 

1150°C.  
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Table 5.7 XRF results of the C1 and C2 doped with inactive isotopes and U3O8 to give 

samples M1C and M2C 

Information from BNFL ltd indicates that a caesium-containing gas evaporates from the 

melter at approximately 1000°C, and condenses on vents and outlets around the plants 

(Parkinson 2007) . Asano (1981) was unable to confirm the presence of Cs(g) or CsO(g) 

among the volatile species during the heating of a Cs containing sodium borosilicate glass 

at 1200ºC. Asano (1981) identified a number of volatile species containing Cs, Na and B 

including CsBO2(g). Caution must be given in comparison to this study due to the 

experimental conditions occurring under vacuum, while the samples were heated and 

(Wt %) M1C M2C 

SiO2 59.02 ± 0.47 59.18 ± 0.47 

B2O3 11.45 ± 0.20 11.72 ± 0.20 

Na2O 15.61 ± 0.23 12.88 ± 0.21 

Al2O3 3.88 ± 0.12 3.84 ± 0.11 

K2O 1.03 ± 0.06 1.23 ± 0.08 

CaO 6.42 ± 0.15 7.31 ± 0.11 

Fe2O3 1.04 ± 0.06 0.95 ± 0.06 

MgO 0.19 ± 0.03 0.22 ± 0.03 

SO3 0.62 ± 0.05 0.69 ± 0.05 

U3O8 0.06 ± 0.02 0.07 ± 0.02 

CoO 0.06 ± 0.02 0.06 ± 0.02 

Cs2O 0.05 ± 0.02 0.04 ± 0.02 

SrO 0.04 ± 0.02 0.06 ± 0.02 

Other 0.62 ± 0.05 1.85 ± 0.09 

Density 2.523 ± 0.014 2.529 ± 0.002 
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measured, which is unrealistic when considering a typical melter, which will be operated 

in air. 

 Weight in glass C6 (g) Wt% expected  Wt % measured  Retention (±10%) 

Cs2O 0.3287 0.22 0.18 80% 

CoO 0.2525 0.17 0.15 90% 

U3O8 0.3006 0.20 0.18 90% 

SrO 0.1088 0.08 0.08 100% 

Table 5.8 Retention rates of inactive isotopes and U3O8 within the vitrified glass waste 

form (C6), with associated errors 

The sample volume and surface were both different in Asano (1981) which will also have 

an large influence on volatility of Cs. An investigation by the Japan Atomic Energy 

Research Institute confirmed that Cs vaporized as CsBO2 which is consistent with Asano 

(1981) work. Therefore it can generally be accepted that Cs will volatilise as CsBO2. Jantz 

(1980) has shown that CsBO2 will condense and react with the steel chamber in the 

plenum, which indicates that gasoues alkali borate phases volatilize when borosilicate 

glasses are melted and then condense on colder substrates within the off-gas system. The 

results from this investigation show that up to 20 wt.% of Cs can volatilise, however these 

is significant uncertainty with error values of ±10 wt.%. The retention rates are certainly 

similar to that achieved in full scale melter systems, in which retention is typically higher 

than laboratory experiments due to lower SA/V ratio of the melt. The results from this 

section are encouraging to thermal treatment operators.  

5.3.5 X-Ray absorption near edge spectroscopy (XANES) 

X-ray absorption spectroscopy was used to determine the uranium speciation of the 

vitrified masonry waste in composition C6. Figure 5.9 shows the U L3 edge X-ray 

Absorption Near Edge Structure (XANES) of the slag fractions, together with the data 

acquired for UTi2O6, Y0.5U0.5Ti2O6, CaUO4 which were used as U4+, U5+ and U6+ 

standards respectively. Previous work has shown that uranium can exist in the oxidation 

states U6+, U5+ and U4+ in alkali borosilicate and silicate glasses (Farges et al. 1992; 

Connelly et al. 2013). Greaves et al. (1989) states that uranyl species bond to non-bridging 

oxygens within a silicate glass indicating an intermediate type role, with alkali ions acting 
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as charge compensators. The XANES spectra shown in Figure 5.9 provides straight 

forward determination of the uranium oxidation state in the glass. Using the position of 

the edge shift of sample C6 in comparison with the uranium standards, it is clear that U+5 

is the dominant species, this is shown in Table 5.9. Uranium is a relatively mobile element 

in the near surface zone owing to the stability of U(VI) aqueous complexes. Therefore, 

during the vitrification of the representative scabbled pond  waste oxidation to U+6 would 

not be preferred due to higher aqueous solubility. This section confirms oxidation to U+5 

which is preferable.   

Figure 5.10 is the first derivative of the µ(E) versus E curve and can be used to determine 

the exact position of the inflection point. The first maximum on the first derivative curve 

gives the position of the inflection point and hence the position of the absorption edge. 

This method confirms that the presence of U5+ as the dominant species within the vitrified 

masonry waste.  

 

 

Figure 5.9 U L3 edge XANES data from Y0.5U0.5Ti2 (U
5+ standard), CaUO4 (U

6+ 

standard), UTi2O6 (U
4+ standard) and the vitrified masonry waste C6. 
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Table 5.9 U L3 edge XANES data from UTi2O6 (U
4+ standard), Y0.5U0.5Ti2 (U

5+ 

standard), CaUO4 (U
6+ standard) and vitrified masonry waste C6. 

 

 

Figure 5.10 first derivative of the XANES data 

Sample E0(eV) ± 0.2 Oxidation State 

Masonry C6 17167.2 +5 

Y0.5U0.5Ti2O6 17166.3 +5 

CaUO4 17168.1 +6 

UTi2O6 17164.3 +4 
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5.3.6 Dissolution in simulated hyper alkaline conditions of a 

cementitious Geological Disposal Facility.  

Dissolution experiments utilising the Product Consistency Test B (PCT-B) protocol were 

carried out on the vitrified representative scabbled pond waste C6. Section 3.5.2 describes 

the experimental set-up of the PCT-B test in greater detail. In summary, experiments were 

carried out for a period of 28 days in saturated Ca(OH)2 solution, at a SA/V ratio of 1200 

m-1, at 50°C, and with sampling points at 1,3,7,14 and 28 days. ICP-OES analysis was 

used to determine the concentrations of all elements in solution. The concentration data 

was used to calculate normalised mass losses and mass loss rates. The glasses were 

leached in saturated Ca(OH)2 solution, as this was taken to be a simplified representative 

for a solution that has come into contact with portland cement (PC) based mortar or 

concrete, which contain significant amounts of portlandite (Ca(OH)2) and NRVB which 

will be used as the backfill material. The rationale for leaching the glass samples in high 

pH solution are explained in section 4.7. There have been a number of studies performed 

which investigate the chemical durability of UK vitrified wasteforms. These studies aim 

to inform the technical specification for the disposal facilities for these waste products 

and the treatment of their long-term behaviour in post-performance assessment (Utton et 

al. 2013; Utton et al. 2012; Corkhill et al. 2013; Backhouse 2016). These studies will be 

used to assess and analyse the chemical durability of the glass produced in this chapter.  

Figure 5.11 shows the pH of the leachate for the vitrified masonry waste (C6) experiment. 

Generally, the leachate pH of the blanks remained consistent across the experiments. The 

pH does show a noticeable drop at the beginning of the experiment from ~ 12.7 to ~ 11.9 

for the powder sample and ~ 12.8 to ~ 11.9 for the blank sample. These pH values are 

likely due to carbonation of the sample after removal from the anaerobic chamber rather 

than changes in the leachate chemistry during the experiments. The concentration of Ca 

remained relatively constant in the blank Ca(OH)2 solution at 550 mg/L ± 60.5 as shown 

in Figure 5.12. This effectively constant Ca concentration in the blank solution is 

consistent with the exclusion of CO2 under the anoxic conditions of the experiment. 

Contrarily, for the Ca(OH)2 solution in contact with the glass powder (C6), the Ca 

concentration rapidly decreased from a value of ~500 mg/L (± 45 mg/L) at 1 day to ~150 

mg/L (± 14 mg/L) at 28 days.  
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Figure 5.11 pH values for Ca(OH)2 PCT-B experiments for the vitrified masonry waste 

form C6 

 

Figure 5.12 Solution concentration (mg/L) of dissolved Ca in blank (i.e. no glass) 

saturated Ca(OH)2 solution and for vitrified masonry waste C6 glass. 

The depletion of Ca from the glass sample solution, implies the precipitation of Ca 

bearing secondary phases at a rate which exceeds the diffusion of Ca into solution from 

the filter unit. Figure 5.13 shows SEM/EDX images of the glass particle post 28 days 

leaching in Ca(OH)2. The BSE image shows an alteration layer has formed on the surface 

of the glass, as defined by the different contrast, corresponding to region 2 on the BSE 

image. Corkhill et al. (2013)  aimed to gain a greater understanding of the formation of 



 

174 

 

alteration layers on UK HLW glass in saturated Ca(OH)2. The results presented in this 

section are consistent with the general understanding of glass corrosion mechanisms in 

hyperalkaline Ca(OH)2 solution (Corkhill et al. 2013). It is known that the parameters that 

control glass dissolution in the presence of Ca are; pH, surface to volume ratio and 

calcium concentration (Depierre et al. 2013). Garrault-Gauffinet (1999) study determined 

that Ca concentration is the most important parameter controlling the growth rate of C-S-

H phase. Corkhill et al. (2013) proposes that the primary control on glass dissolution in 

saturated Ca(OH)2 is equilibrium thermodynamics. (Berner 1992) states that in simplified 

CaO-SiO2-H2O systems the concentrations of Si and Ca in the aqueous phase are related 

to the precipitation of C-S-H phases by equilibrium thermodynamics. Corkhill (2013) 

states that the glass must dissolve to maintain these quasi-equilibrium conditions, 

resulting in the precipitation of C-S-H phases on the surface of the glass. The image of 

the glass particles post processing (Figure 5.15) and the rapid uptake of Ca from solution, 

as seen in the Corkhill (2013) study, indicates the glass synthesised in this chapter follows 

similar dissolution behaviour to that of the HLW glass studied by Corkhill (2013). The 

agglomeration of the particles during the experiment is also indicative of C-S-H phase, 

as this is the binding phase in cement chemistry.  

The normalised mass loss for B and Na are shown in Figure 5.14 and the normalised mass 

loss Al, Fe, Si and U are shown in Figure 5.15 with the corresponding values of the 

normalized dissolution rate (g/m2/day) given in Table 5.10.  

The NLi of network formers Si and B after 28 days is, (7.64 ± 0.858) x 10-3 and 0.489 ± 

0.055 respectively, which is lower than that of the modifier cation Na with a NLi of 0.817 

± 0.092 after 28 days.  

The overall dissolution behaviour shown in Figure 5.14 is concurrent with generally 

accepted glass dissolution theory.  
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Figure 5.13 BSE micrograph and elemental maps of cross-sectioned C6 glass particle  

 

Figure 5.14 NL (B) and (Na) for vitrified masonry waste (C6) during 28 day PCT-B test 

2 

1 

50µm  
O Na 

Ca Si 
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Figure 5.15 NL (Al), (Ce), (Fe), (Si) and (U) for vitrified masonry waste (C6) during 28 

day PCT-B test. 

 

Element NLi (g/m-2) RLi (g/m2/d) 

 7 days 28 days Initial (0-7 days) Residual (14-28 days) 

B 0.438 ± 0.049 0.489 ± 0.055 (6.262 ± 0.703) x 10-2 (1.749 ± 0.196) x 10-2 

Na 0.676 ± 0.076 0.817 ± 0.092 (9.663 ± 1.084) x 10-2 (2.917 ± 0.328) x 10-2 

Al (1.81 ± 0.203) x 10-3 (1.625 ± 0.182) x10-2 (0.641 ± 0.072) x 10-3 (0.758 ± 0.085) x 10-3 

Fe (0.35 ± 0.039) x 10-3 (0.33 ± 0.037)  x10-3 (0.534 ± 0.053) x 10-4 (0.120 ± 0.013) x 10-4 

Si (1.43 ± 0.161) x 10-3 (7.64 ± 0.858)  x10-3 (0.327 ± 0.036) x 10-3 (0.273 ± 0.031) x 10-3 

U (0.99 ± 0.113) x 10-3 (2.17 ± 0.244) x10-3 (0.299 ± 0.034) x 10-3 (0.777 ± 0.087) x 10-4 

Table 5.10 Normalized mass loss (g/m-2) and normalized dissolution rates (g/m2/day) of 

B, Na, Al, Fe, Si and U during the two main phases of dissolution in the first 28 days 

(initial and residual rate) in saturated Ca(OH)2 solution for composition C6. 

The general trend for the majority of elements is for the dissolution rate to drop and enter 

what is referred to as the residual rate. Figure 5.14 shows that after approximately 14 days 

the release rates for B and Na begin to level off (this occurs sooner for other elements), a 

characteristic of glass dissolution in closed systems, which is of particular importance as 
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this is representative of most geological disposal systems. As described in section 2.8 the 

dissolution rate will drop, because of either silica saturation in solution, or because of the 

protection from the reaction layers forming on the glass as alteration layers. The results 

in Table 5.10 show that the most likely mechanism in this case is the protection from 

alteration layers. During the residual rate shown in Figure 5.14 for both the B and Na 

(occurring at day 14), the NLi of Si into solution increases from 0.0035 g/m2                             

(± 3.39 x 10-4 g/m2) at day 14 to 0.0070 g/m2 (± 7.01 x 10-4 g/m2) at day 28, therefore Si 

had not yet reached saturation within solution at day 14 when the residual rate occurs for 

B and Na. From this evidence it is assumed that the formation of alteration layers shown 

in Figure 5.13 is the dominant mechanism for the residual rate to occur.  

Corkhill et al. (2013) describes the mechanisms of glass dissolution and the resultant 

formation of alteration layers of simulant HLW glass, during the first 28 days in both 

water and saturated calcium hydroxide. This study can be used as a useful comparison 

with the glass synthesised in this chapter. Interestingly, in Corkhill et al. (2013) study, the 

NL(Al) was observed to continuously increase in solution during the first 28 days. The 

NL(Al) in this work show the same trends, with the concentration of Al continuously 

increasing in the first 28 days, as shown in Figure 5.15. This confirms that it is not 

thermodynamically favourable to form C-A-S-H phases in the presence of Ca under these 

conditions, as suggested by Corkhill et al. (2013). 

In terms of waste acceptance criteria for geological disposal, the result from this study 

are comparable to generally accepted HLW glasses (Harrison 2014; Gin et al. 2013; Curti 

et al. 2006). The results from this study show that the formation of an alteration layer, 

such as Figure 5.13, has a major impact on the mechanism of glass dissolution. Therefore, 

to determine durability of the glass waste form and allow comparison with other glass 

waste forms, elements need to be carefully selected as to represent maximum dissolution 

of the glass. ASTM C1285-02 (2002) states that elements that are not sequestered in 

precipitates that participate in surface alteration reactions, and are also not solubility 

limited, are good indicators of glass waste form durability. Boron is generally a good 

alteration tracer element (Scheetz 1984). However studies by Mercado-Dapierre (2013), 

which studied the effect of calcium on borosilicate glass alteration, showed that boron 

was retained within the alteration layer, deeming boron not a suitable tracer element for 

this investigation which uses similar experimental procedures. Na shows similar 

dissolution behaviour as B (Figure 5.14) and is not known to interact with the alteration 
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layer, therefore Na was used as the tracer element to determine the dissolution rate. The 

results in this study show an initial dissolution rate and a residual rate. Identifying and 

interpreting the final dissolution rates (residual rate in this study), is important as this will 

strongly affect the lifetime of the vitrified waste package (Harrison et al. 2009). The RL 

values in this study at 28 days for sodium are ((2.917 ± 0.328) x 10-2 g/m2/d) which is 

comparable to generally acceptable vitrified packages including both the French R7T7 

glass SON68 and MW, both of which are borosilicate glasses (Crovisier 2006). 

The initial stage is when the most rapid dissolution rate occurs, therefore it is useful to 

compare the initial rates of the vitrified scabbled pond waste with other glasses potentially 

suitable for disposal within a GDF.     

The initial RLB and RLNa are 6.262 ± 0.703 x10-2 g/m2/d and 9.663 ± 1.084 x 10-2 g/m2/d 

respectively. Utton et al. (2013) performed similar glass dissolution experiments in 

saturated Ca(OH)2 on laboratory simulant ILW glass. The initial RLB and RLNa at 50°C 

in this study were 0.023 ± 0.0013 g/m2/d and 0.043 ± 0.0024 g/m2/d respectively. This 

shows that the initial rate is much faster in the glasses synthesised in this Chapter. 

Additionally to this Utton et al. (2013) saw an incubation period where the elemental 

release rate into solution was much slower than would occur in the presence of water. 

Utton attributed this incubation period to the interactions between B in the glass and Ca 

in solution. Utton postulated that calcium borates form on the surface of the glass 

inhibiting dissolution. This incubation period was not seen in this study despite the B 

concentration in the glass being similar in both glass samples, 9.04 wt % (Utton) 11.04 

wt% (C6 glass in current study). The results in this study would therefore disagree with 

Utton et al. (2013) interpretation of the incubation period being caused by the interactions 

between B in the glass and Ca in solution.    

Backhouse (2016)  also performed similar dissolution experiments on glasses with similar 

composition in saturated Ca(OH)2. The RLB and RLNa from Backhouse (2016) are much 

closer with the values in this study than compared with Utton et al. (2013) study. The 

glass composition in Backhouse (2016) was 15Na2O – 5CaO – 15B2O3- 65SiO2 (given in 

Wt%), similar to composition M6 shown in Table 5.7. 

 The RLB and RLNa in Backhouse (2016) study was 0.048 ± 0.002 g/m2/d and 0.097 ± 

0.004 g/m2/d respectively, which are very similar to the R(0) in this study shown in Table 

5.10. Interestingly the incubation period noted in Utton et al. (2013) study was not seen 
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in Backhouse (2016). The glass studied in Backhouse (2016) work has similar CaO 

content (5 wt %) as the glass studied in this body of work (6.42 wt%). The glass in Utton 

et al. (2013) study had very low amount of CaO in the glass (0.39 wt%). Therefore the 

difference in the CaO may affect the occurrence of the incubation period noted by Utton 

et al (2013). The CaO, acting as a network modifier, would cause depolymerisation of the 

network forming Si and B atoms. Depolymerisation is associated with higher dissolution 

rates, therefore may restrict the ability of the calcium borate to inhibit dissolution.  

In summary, it may be concluded that the vitrified scabbled pondwaste, is broadly 

comparable to other HLW glass products which share similar compositions, considered 

potentially suitable for geological disposal.  

5.4 Conclusions and summary 

The project has demonstrated the capability of using the glass forming oxides found 

within the scabbled pond waste originating from decommissioned silo ponds, to aid with 

vitrfication, to produce a homogenous high performing glass waste. The results from the 

dissolution experiment are shown to be similar to those glasses that are suitable for long 

term storage within a GDF.  

The main findings of the study were; 

 XRD studies showed all glass samples contained a large amorphous component 

within the structure with samples C4 and C5 containing Bragg indexed reflections 

corresponding to cristobalite.  

 Sample C3 was found to have a completely amorphous structure, however sample 

C5, despite the same waste loading of 72 wt.%, had crystallisation within the 

structure in the form of cristobalite. Raman studies showed that the Na2O/B2O3 

ratio has a significant impact on the crystallisation behaviour of the glass sample 

with a lower R value promoting crystallisation within the structure.  

 Thermal analysis showed typical T(g) values expected for a sodium borosilicate 

glass for all samples. A melting temperature of below 1000°C was identified for 

all the samples which, assuming an operating temperature of 1100°C for waste 

processing, provides good compatibility with currently available technology 

platforms. 
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 Volatilisation of radionuclides was shown to be comparable with generally 

acceptable waste practises with Cs retention rates of ~80% ± 10% showing 

particular promise. Importantly, to alleviate criticality concerns, the radionuclides 

were shown to be homogenously distributed within the glass matrix.  

 XANES studies showed the average oxidation state of uranium within the glass 

was 5+. This is advantageous in terms of waste packaging, as uranium oxide in 

the glass structure is considerably more stable than uranium metal.  

 Dissolution results showed that the vitrified scabbled pond waste, is broadly 

comparable to other HLW glass products, considered potentially suitable for 

geological disposal. 
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6 NUCLEAR WASTE 

VITRIFICATION ON AN 

INDUSTRIAL SCALE.   

6.1 Introduction   

This Chapter highlights the work that was undertaken by the author as part of a 

secondment working with Kurion Inc. The placement involved the author assisting with 

a joint project between Kurion and the UK’s National Nuclear Laboratory (NNL), to 

deploy a full-scale, active, incontainer vitrification (ICV) plant based on Kurion’s 

GeoMelt technology, at NNL’s Central Laboratory on the Sellafield site. The specific 

objectives for the three-month secondment were as follows;  

1) Operational Support. Qualify as a Kurion GeoMelt operator and support 

commissioning of the system and provide shift support during melts.  

2) Technical support. Work with Kurion and NNL staff to develop glass 

formulations for melt trials.  

3) Analytical support. Utilize University of Sheffield facilities to analyse glass 

samples from melt trials.  

4) Reporting. Support Kurion and NNL staff to report results for NDA soils trials. 

5) Research plan. Provide a plan for future research utilizing the GeoMelt system at 

B-170. 

Objectives 2 - 5 were met within the time frame of the secondment and will be reported 

on in this Chapter. Unfortunately, due to delays with the project, the system was not 

commissioned in time to allow radioactive melts within NNL’s central laboratory, and 

thus objective 1 was not fully achieved. However, the student was able to acquire samples 

from the inactive melts performed at NNL’s Workington site. This was performed on non 

– active soils.   
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In addition to this work the author attended a week long training course at the GeoMelt 

Test Facility located in Richland, Washington State. As part of this training course the 

author gained operational experience with the GeoMelt test rig, achieving the original 

objectives set out at the beginning of the secondment. This Chapter will describe the 

GeoMelt system and the glass formulations used to vitrify the two waste streams 

mentioned in Section 2.2, and the laboratory studies performed on the samples to 

characterise and determine the performance of the vitrified waste forms.  

6.2 The GeoMelt system   

The GeoMelt system relies on the principles of Joule heating to melt and homogenise the 

glass formulations, an overview of which can be found in section 2.5.1. The GeoMelt is 

categorised as a joule heated melter (JHM). Designing a melter for longevity is difficult 

due to the high temperatures associated with vitrification mainly due to issues with 

corrosion of the refractory material (Gan et al. 2002). The GeoMelt system avoids this 

problem by basing the design of the melter on an in-container vitrification system (ICV), 

this “one time use” is a major advantage of the GeoMelt system. A mullite based material 

is used for the refractory boxes used in the GeoMelt.  

 

 

 

 

 

 

 

 

 

The GeoMelt system has two areas of engineering, the “hardware” and “software”. The 

hardware includes the physical components in the melter, including the off gas system. 

The software includes the glass formulations to condition the waste. The facility 

Waste + 

additive 

Steel container 
Insulating 

material (sand) 

Refractory 

container 

Graphite 

electrodes 

Figure 6.1 Basic schematic of the GeoMelt system 

 



 

183 

 

performance can be enhanced through improved glass formulations that are essentially 

transparent to the engineered facility. As shown in Figure 6.2 the joule heating effect 

within the melter is also a major advantage as it ensures the thermal energy is transferred 

and contained within the waste. This advantage ensures that the limiting factor for the 

size of the melter is the energy supplied to the system. The placement of the graphite 

electrodes needs careful consideration within large melters to ensure an efficient electrical 

circuit within the melter can be established.  

 

Figure 6.2 (right) displays the heating profile of a typical induction melter. The obvious 

disadvantage compared with the joule heated melter, such as the GeoMelt, is that the 

heating elements essentially heat the walls of the melter. The energy is then dissipated 

from the walls of the melter into the waste. This limits the size of the melter as care needs 

to be taken to ensure that the thermal energy is transferred throughout, to ensure glass 

homogeneity and to avoid the risk of any unmelted glass in the centre of the melter.  

Figure 6.2 (left image) shows the heating profile of the GeoMelt system. The heat 

generated, through the joule heating effect of the electric current, is contained within the 

waste. Therefore, the heat is generated from the waste itself, and provided the electric 

current can be maintained, the limiting factor for the size of the melter is the electric 

supply to the system.   

Figure 6.2 Temperature distribution within a typical induction furnace (Right). The size 

of the melter needs to be carefully considered to avoid unmelted glass within the centre 

of the furnace. (Left) The temperature distribution of the GeoMelt system, heat is 

generated from the waste itself. 
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6.3 Joule Heating – Relationship with glass making 

One of the objectives of the secondment was to provide operational support as a qualified 

GeoMelt operator. Due to limitations with access to the Sellafield site, the author was 

unable to experience any training on the GeoMelt within Sellafield. Fortunately, Kurion 

addressed this issue by inviting the author to Kurion’s testing facility located at the Horn 

rapids test site, Richland, Washington state in the US. The author spent a week 

undergoing training on the GeoMelt test rig. This section will describe the operation of 

the GeoMelt and the relationship between Joule heating and glass making. 

 

Figure 6.3 The relationship between resistivity as a function of temperature during the 

operation of the GeoMelt. The numbers (1-5) correspond to a particular time point 

during the glass making process. 

Figure 6.3 is a plot of resistance as a function of temperature and is a useful concept when 

explaining the effect of Joule heating and the relationship this has on glass making. The 

annotated numbers (1-5) will be used with the corresponding images shown in Table 6.1 

to explain the glass making process within the GeoMelt system.  
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Time 

point  
Description   

1 

The waste and the fluxing agents are not 

conductive therefore a conductive starter 

path must be set to ensure an electric current 

can pass through the waste material, in this 

case graphite flakes are used. To increase the 

amount of energy dissipated from the starter 

path in the form of heat, the resistance in the 

circuit needs to be increased. In order to 

increase the resistance, the voltage to the 

system needs to be increased. This is in 

accordance with Ohm’s law (Section 2.5.1). 

 

2 

The voltage is increased by using multiple 

voltage taps on the transformer. The voltage 

is increased in set phases. The resistance and 

the temperature follows this “step” 

relationship with the resistance increasing 

rapidly as the next Kw/phase is imposed, and 

the temperature then increases following this 

step change. The voltage taps not only 

reduce the risk of starter path burn up but 

also ensures the system is running at the 

highest power factor. The power factor is a 

measure of the efficiency of the system. It is 

an arbitrary value between -1 and +1 (+1 = 

100% efficiency). 
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3 

The resistance will continue to increase in 

the circuit until time point 3. At 

approximately 600°C the glass has the 

property of conducting current, therefore the 

resistance in the glass decreases with 

increasing temperature. This is due to the 

mobility of ions within the silica network. 

The material surrounding the starter path 

begins to become molten. Therefore, the 

molten glass becomes the path of least 

electrical resistance.  

 

4 

As the temperature increases and the molten 

mass of glass grows in volume the electrical 

resistance decreases. Joule’s law dictates that 

the dissipated energy in the form of heat will 

drop due to a decrease in electrical 

resistivity. To ensure the remaining material 

is heated the current in the circuit needs to be 

increased. Careful design of the electrodes 

must allow the required current to flow 

through the system.  

 

5 

The entire batch is now molten glass. As the 

volume reduces inside the melter, more 

waste can be added, which will then dissolve 

into the molten glass. Convection currents in 

the molten glass will homogenise and ensure 

good mixing of the waste. After processing 

the system can be shut down. The glass will 

undergo a certain degree of annealing during 

this cooling period. 

 

Table 6.1 Summary of the Joule heating process during the GeoMelt process using the 

time points shown in figure 6.3 
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6.4 Vitrification of contaminated soils from the Sellafield site 

using the GeoMelt process 

6.4.1 Introduction 

Kurion Inc. has teamed with the UK’s National Nuclear Laboratory (NNL) to install a 

GeoMelt In-container vitrification (ICV) system in the central laboratory at Sellafield. As 

part of the commissioning schedule two inactive melts were performed at NNL’s 

Workington test facility, with the second melt serving as the first (inactive) soil melt for 

the NDA.  

The primary objectives for the NDA testing are to: 

1) Demonstrate that contaminated soils can be safely and effectively vitrified using 

the GeoMelt system; 

2) Produce a durable and homogenous vitrified product that encapsulates key 

radionuclides of concern.  

By utilizing the facilities within the ISL to analyse glass samples from melt trials, this 

section will determine the success of the project in terms of the above objectives.  

Melt parameters including ICV temperatures, power usage, off gas flow and pressures 

and other key process data were recorded.  

Deposits of soil near the Sellafield site were identified as representative of NDA 

contaminated soils. Table 6.2 shows the composition of the soil by XRF methods.  

The high silica concentration of 82 wt. % requires additional fluxing minerals to lower 

the melting temperature of the soil from over 1700°C to approximately 1200°C. Although 

reducing the waste loading, the resulting lower melting temperature enables more 

efficient processing while optimizing retention of volatile radionuclides, such as 137Cs, 

which has a volatilization temperature of approximately 1100°C. Based upon flux 

additions, Table 6.3 gives the target glass oxide composition of the vitrified soils. Table 

6.4 gives the actual quantities of simulant materials. 

 

 

 

 



 

188 

 

 

 

Oxide Component Sellafield Soil (wt%) 

SiO2 82.08 ± 0.56 

Al2O3 7.94 ± 0.17 

CaO 0.39 ± 0.05 

TiO2 0.37 ± 0.05 

Fe2O3 2.99 ± 0.11 

MgO 0.76 ± 0.05 

K2O 2.10 ± 0.09 

Na2O 1.08 ± 0.06 

Other 1.31 ± 0.09 

Total 99.02 ± 0.60 

Table 6.2 XRF result of the Sellafield soil composition. 

 

 

 

The initial batch of material, with composition shown in Table 6.3, was 203kg. An 

additional 267kg of feed material was added during processing resulting in a total of 

470kg of material processed. This resulted in a total glass mass of 367 kg. The total 

operating period was 27 hours and 4 minutes. Figure 6.4 shows the final vitrified product 

within the refractory container. The white bubbling effect on the surface of the glass is a 

result of small air bubbles trapped in the glass during cooling and is likely due to the 

addition of boron as a fluxing agent.  
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Source 
Oxide 

Component 
Wt % 

Soil 

Al2O3 5.55 ± 0.14 

CaO 0.27 ± 0.03 

Fe2O3 2.09 ± 0.09 

TiO2 0.26 ± 0.03 

MgO 0.53 ± 0.05 

Cr2O3 0.01 ± 0.01  

Na2O 0.76 ± 0.05 

P2O5 0.07 ± 0.02 

Mn3O4 0.07 ± 0.02 

SiO2 57.39 ± 0.47 

ZrO2 0.02 ± 0.01 

BaO 0.03 ± 0.01 

SrO 0.01 ± 0.01 

K2O 1.47 ± 0.08 

Sub Total 68.53 ± 0.50 

Flux Additives 

B2O3 10.49 ± 0.20 

CaO 8.40 ± 0.17 

Na2O 12.59 ± 0.21 

Sub Total 31.47 ± 0.33 

Total 100.00 ± 0.60 

Table 6.3 The target glass oxide composition based upon XRF investigation of the 

Sellafield soils 
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Component Mass (kg) 

Soil 308 

Borax (Na2B4O7 * 10 H2O) 123 

Calcium Carbonate (CaCO3) 68 

Soda Ash (Na2CO3) 61 

Table 6.4 Actual simulant mixture quantities. 

 

 

Figure 6.4 Surface of the vitrified soils in the refractory container 

6.4.2 Characterisation of the vitrified product 

A large piece of the vitrified product shown in Figure 6.4 was analysed using the facilities 

within the ISL. XRD analyses, shown in Figure 6.5, confirms the glass is amorphous. The 

graphite inclusions are from the degradation of the graphite electrodes within the melt. 

Figure 6.6 displays SEM-BSE imaging of the vitrified soils. The lack of contrast confirms 

an X-ray amorphous structure and suggest chemical homogeneity within the glass sample. 

SrO was added to act as a tracer element to examine both retention and distribution of the 

inactive radionuclide simulant. The right image in Figure 6.6 shows that the Sr is 

homogenously distributed throughout the glass matrix with no evidence of any 

concentrated areas of Sr.  

 

10 cm 
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Figure 6.5 Powder X-ray diffraction patterns resulting from analysis of the vitrified 

product shown in figure 6.4. The diffuse scattering indicates an amorphous structure. 

The graphite inclusions are from burn up of the graphite electrodes. 

 

Figure 6.6 SEM-BSE images of the vitrified soils. (Left) Lack of contrast confirms an X-

Ray amorphous structure and suggest chemical homogeneity within the glass sample. 

(Right) SrO was added as a trace element. EDX maps shows that the Sr is 

homogenously distributed throughout the glass matrix. 

6.4.3 DTA investigation – Processability 

Figure 6.7 shows the endothermic and exothermic reactions as a function of temperature 

of the vitrified soils when compared with a reference sample, in this case pure quartz. The 

endothermic event shown at approximately 570 °C corresponds to the glass transition 

point. This value is comparable to typical sodium borosilicate values. The exothermic 

Sr 30µm 

1 mm 

Sr 

100 µm 

Sr 10µm 
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peak at 700°C corresponds to crystallisation within the glass. The melting temperature is 

less defined, but the graph seems to fall away at approximately 980°C indicating the onset 

of an endothermic reaction which would correspond to the melting temperature of the 

glass. Figure 6.8 shows the thermocouple data from various points within the melter 

during the vitrification process. The data shows that all regions of the melter reached the 

desired melting temperature of 1200°C. The lag in temperature of the upper thermocouple 

is due to the addition of waste as the volume of glass reduces, as described in Table 6.1. 

The upper thermocouple eventually reaches the target temperature when it comes into 

contact with the molten glass as the glass level rises within the container during feeding 

and processing of additional material. A target temperature of 1200°C was aimed for to 

ensure all of the material was processed and adequate convection mixing occurred.  

 

Figure 6.7 DTA measurement of the vitrified soils. The samples were heated at 10°C 

per minute to 1000°C in an argon atmosphere. The thermal events of the glass were 

measured as endothermic and exothermic reactions as a function of temperature. 

Figure 6.7 shows that the melting point of the glass is approximately 980°C. Therefore it 

may be possible to lower the target temperature to 1100°C. Chapter 5 of this thesis has 

shown excellent levels of retention of Cs and U at 1100°C with glass compositions, 

similar to that used in this chapter. As mentioned, a benefit of a higher melting 

temperature is better mixing of the melt during to lower viscosity levels resulting in 
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stronger convection currents within the molten glass. The GeoMelt system is able to 

monitor the melting, a subsequent mixing of the glass via the IR camera situated within 

the melter. Hrma (1994) studied the property and composition relationship for Hanford 

high level waste glasses melting at 1150°C. Hrma (1994) determined the acceptable 

viscosity of the melt at 1150°C to be 2 – 10 Pa.s. If the viscosity is outside of this range 

then problems may be encountered in the melter. Glass with viscosity lower than 2 Pa.s 

tend to penetrate into the melter walls accelerating the corrosion of melter walls. Glass 

with viscosity higher than 10 Pa.s causes slow melting rate.  

 

Figure 6.8 Thermocouple data showing the temperature of the melt. Graph adapted 

from internal Kurion report. 

Unfortunately it was not possible to measure the viscosity of the glass processed during 

the Sellafield soil vitrification trials, however this would be useful data to the operators 

of the GeoMelt system. If the viscosity of the glass can be shown to be below 10 Pa.s (the 

acceptable viscosity as determined by Hrma (1994) at 1100°C, then a lower target 

temperature can bring the benefits of greater retention of radionuclides whilst producing 

a high performing vitreous waste form.     
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6.4.4 Determination of redox conditions within the Geomelt system 

Mössbauer was used to determine the redox conditions within the Geomelt system. The 

same method was utilised in Chapter 4, the reader is referred to Section 4.5 for 

background information concerning the importance of redox conditions in the melter 

during radioactive waste vitrification. To briefly recap, the iron ratio provides important 

information in terms of processing and waste form considerations. For example, an 

Fe2+/Fe3+ ratio value between 0.1 to 0.5 (as a measure of the redox state of the melt) should 

provide a sufficient level of safety against foaming or precipitations and should be the 

goal for processing nuclear waste glass (Goldman et al. 1985). Therefore it is useful to 

provide this information for the Geomelt operators. Figure 6.9 shows the Mössbauer 

spectrum for the vitrified Sellafield soils. 

 

Figure 6.9 Mӧssbauer spectrum for vitrified Sellafield soils from the Geomelt. FeO 

content of 2.09 wt%. X axis = velocity (mm/s)  

 
CS 

(mm/s) 

QS 

(mm/s) 

Assigned 

phase  
Site 

Area  

(±2%) 
(Fe2+/ΣFe) 

Soil 

Sample 

1.49 2.5 Glass Fe2+ 23.68 
0.23 

0.44 0.99 Glass Fe3+ 76.32 

Table 6.5 Fitting parameters for the Mössbauer spectrum shown in Figure 6.9. 
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Table 6.5 gives the fitting parameters for the Mössbauer spectrum. The Mössbauer 

spectrum shown in Figure 6.9 was fitted by using two Lorentzian doublets. Due to the 

amorphous structure shown in Figure 6.5 the two signals could be assigned to the Fe2+ 

and Fe3+ signal within the glass structure. This was achieved using the position of the 

centre shift (CS) and quadrupole splitting (QS) as described in Dyar et al. (2006) and 

Section 3.11. The Fe2+/Fe3+ ratio is shown to be 0.23 (Table 6.5), this is between the 

values of 0.1 and 0.5 which Goldman et al. (1985) states should be aimed for.It is known 

that a value above 0.5 increases the risk of metal phases forming within the melter, which 

can short circuit the electrodes causing melt failure (Goldman et al. 1986). It should be 

noted that the Geomelt system uses a transformer which automatically regulates the flow 

of current throughout the melt, therefore a large drop in resistance through the circuit, 

caused by metal phases forming in the melt, would not cause the system to short. In the 

case of PCM waste vitrification, as investigated in Chapter 4, a reducing atmosphere (iron 

redox value of above 0.5) could be beneficial, as it would assist with the transfer of Fe 

into the metal fraction. From the results shown in Chapter 4, it is more favourable for the 

Pu to partition into the oxide fraction thereby decontaminating the metal fraction. Further 

volume reductions could be achieved if clean separation of the two phases could be 

separated allowing the disposal of metal waste as LLW. This would be challenging with 

the Geomelt one-time use processing method, as it limits the potential for in melt 

separation and attempting to separate the phases post-processing, especially in an active 

context is very difficult.  

Jantzen (1990) states that when oxidising conditions are present (Fe2+/Fe3+ < 0.1), oxygen 

forms causing excess foam to be produced. Figure 6.4 shows that the surface of vitrified 

waste form displays evidence of foaming. With a Fe2+/Fe3+ ratio of 0.23 it shows that the 

Geomelt system oxidising conditions have caused some level of foaming. Foaming has 

been shown to block the flow of material into the melter (Jantzen 1990). The formation 

of the foam in this case however (Figure 6.4) has not affected the ability for material 

added to the melter to be incorporated and immobilised within the glass melt. This could 

prove problematic if the Fe2+/Fe3+ ratio approaches 0.1. Higher glass viscosity has also 

shown to increase the occurrence of foaming (Cicutti et al. 2002).   

In summary vitrification of the Sellafield soils were conducted within an oxidising 

environment with an Fe2+/Fe3+ ratio of 0.23, deemed to be an acceptable value in terms of 

waste processing (Goldman et al. 1985).         
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6.4.5 Dissolution experiments – PCT-B 

One of the specific aims of the melt trials was to produce a durable and homogenous 

vitrified product that encapsulates key radionuclides of concern. The PCT-B method can 

be used to determine the durability of the vitrified product. A 112 day variation of the 

PCT-B experiment was performed on the vitrified product shown in Figure 6.4, in 

Ca(OH)2 solution to simulate the likely alkaline conditions which would be found within 

a GDF.  

The Ca concentration in the blank solution remained constant at ~ 580 ppm over the 112 

day testing period confirming the exclusion of CO2 under anoxic conditions of the 

experiment. The Ca concentration showed a rapid decrease during the first 28 days (~580 

to ~ 220 ppm) levelling out for the remainder of the test. The method of using the NLB as 

a marker of glass dissolution has been shown to be controversial as there is evidence that 

boron is incorporated within the alteration layer (Mercado-Depierre et al. 2013). 

Therefore the normalised mass loss of Na, shown in Figure 6.10, can be used as a marker 

for glass dissolution. Table 6.6 shows the normalised mass loss (g/m2) and the normalised 

dissolution rate (g/m2/day) for a number of elements including B, Na, K and Si. Measured 

values of NLNa and NLB were shown to increase rapidly over the first 14 days of the 

experiment corresponding to the rapid loss of Ca from solution, thereafter the NLNa seems 

to be constant (28 days = 0.863 ± 0.1 to 112 days = 0.876 ± 0.1) whereas the NLB increases 

at a slow rate (28 days = 0.848 ± 0.1 to 112 days = 0.997 ± 0.1). Figure 6.10 shows no 

evidence of resumed alteration within the 112 days of leach testing. The NLNa for the 

vitrified soils at 28 days shown in Figure 6.10 (0.863 ± 0.1 g/m2), is comparable to NLNa 

of the vitrified masonry waste is section 5.3.6 

The main area of interest is how the initial and residual dissolution rates, calculated above, 

compare with other studies concerning the durability of vitrified ILW, preferably from an 

industrial platform. Utton et al. (2013) study analyses the durability of a number of 

vitrified ILW streams, from full scale industrial platforms, in hyperalkaline conditions. 

The experimental set up from this study was similar to that used in this thesis, therefore 

provides an excellent basis for comparison. The initial rate of dissolution for the glass 

synthesised in Utton et al. (2013) report was 0.122 ± 0.015 (for NL(B)), this matches 

closely with the initial NL(B) in this study at 0.152 ± 0.1. This is a promising result and 

shows the vitrified soils is comparable to other vitrified ILW streams.   
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Figure 6.10 (Top left) pH values (Top right) Ca conc. (bottom left) NLNa,B  (g/m2) 

(bottom right) NLAl,Fe,K,Si (g/m2/day) 

Day NLB (g/m2) NLNa (g/m2) NLK (g/m2) NLSi (g/m2) 

Stage 1 (0-3) 0.455 ± 0.1 0.407 ± 0.1 0.156 ± 0.01 (5.27  ± 0.1) x 10-3 

Stage 2 (3-28) 0.848 ± 0.1  0.863 ± 0.1  0.122 ± 0.01  (1.14 ± 0.1) x 10-2   

Stage 3 (28-112) 0.997 ± 0.1 0.876 ± 0.1 0.16 ± 0.01 (1.16 ± 0.1) x 10-2 

 RLB (g/m2/d) RLNa (g/m2/d) RLK (g/m2/d) RLSi (g/m2/d) 

Stage 1 (0-3) 0.152 ± 0.02 0.136 ± 0.02 0.052 ± 0.01 (1.86 ± 0.1) x 10-2 

Stage 2 (3-28) 
(1.57 ± 0.33) 

x 10-2 

(1.82 ± 0.35)  x 

10-2  
NA  

(3.49 ± 0.46)       x 

10-5 

Stage 3 (28-112) 
(1.78 ± 0.2)  x 

10-3 

(1.6 ± 0.16)    x 

10-4 

(4.41 ± 0.5)    x 

10-4 

(1.43 ± 0.16)       x 

10-5 

Table 6.6 NL (g/m2) and RL (g/m2/day) for B, Na ,K and Si during 112 day PCT-B 
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Figure 6.11 SEM micrographs of altered surface of a vitrified soils glass particle after 

112 days in the high SA/V experiment showing surface of a particle and additional 

precipitates on its surface. 

The glass powder subjected to high SA/V experiment, shown in Figure 6.11, exhibited 

significant agglomeration during testing. In addition a white layer had formed on the top 

surface of the agglomerated glass powder. The glass powders were dried and prepared for 

SEM investigation. The dehydration of the sample during preparation caused spalling and 

cracking of this agglomerated layer. Figure 6.11 shows a particle of glass covered in 

precipitates. The precipitates on the surface of the glass were identified using EDX 

(Figure 6.11). The precipitates primarily contained Ca and Si. This indicates that the white 

layer noted formed on the surface of the glass powders is a calcium silicate hydrate phase. 

The presence of Na suggests that it is substituting into this phase (Hong 1999; García 

Lodeiro et al. 2009). XRD studies were performed on the altered glass with the trace 

shown in Figure 6.12. It should be noted that XRD studies of the unreacted glass, shown 

in Figure 6.5, showed no crystalline peaks, only a diffuse scattering. Figure 6.12 shows 

20µm 5µm 

3µm 
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that the XRD trace for reacted bulk glass powder has peaks corresponding to calcite 

(CaCO3) and peaks with less intensity corresponding to sodium silicate hydrate phase. 

This phase can have variable compositions, containing substituted ions and can be poorly 

crystalline, making positive XRD identification a challenge. CaCO3 has formed on the 

surface of the glass because of carbonation the after sample has been removed from 

solution.   

 

 

Figure 6.12 XRD pattern of altered powdered glass sample from the high SA/V 

experiment after 112 days leaching in Ca(OH)2. Crystalline phases present in the form 

of calcite (CaCO3) and calcium silicate hydrate (CSH) phase. 

The incubation period noted by Utton (2013), as describe in section 5.3.6, was again not 

seen in the vitrified soils in this Chapter. The Ca concentration of the vitrified soils from 

the Geomelt is similar to that of the vitrified pond scabblings in Chapter 5. Therefore the 

presence of Ca in the glass seems to influence the presence of the incubation period seen 

by Utton (2013).  

The presence of calcium in solution is effecting the dissolution of the vitrified soils from 

the Geomelt trials. The formation of protective precipitates on the surface of the glass, as 

shown in Figure 6.11, is believed to lower the overall rates of glass dissolution 

(Andriambololona 1992; Corkhill et al. 2013; Chave et al. 2011). It is reasonable to 

assume that under high pH conditions, the presence of calcium may be favourable for 

vitrified ILW durability  
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6.5 Conclusion 

The overarching aim of this project is to provide the scientific understanding behind the 

thermal treatment process which will support a major investment in thermally treating a 

number of ILW streams. One such investment is from the recent partnership with Kurion 

Inc. and the NNL to install a full-scale, active, in container vitrification (ICV) plant based 

on Kurion’s GeoMelt technology, at NNL’s Central Laboratory on the Sellafield site. The 

student was able to work on the project during a three month secondment. This included 

acquiring a number of samples from various melt trials including soils from the Sellafield 

site and INL calcined waste. The key findings from the analyse were as follows; 

 A vitreous monolith waste form was produced with 68.5 wt % waste loading, at 

1200 ºC with no porosity or obvious inclusions. XRD studies showed the glass 

was X-ray amorphous but with the presence of graphite from the burnup of the 

electrodes. Sr was added as a trace element, with EDX mapping showing 

homogenous distribution within the glass matrix.  

 Thermal processing was investigated using DTA. The Tg of the vitrified soils was 

approximately 570 ºC which is a typical value for sodium borosilicate glasses. 

Melting temperature was shown to occur at approximately 980 ºC. This shows the 

operating temperature could be lowered from 1200 ºC to ensure maximum 

retention of radionuclides such as 137Cs.  

 Mössbauer results indicate that vitrification of the Sellafield soils was conducted 

within an oxidising environment with an Fe2+/Fe3+ ratio of 0.23, deemed to be an 

acceptable value in terms of waste processing (Goldman et al. 1985).         

 PCT-B experiments showed NLNa at 28 days was comparable to the vitrified 

masonry waste investigated in section 5 which was shown to be acceptable in 

terms of disposal within a GDF.  

 Due to the low amounts of volatiles within the soil any volume reductions gained 

from the densification of the soils is negated with the addition of the fluxing 

agents, to lower the melting temperature. Soils classified as LLW are not suitable 

for thermal treatment on economic grounds with disposal in LLW repository such 

as Drigg a more attractive option. However the melting trials presented in this 

body of work provides strong evidence that the contaminated soils could be used 

as the glass forming additives to be used to vitrify other ILW streams including 

sludge’s and ion exchange resins.   
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7 UNDERSTANDING THE 

STABILITY OF THE VITRIFIED 

PCM WASTE PRODUCT 

USING ARCHAEOLOGICAL 

SLAG SAMPLES. 

7.1 Introduction 

There have been numerous studies using archaeological glass samples to better 

understand the long term behaviour of glasses (Brill 1961; Bianco et al. 2004; Michelin 

et al. 2013; Techer et al. 2000; Youngblood et al. 1978; Lombardo et al. 2013). In the 

case of nuclear waste vitrification this becomes a particularly useful tool when building 

a strong safety case for long term disposal of vitrified products. By studying the 

archaeological glass samples, a more accurate prediction of the long term behaviour of 

the vitrified wasteform product can be made by validating the outcome of short term, 

accelerated experiments. 

This Chapter describes the methods used to study archaeological samples found within 

the town of Hayle, situated in west Cornwall. The history of the Copperhouse foundry, 

located in Hayle and first founded in 1754, means that the samples discovered are at least 

250 years old. It may be possible to use the samples to predict the long term performance 

of the vitrified PCM waste products produced in Chapter 4. This method has been used 

previously by Michelin et al. (2013), who used vitreous archeological slag as analogues 

for vitrified nuclear waste. This Chapter describes the method of using the archaeological 

samples found at the Hayle site to determine and predict the long term stability of the 

vitrified PCM waste products. The main question of interest to be answered from this 

section, is can the archaeological glass samples found at the Hayle site be used as an 

historical analogue to predict the long term behaviour of vitrified PCM waste?  
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The town of Hayle has a relatively short history, unique to Cornwall, beginning in the 

first quarter of the 18th century. The Hayle estuary was chosen as the ideal location for 

the import of coal, timber and other sundries for the mining industry. The copper smelting 

industry was attracted to the area due to the easy availability of coal. From 1756 until 

1820, the Cornish Copper Company (CCC), carried out copper smelting establishing the 

area of Hayle known as Copperhouse. Most of the slag produced from the site was used 

as aggregate but it is the slag that was cast into blocks that are of particular interest to this 

study. The blocks were used for the construction of revetments to bridge the many local 

streams and rivers in the area. 4000 – 6000 tons of ore were smelted annually until 1820 

when the smelter ceased operation for economic reasons (Ferguson 1996).  

7.2 Slag blocks and their composition 

The only analyses known to have been performed on the slag blocks of Hayle were 

reported by Ferguson (1996) in which compositional analyses were performed using 

inductively coupled plasma (ICP) spectrometry. A sample taken from the revetment was 

analysed to measure the composition. The results for this are shown in Table 7.1.  

When considering potential analogues to study the long term performance of radioactive 

waste glass, it is important to select an analogue which has been altered under relevant 

conditions. The geochemical environment can have a governing influence on how the 

glass alters over time (Bianco et al. 2004). It is expected that the vitrified PCM waste 

synthesised in Chapter 4 will be disposed within a GDF. The engineered barrier within 

the GDF will dictate the chemistry of the environment in contact with the glass, this is 

discussed in more detail in Section 2.1. In summary, due to groundwater flow through 

areas of high cement content both in terms of construction material used and other 

packaged cemented ILW streams, the glass will be subject to a high alkaline aqueous 

environment (Crossland 2001). Figure 7.1 shows the area where the samples were taken 

from. No sampling of the environment was taken, however research performed by 

Howland et al. (2000) measured the pH and total alkalinity of the Tweed Estuary (UK). 

Howland found that for rivers with low flow rates, the groundwater was rich in weathered 

bedrock ions. It is likely that these same conditions exist at the Hayle estuary. Therefore 

it is likely the slag samples were subjected to the high pH conditions similar to which 

might be relevant to the near field of a GDF environment.  
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Element  Wt %  Element  Wt %  

SiO2 52.12 K2O 0.25 

Al2O3 7.41 TiO2 0.24 

Fe2O3 26.47 MnO 0.24 

MgO 0.80 CuO 0.32 

CaO 7.50 ZnO 1.67 

Na2O 0.12 Total  97.14 

Table 7.1 Composition of slag blocks from Ferguson (1996) 

7.3 Copper slag samples used in this study 

The samples that were investigated in this study were found near the bridge revetment as 

shown in Figure 7.1. From the literature (Hayes 1993) copper ore was smelted at 1200-

1300°C. This temperature is slightly lower than the processing temperature of the 

simulant PCM waste shown in Chapter 4. However in both smelting procedures, all of 

the material present was molten, therefore the temperature difference is unlikely to lead 

to major differences in the resultant slag A number of samples were submerged in the 

stream itself. The samples were categorised by appearance, as shown in the Figure 7.2. 

No attempt was made to clean the samples. 

 

 

 

Figure 7.1 The area where the samples were taken from 
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Figure 7.2 Samples (A-E) selected for analysis as potential PCM 

analogues for long term behaviour 
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7.4 Characterisation of Slag sample A-E 

7.4.1 XRF studies 

(Wt%) A  B C D E 

SiO2 41.11 

±0.38  

38.26 

±0.38 

23.94 

±0.30 

32.95 

±0.35 

34.98 

±0.24 

MgO 0.93 

±0.06 

0.10 

±0.02 

0.39 

±0.03 

0.32 

±0.03  

0.17 

±0.03 

Al2O3 20.47 

±0.26 

3.18 

±0.11 

27.45 

±0.21 

4.97 

±0.12 

3.42 

±0.12 

CaO 5.28 

±0.14 

5.42 

±0.14 

15.42 

±0.23 

18.34 

±0.17  

7.06 

±0.11 

Na2O 0.19 

±0.03 

0.04 

±0.02 

0.23 

±0.03 

0.04 

±0.02  

0.03 

±0.02 

Fe2O3 18.58 

±0.26  

43.29 

±0.39 

25.19 

±0.30 

23.24 

±0.20 

38.17 

±0.25 

K2O 7.61 

±0.17  

0.12 

±0.02 

0.28 

±0.03 

1.19 

±0.06 

0.22 

±0.03 

CuO 0.16 

±0.03 

2.03 

0.09 

0.09 

±0.02 

0.01 

±0.01 

4.99 

±0.14 

SO3 0.29 

±0.03 

0.47 

±0.05 

0.06 

±0.02 

0.68 

±0.05 

2.21 

±0.09 

MnO 0.89 

±0.06 

0.33 

±0.03 

1.61 

±0.08 

14.79 

±0.23 

0.33 

±0.03 

Other  3.39 

±0.11 

2.11 

±0.09 

5.26 

±0.14  

2.10 

±0.09 

4.89 

±0.14 

Sum 99.80 

± 0.60 

100.04 ± 

0.60 

99.77 ± 

0.60 

99.90 ± 

0.60 

99.93 ± 

0.60 

Table 7.2 XRF analysis show the compositions of the slag sample (A-F) 
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When choosing an appropriate analogue it is important that the sample has a similar 

composition to the radioactive waste glass. From the XRF results shown in Table 7.2, it 

was decided that samples A and B were most representative of the PCM slag samples 

synthesised in Chapter 4 because of the similar content of Si, Al, Ca and Fe. The low 

levels of Na in the Hayle samples compared to the PCM samples is disadvantageous, as 

it is know that an increase in Na content can lower the durability of glass samples (Chick 

et al. 1981).  Table 7.3 shows the compositions of Hayle samples A and B compared with 

the composition of the vitrified PCM waste samples from Chapter 4.  

Wt% Sample A Sample B PVC Masonry Metal Mixed 

SiO2 41.11 

±0.38 

38.26 

±0.38 

37.93 

±0.25  

54.85 

±0.44 

69.87 

±0.50 

54.23 

±0.44  

MgO 0.93 

±0.06 

0.10 

±0.02 

0.85 

±0.06  

0.86 

±0.06  

1.17 

±0.06  

0.93 

±0.06  

Al2O3 20.47 

±0.18 

3.18 

±0.11 

16.51 

±0.24 

11.70 

±0.20 

7.60  

±0.17 

9.29 

±0.18  

CaO 5.28 

±0.14 

5.42 

±0.14 

5.46 

±0.14  

7.07 

±0.17  

7.43 

±0.17  

6.90 

±0.17  

Na2O 0.19 

±0.03 

0.04 

±0.02 

6.02 

±0.15  

6.81 

±0.15  

7.72 

±0.17  

6.53 

±0.15  

FeO 18.58 

±0.26 

43.29 

±0.39 

30.38 

±0.33 

17.65 

±0.26 

0.82 

±0.06  

18.13 

±0.26 

Sum 99.80          

±0.60 

100.04        

±0.60 

99.31 

±0.60 

99.53 

±0.60 

98.59 

±0.60 

99.09 

±0.60 

Table 7.3 XRF results of sample A and B compared to composition of vitrified PCM 

waste simulants synthesised in Chapter 4 

7.4.2 XRD with corresponding SEM/EDX maps 

Figure 7.3 and Figure 7.4 show the XRD pattern for samples A and B respectively. The 

corresponding microstructure is shown in the SEM images with EDX analysis showing 

the distribution of key elements within the sample.  
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Figure 7.3 XRD trace and asscociated SEM/EDX mapping showing distribution                                                                   

of key elements within the Historical sample A from Figure 7.2.  
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Figure 7.4 XRD trace and asscociated SEM/EDX mapping showing distribution                                                                   

of key elements within the Historical sample B from Figure 7.2 
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The XRD traces shown in Figure 7.3 exhibit diffuse scattering, indicating that sample A 

contains an amorphous component within the microstructure. From visual inspection 

(Figure 7.2) and the microstructure images (Figure 7.3) the sample is very porous. No 

alteration layers were apparent on the surface of the samples. This is likely due to the 

flow of water over the slag samples removing any alteration layers that would have 

formed on the surface of the samples and also due to unsaturated conditions. An attempt 

was made to study potential cracks in the slag samples, as shown in Figure 7.3. It was 

hoped that water would be stagnant within this area allowing the formation of alteration 

products, similar to that seen in Section 4.8. Figure 7.3 does show a higher concentration 

of Ca signal towards the edge of the samples within the cracked area. However this does 

not appear to be a secondary phase precipitated onto the surface of the glass, therefore 

unlikely to be a corrosion product. The XRD trace shown in Figure 7.3 shows the major 

phases contained within the sample. Unfortunately the phases identified were not those 

within the samples synthesized with Chapter 4, however the amorphous component of 

the sample identified does credit the use of an analogue for the long term behavior of 

glass. 

The XRD trace shown in Figure 7.4 shows a number of crystalline phases that can be 

found in the vitrified in the PCM waste samples synthesised in Chapter 4, including 

diopside and magnetite. The microstructure shown in Figure 7.4 is very similar to that of 

the vitrified Mixed waste shown in Figure 4.11. The microstructure does contain large 

amounts of SiO2 in the form of quartz which was not seen in the vitrified PCM waste 

samples. This could be undissolved SiO2 which was known to be added to the copper 

smelting process as a fluxing agent (Davenport 2015). The most common ores used for 

copper production were rich in copper-iron-sulfur minerals. During the copper smelting 

process, the aim was to eliminate as much of the unwanted iron, sulfur and other minerals 

from the initial copper ore (Samans 1949). This was in part achieved by reacting iron 

sulfides with oxygen to produce magnetite, this is confirmed by the XRD trace shown in 

Figure 7.4. SiO2 was added as a fluxing agent to lower the liquidus temperature and to 

ensure separation of the iron oxide and copper sulphide mix. This causes the following 

reactions which isolate the Cu from the other minerals (Moore 1990) 

2CuS + 3O2  2CuO + 2SO2 

2FeO + SiO2  Fe2SiO4 
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The reaction shown above produces the phase fayalite, which is identified within the XRD 

trace shown in Figure 7.4.  

The phases identified in the XRD trace shown in Figure 7.4 for samples for B are 

consistent with what would be expected from the process of copper smelting. This is very 

promising as it provides strong evidence that sample B can be used as an effective 

analogue to model and predict the long term behavior of the slag samples synthesised in 

Chapter 4.    

7.5 Mӧssbauer Spectroscopy  

Mӧssbauer studies were performed on samples A and B to determine the Fe2+/Fe3+ ratio. 

Mӧssbauer studies can also be used to determine the distribution of Fe throughout the 

multiple crystalline and amorphous components within the sample. From XRF studies 

shown in Table 7.2, sample A contains 18.58 wt% Fe2O3. XRD studies performed on 

sample A (Figure 7.3), show that sample A contains no Fe bearing mineral phases. 

Therefore the Fe signal must be from the large amorphous component within sample A. 

Two doublet features were fitted to the Mӧssbauer spectrum for sample A. Using the 

position of the CS and QS the two Fe signals can be assigned to the corresponding Fe2+ 

and Fe3+, as described in Section 3.11. The results show that 69.8% of Fe ions in the 

amorphous component are Fe2+. Figure 7.4 shows a number of Fe bearing mineral phases 

present within sample B. A sextet feature was fitted to the Mӧssbauer spectrum for sample 

B which corresponds to the identified magnetite phase due to its ferrimagnetic properties. 

The doublet feature fitted to the spectrum can be attributed to the identified fayalite 

mineral phase (Dyar et al. 2006). 

It is important to try to determine the relationship between the results presented here and 

the long term performance of the vitrified PCM waste forms synthesised in Chapter 4. 

The vitrified waste forms will be present within a high pH environment, expected from a 

GDF. It is known that the chemical composition of the near field will be dominated by 

the dissolution of the soluble constituents of the cement and by the corrosion of the waste 

container (Crossland 2001). 
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Figure 7.5 Mӧssbauer spectroscopy of Hayle samples A (Top) and B 

(Bottom). 
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CS 

(mm/s) 

QS 

(mm/s) 

Assigned 

phase  
Site 

Area  

(±2%) 
(Fe2+/ΣFe) 

Sample 

A 

1.1 2.8 Glass Fe2+ 69.8 
69.8% 

0.8 0.1 Glass Fe3+ 30.2 

Sample 

B 

0.39 0.95 Glass Fe3+ 34.6 

65.5% 1.35 2.13 Fayalite Fe2+ 56.2 

0.20 0.33 Magnetite  Fe2+ 9.2 

Table 7.4 Fitting parameters for the Mӧssbauer spectrum for sample A and B shown in 

figure 7.4. 

This has been shown to cause the oxidation potential throughout the near field to become 

reducing approximately 100 years after saturation (Atkinson et al. 1988). The results 

shown in Table 7.4 show that both samples A and B have Fe2+ as the dominant Fe species 

within the slag (69.8 % and 65.5% respectively). This is in direct contrast with the 

Mössbauer results of the vitrified PCM waste streams in Chapter 4 (Table 4.5) which 

showed mainly Fe3+ due to the oxidative nature of the melts. The increased amounts of 

Fe2+ samples in this study are due to the reducing conditions with which the slag was 

fabricated.  

7.6 28 day PCT-B experiment in high alkaline solution 

(Ca(OH)2) 

A 28 day PCT-B experiment was performed on samples A and B, following the 

standardized ASTM procedure as described in Section 3.5.2, meaning that the crushed 

slag samples were washed prior to dissolution testing. Figure 7.6 shows the NLi of a 

number of elements into solution for both dissolution experiments. The question from this 

part of the study is to determine how similar the mechanisms of corrosion are with the 

dissolution behavior of the vitrified PCM waste samples in Section 4.7 during the first 28 

days. Sample A has a large release of Si in solution during the first 3 days (NLSi = 0.3 

g/m3), after which the concentration falls rapidly to very low levels, near the detection 

limits of the ICP. The release rate of the other elements (K, Al, Fe and Mg) follow the 

same behaviour. A possible reason for this is the rapid dissolution of corrosion products 

which would be present on the surface of the glass. It should also be noted that sample A 
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was found in contact with soils. No attempt was made to clean the soils prior to milling 

into a powder hence there could be a number of soluble minerals that could also influence 

the release rates of Si into solution. The vitrified PCM samples synthesised in Chapter 4 

also saw a release of Si into solution during the first 3 days, however the NLSi was two 

orders of magnitude lower at 0.003 gm2. The dissolution behaviour of Sample A in 

Ca(OH)2 is not concurrent with previous results contained within this thesis. The amount 

of Ca(OH)2 in solution falls from ~680 ppm to 580ppm within the first 7 days. The 

Ca(OH)2 levels off at ~580ppm for the remainder of the experiment. This suggests that 

Ca(OH)2 is not forming secondary phases on the surface of the glass, as seen in previous 

chapters. This was seen from the SEM images of Sample A post dissolution, shown in 

Figure 7.6. The bulk of the glass showed little evidence of alteration products formed on 

the surface of the glass. However on close inspection there were glass particles showing 

evidence of secondary products as shown in the bottom image of Figure 7.6. EDX spectra 

showed the precipitates have increased amounts of Al and Mg when compared with the 

unaltered bulk glass. With the rapid rate drop shown in the NL(Al)(Mg) shown in Figure 7.5 

after 3 days, this indicates that these elements are precipitating on the surface of the glass.   

The dissolution behaviour of Sample B is similar to what would be expected from 

conventional glass dissolution, with an initial rate of dissolution within the first 7 days 

followed by a residual rate for the NL(Si). A promising result is that the RL(Si) seen in 

sample B is similar to that seen in the vitrified simulant PCM waste in Chapter 4. The 

initial RL(Si) for the Hayle slag sample B is (8.80 ± 0.3) x 10-3 g/m2/d compared with (6.16 

± 0.2) x 10-3 g/m2/d for the PVC waste streams.  
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Figure 7.6 NLi of Si, Fe, Al, K, Mg and Ca concentration in saturated Ca(OH)2 
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Figure 7.7 Glass sample A post 28 days dissolution test in saturated Ca(OH)2. EDX 

scan shows composition of (1) bulk glass (2) precipitates. 
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Figure 7.8 Glass sample B post 28 days dissolution test in saturated Ca(OH)2. EDX 

scan shows composition of (1) bulk glass (2) precipitates. 

The period where the RL(Si) declines, determined to be the residual rate between 7 and 28 

days, was significantly higher in the Hayle sample B at (2.85 ± 0.3) x 10-3 compared with 

(1.13 ± 0.1) x 10-5. This could explain why the Ca concentration in solution is higher in 

the Hayle sample B after 28 days (~510 ppm) compared with the vitrified PCM simulant 

waste at ~160 ppm, ~240 ppm, ~200 ppm and ~180ppm for the PVC, Metal, Mixed and 

Masonry waste respectively. This indicates that, due to the higher RL(Si) seen in the Hayle 

slag sample B between 7 and 28 days, that Si saturation has not been reached. Therefore 

Ca precipitates on the surface of the Hayle slag B sample at a slower rate compared with 

the vitrified PCM glass samples as the Si from the glass has not reached saturation. 

Because the solution has not reached Si saturation the thermodynamic driving force for 

30µm 
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C-S-H phases to form on the surface of the glass as postulated by Corkhill et al. (2013), 

is lower in the Hayle slag composition B.  

7.7 Conclusion   

The main question from this initial study is how effective are the slag samples found at 

the Hayle site for use as an alteration analogue for the vitrified simulant PCM waste 

performed in Chapter 4. 

 This Chapter has shown that the composition of the analogue is similar to the 

nuclear waste glass. In particular the analogue samples have similar mass 

percentage of the baseline oxides within the glass, mainly Si, Al and CaO. 

Interestingly the analogue Sample B contains a similar microstructure, with 

common crystalline phases such as magnetite and diopside, to the vitrified Mixed 

waste in Chapter 4.  

 It is likely that the analogue samples have been altered under similar conditions 

to a potential GDF environment. It is known that rivers which have low flows, 

rich in weathered bedrock ions have high pH and alkalinity values. These are the 

likely conditions to which the analogue samples have been subjected to for at least 

250 years old. 

 28 day PCT durability test in saturated Ca(OH)2 were performed on the analogue 

samples. Analogue Sample B showed similar behaviour to that of the vitrified 

simulant PCM waste samples in Chapter 4, with similar initial dissolution rates. 

Observations of the particles post dissolution showed evidence of Ca rich 

secondary products formed on the surface of the glass. It is promising that despite 

the age of the analogues, they still follow similar behaviour to the PCM samples 

in the presence of Ca(OH)2.  

This initial study has shown that the analogue samples found at the Hayle slags are 

relevant to studying the long term behaviour of the vitrified PCM waste simulants. This 

is based on the relatively similar composition of the samples and the environmental 

conditions the samples have been exposed to. This provides confidence that the samples 

are suitable to be used to help validate current glass models for vitrified PCM waste and 

should be the next aim for this study.  
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8 SUMMARY AND SUGGESTED 

FUTURE WORK 

Note to reader: A more detailed summary of the results, showing key findings, can be 

found at the end of each individual result chapter. For the sake of brevity this will not be 

repeated here.  

8.1 Summary  

 

As plans for the GDF mature, volume reduction will be a critical component of waste 

form design leading to significant cost savings. Although cementation may have been 

seen as an effective solution to ILW disposal, large volume increase and concerns with 

the quality of the cementitious waste form derived from certain waste streams, make 

thermal treatment a very attractive prospect. As shown from this project thermal treatment 

produces a vitrified waste form with improved passive safety, superior long term stability 

whilst providing large volume reductions.  

The overarching aim of this project was to contribute to accelerating the acquisition of 

knowledge and experience required to support the NDA in deploying thermal treatment 

technologies as a national asset for ILW treatment. The project has produced a clear set 

of results leading to greater understanding of the reactions leading to waste digestion in 

thermal treatment. Importantly, an understanding of product stability with respect to 

generic ILW disposal concepts, through accelerated dissolution experiments have been 

performed.  

The project involved research away from the university, at a higher TRL, working with 

Kurion underpinning the scientific understanding behind the GeoMelt process. Using the 

facilities within the ISL, the performance of the vitrified product were analysed. The 

results show a capability of the GeoMelt to produce a high performing, durable waste 

form suitable for long term storage within a GDF. The author does recognise that no 

single waste form or process is suitable to economically handle the total clean-up of the 
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UK’s nuclear legacy waste that the NDA faces. Utilizing alternative waste forms to suit 

the unique characteristics of these problematic waste can overcome the limitations of a 

baseline cementation method, creating significant opportunities to add flexibility, reduce 

risk, improve performance and ultimately lower the life cycle costs of the nuclear 

industry. 

8.2 Future work  

A major aim of the investigation, with regards to thermal treatment of PCM waste, was 

to understand the surrogate Pu partitioning between the glass and crystalline regions. EDS 

mapping was used to analyse the Ce partitioning between the amorphous and crystalline 

phases within the oxide fraction. It should be noted the volume interactions effects 

associated with the EDS measurements may lead to uncertainties with respect to the 

quantities analysed for different phases which are intimately associated in space. Future 

work could involve neutron activation to quantify partitioning of Ce between different 

phases and off gas. Possibilities are activating CeO2 prior to melt and doing 

autoradiography or gamma spectroscopy on the products to look at partitioning; or 

activating the product to quantify small concentrations. This would provide a more 

accurate description in terms of Ce partitioning between the crystalline and glass phases. 

This is important because analysis of the alteration layer of the glass sample after 112 

days of dissolution testing showed varying difference in the dissolution behaviour of the 

crystalline and glass phase, therefore depending where the Ce is concentrated, the 

leachability of Ce will depend on the properties of that phase.  

A significant finding of this work was that with small variations in the ratio of Na2O / 

B2O3, thereby changing the R value of the glass, caused the structure of the glass to 

significantly change, relating to the amount of dissolved masonry waste incorporated 

within the glass matrix. It would be interesting to note if changing the R value 

significantly affected other properties of the glass deemed essential for nuclear waste 

immobilisation such as durability, solubility and waste loadings. This is certainly an area 

of interest to glass scientist if relevant R values could be obtained to provide the maximum 

performance in the different criteria mentioned.  

The continued partnership between Kurion Inc/ NNL and the ISL would be beneficial for 

both parties. There are a number of ILW streams that would be potentially viable for 

processing within the GeoMelt system. These include sludge (e.g. magnox sludge) and 
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spent organic ion exchange (IEX) resins. It has been shown from this body of work, that 

small variations in glass compositions can drastically effect waste form properties such 

as waste solubility and durability. Therefore laboratory scale glass melts are beneficial to 

optimise glass compositions before progressing to large scale melts. The use of ISL 

facilities means the performance of the vitrified products can be scientifically 

underpinned providing confidence to both the waste processing team and by building a 

strong safety case to meet the letter of compliance for permanent disposal within a GDF.  

The Mössbauer investigation highlighted the complexity of redox measurement within a 

glass melt, especially with a number of multivalent species, such as the PCM melts. The 

results from the Mössbauer measurements indicate that the activity of the redox ion is 

determined by: 

 The nature of the redox ion in terms of its size, charge and electronic 

configuration. 

 The symmetry and coordination of the redox ion. 

 The polarizability of the ligands associated with the redox ion.  

The literature shows a number of gaps in terms of correlating the activity of redox ions in 

glass with the different factors determined above. This is certainly an area for 

development, and one which one further enhance the understanding redox conditions 

during vitrification. 

The durability of the vitrified PCM waste samples in Chapter 4 shows that Fe has a large 

role to play in the durability of the samples. The micrographs also indicate that the 

crystalline phases may play a role in the dissolution of glass. This would suggest more 

durability studies need to be performed on glass-ceramic materials to determine what role 

the crystalline regions play in glass dissolution. 

The dissolution behaviour of the archaeological samples shown in Chapter 7 show 

similarities with the dissolution behaviour of the PCM samples (Chapter 4). The study 

now needs to be taken further to understand the role Ca plays at the surface of the glass 

and what effect this has on the durability of the glass.  

The study has shown the large effect multi-valent ions have on the solubility of a number 

of elements within the glass. This would be relevant for a number of waste streams, 

especially those that are poorly characterised. For examples the pond scabblings vitrified 
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in this project may have a coating of paint containing TiO2. It would be useful to 

determine the effect any potential coatings, containing multivalent ions, would have on 

the solubility of the pond scabblings.      
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APPENDIX 1: CLEANING GLASS SAMPLES AND VESSELS 

PRIOR TO DISSOLUTION EXPERIMENTS  

The adhering fines were removed by the following steps: 

 The glass was placed in a clean glass beaker which held approximately 2.5 times 

the sample volume. 

 Cold isopropanol, which was held in the fridge overnight, was forcibly added to 

the glass from a squirt bottle. The volume of isopropanol added was about one 

and a half times the sample volume estimated by the height of the beaker.    

 During the isopropanol addition, the squirt bottle was moved in a circular motion 

so that the waste stream agitated all the glass. 

 The sample was allowed to settle for approximately 15s before the isopropanol 

was decanted off the glass. 

 The above (three bullet points) process was repeated twice. 

 Before decanting (after repeating twice) the beaker was placed in an ultrasonic 

cleaner, filled with water, for 3 minutes.  

 This process was repeated until the supernatant no longer appeared cloudy.  

 The beaker containing the washed glass was placed within a drying oven. After 

1 hour the beaker was measures, this process was repeated until the combined 

weight of the beaker and the sample did not change between measurements.  

1L HDPE bottles used in the experiments was cleaned by the following steps, to ensure 

no contamination during the dissolution experiment.  

 Vessels were rinsed with DI water to remove any material 

 The vessels and lids were soaked in 1% decon 90 solution (made with DI waste) 

for 16 hours (at room temperature)  

 The vessels with DI water were rinsed out twice to remove bubbles and soaps.  

 The vessels and lids were soaked in 1-3% HNO3 (made with UHQ water) for 16 

hours (at room temperature).  

 The vessels were rinsed out with UHQ water 3 times.  

 Each vessel was filled 80-90% with UHQ water and weighed to 2 d.p. The lids 

were closed and the bottles were left in an oven at 90°C for 16 hours.  
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 After cooling the bottles were weighed and if they were within 5% of the starting 

solution then the following steps were followed, if this wasn’t the case the 

previous steps (bullet points) were repeated but with a different lid.  

 The pH was then measured. If the pH was between 5 and 7 the vessel was qualified 

for use.  
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APPENDIX 2: UNCERTAINTIES OF XRF ANALYSIS.  

Sample 

value 

Allowed 

Tolerance 
Uncertainty 

Sample 

value 

Allowed 

Tolerance 
Uncertainty 

Sample 

value 

Allowed 

Tolerance 
Uncertainty 

0.05 0.01 0.02 6.50 0.10 0.15 44.00 0.27 0.41 

0.06 0.01 0.02 7.00 0.11 0.17 46.00 0.27 0.41 

0.07 0.01 0.02 7.50 0.11 0.17 48.00 0.28 0.42 

0.08 0.01 0.02 8.00 0.11 0.17 50.00 0.28 0.42 

0.09 0.01 0.02 8.50 0.12 0.18 52.00 0.29 0.44 

0.10 0.01 0.02 9.00 0.12 0.18 54.00 0.29 0.44 

0.11 0.01 0.02 9.50 0.12 0.18 56.00 0.30 0.45 

0.12 0.01 0.02 10.00 0.13 0.20 58.00 0.30 0.47 

0.13 0.01 0.02 11.00 0.13 0.20 60.00 0.31 0.47 

0.15 0.02 0.03 12.00 0.14 0.21 62.00 0.31 0.48 

0.20 0.02 0.03 13.00 0.14 0.21 64.00 0.32 0.48 

0.30 0.02 0.03 14.00 0.15 0.23 66.00 0.32 0.50 

0.40 0.03 0.05 15.00 0.15 0.23 68.00 0.33 0.50 

0.50 0.03 0.05 16.00 0.16 0.24 70.00 0.33 0.51 

0.60 0.03 0.05 17.00 0.17 0.26 72.00 0.34 0.51 

0.70 0.03 0.05 18.00 0.17 0.26 74.00 0.34 0.53 

0.80 0.04 0.06 19.00 0.18 0.26 76.00 0.35 0.53 

0.90 0.04 0.06 20.00 0.19 0.28 78.00 0.35 0.54 

1.00 0.04 0.06 22.00 0.19 0.29 80.00 0.36 0.54 

1.50 0.05 0.08 24.00 0.20 0.30 82.00 0.36 0.56 

2.00 0.06 0.09 26.00 0.20 0.30 84.00 0.37 0.56 

2.50 0.06 0.09 28.00 0.21 0.32 86.00 0.37 0.57 

3.00 0.07 0.11 30.00 0.22 0.33 88.00 0.38 0.57 

3.50 0.07 0.11 32.00 0.23 0.35 90.00 0.38 0.57 

4.00 0.08 0.12 34.00 0.23 0.35 92.00 0.38 0.59 

4.50 0.08 0.12 36.00 0.24 0.36 94.00 0.39 0.59 

5.00 0.09 0.14 38.00 0.25 0.38 96.00 0.39 0.59 

5.50 0.09 0.14 40.00 0.25 0.38 98.00 0.40 0.60 

6.00 0.10 0.15 42.00 0.26 0.39 100.00 0.40 0.60 
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APPENDIX 3: PRESENTATION OF WORK  

The Author has produced the following publication from this body of work: 

Boast, L., Stennett, M., & Hyatt, N. (2017). Thermal treatment of plutonium 

contaminated material (PCM) waste. MRS Advances, 2(13), 735-740. 

doi:10.1557/adv.2017.169 

 

The work included in this thesis has also been disseminated at a number of conferences 

and meetings during this time which are listed below: 

Oral Presentation  

 NDA annual PhD bursary meeting – Manchester, January 2016 

 DISTINCTIVE annual PhD meeting – Bristol, May 2016 

 Meeting of the Materials Research Society – Boston, November 2016 

 The American Ceramic Society – Kona, May 2017A 
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APPENDIX 4: PDF CARD NUMBERS FOR XRD TRACES 

Magnetite PDF 33-664 

Magnesioferrite PDF 36-398 

Diopside PDF 19-239  

Chromite PDF 34-140 

Clinoferrosilite PDF 17-548 

Fayalite PDF 31-633 

Monticellite PDF 35-590 

Rutile PDF 16-934 

Calcite PDF 5-586 

Tschernichite PDF 19-890 

Aluminum Oxide PDF 43-1483 
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