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Abstract

With public and environmental pressure to clean-up the 200,000 m*® of radioactive
wastes at the Hanford site, WA, USA, in a timely manner, many pathways to efficient
processing of the wastes are being explored. One avenue, rife for exploration, is the
waste feed-to-glass transition that occurs within a “cold cap” layer inside the melters,
used to vitrify the wastes into stable glass wasteforms, for long-term immobilisation of
the radioactive isotopes. Foaming beneath the cold cap, caused by the trapping of
evolving gases in the glass-forming melt, can restrict heat-transfer from the glass melt
to the reacting feed, thus reducing the efficiency of the melters, and the clean-up
project.

For a high-foaming, high-iron waste feed, HLW-NG-Fe2, a series of laboratory-scale
representations of the cold cap were examined for the original feed, a reduced iron raw
material (FeC204-2H20), as well as added sucrose, graphite, coke, formic acid and
HEDTA. The FeC204-2H20 raw material reduced foaming by 50 £ 2%, with minimal
change to the final glass structure. Graphite and coke were most effective additives in
foam reduction, reducing foaming by 51 + 3 and 54 + 3%, respectively.

The effect of the reductants on the redox behaviour of Fe, Cr, Mn and Ce with
temperature was explored, as well as the contribution to Oz evolution. Manipulation of
the structure of the iron in the melt influenced the level of precipitation of Fe, Mn, Cr
and Ni -bearing spinel crystals. The final graphite and coke glasses had Fe?* content
above the contract limit, and a structural change identified in most of the glasses,
requiring further examination, appears to influence the chemical durability and glass
transition temperature. Evidence is presented to suggest adoption of the reductants is
feasible for mitigation of excessive foaming, pending further optimisation, although
thus far, there is no indication that they offer improved melting rates.
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1 Introduction

The Waste Treatment Plants (WTPs) at the Hanford Site, USA, will process ~204,400
m? of radioactive legacy wastes from plutonium production for the Manhattan Project,
the Cold War and subsequent nuclear power ventures. These wastes were historically
stored in 177 steel tanks, some decades past their design lives (Bernards et al. 2020).
High-level wastes (HLW) and Low-activity wastes (LAW) containing volatile
radionuclides such as caesium-137, strontium-90, and technetium-99 are to be
processed by vitrification in Joule-Heated Ceramic Melters (JHCMs) (McCarthy et al.
2018; Guillen et al. 2018). The first phase of the project over the next 10 years will be
Direct-Feed LAW (DF-LAW) processing (Bernards et al. 2020). Once LAW sustained
operations are underway, efforts will turn to HLW vitrification in JHCMs. The final
HLW wasteforms are to be stored in geological repositories so long-term durability and
radioactive stability of the glasses produced is essential (Goel et al. 2019; Colburn and
Peterson 2021). The safety and efficiency of the project at Hanford depends on two
major factors; waste loading and glass production rate (Hrma and Pokorny 2016). Due
to variability in the feed compositions, the rate-controlling reactions are not well
understood (Matlack et al. 2011), particularly the Reduction/Oxidation (REDOX)
reactions for which the impact on foaming behaviour is presently unclear (Perez et al.

2001; Hrma et al. 2018; Jantzen et al. 2003).

1.1 Background

The volatility of radioactive components during vitrification is inhibited by the presence
of a batch blanket (Xu et al. 2015) on top of the melt pool within the JHCMs. This "cold
cap" covers 90 to 95 % of the glass melt surface (Hrma and Pokorny 2016; Marcial et
al. 2014b; Hrma, Kruger, and Pokorny 2012). While necessary for restricting

radionuclide volatility, the cold cap may hinder the rate of melting and therefore glass
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production (Guillen and Agarwal 2013; Marcial, Klouzek, et al. 2021; Kruger et al.
2008). Pokorny and Hrma (2011) (Pokorny and Hrma 2011) outlined a mathematical
model to understand the cold cap and optimize melting conditions to process each of the
tank waste compositions. Their current model is being verified by simulated melter
studies (Guillen and Agarwal 2013; Abboud, Guillen, and Pokorny 2016) and
laboratory scale experiments (Lee, Hrma, Pokorny, et al. 2017; Dixon et al. 2015a,
2016).

The steps necessary to model the batch-to-glass process were outlined in a 2016 report
(Hrma and Pokorny 2016); highlighted in this report is the lack of understanding of
"cold cap" behaviour. As waste feed slurry and glass forming chemicals are fed into the
melter the cold cap forms, covering the surface of the melt. The cold cap is made up of
4 layers, the reaction layer, primary foam, gas cavities and secondary foam (Hrma and
Pokorny 2016). Foaming, caused by trapped gases from the melt pool such as Oz, CO»
and NOx, is dependent on the feed composition, operating conditions and the use of
forced bubblers, which aid homogenisation of the melt. One-dimensional simulations
have been developed to model the temperature gradient and rheology throughout the
depth of the cold cap (McCarthy et al. 2018; Pokorny and Hrma 2011; Dixon et al.
2015a, 2015b). The objective of these efforts is to ensure the safety and efficiency of the
JHCM process and ultimately the waste clean-up efforts at the Hanford site (Dixon et al.
2015b).

The HLW-NG-Fe2 waste glass composition was designed to immobilise the high-iron
C-106/AY-102 tank waste from the Hanford site. The feed is a particularly high
foaming HLW feed, which also provides an interesting basis to study the effects of
multivalent species on melting and foaming behaviour due to the presence of Mn, Cr,
Ni and Ce oxides in the feed as well as Fe (Matlack et al. 2012). Redox behaviour is

recognised as a rate controlling parameter in the processability of waste streams
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(Kruger, Matlack, Pegg, et al. 2012; Pinet, Hugon, and Mure 2014), however previous
algorithms for controlling redox in high-nitrate LAW feeds through addition of sucrose
are insufficient to predict the behaviour of HLW feeds (Kruger, Matlack, Pegg, et al.
2012). Further work is required to better understand the relationship between sources of

carbon and the redox behaviour of HLW feeds (Kruger, Matlack, Pegg, et al. 2012).

1.2 Aims and Scope

The aim of the presented work is to investigate the melting behaviour of the HLW-NG-
Fe2 simulated waste stream in the cold cap, using representative laboratory-scale
experiments. This study aims to investigate the causes of the vigorous foaming and
explore methods of reducing foaming that have little effect on the quality of the final
glass product. Although research on the additions of carbon-based reductants has been
carried out since the 1980s no single studies exist that compare carbon-based reductants
on equal wt% bases in HLW streams. Optimising the processing rate through addition
of the appropriate type and level of reductant for foam reduction could lead to improved
efficiency at the Hanford site.

The objective is to deliver a variety of reductant options for use in the HLW-NG-Fe2
feed at the Hanford site, and a comparison of their effects on the behaviour during
melting and the properties of the final glasses. The range of samples based on the high-
iron HLW-NG-Fe2 feed also provides an interesting matrix to explore the behaviour of
multivalent species during melting under the influence of different reductants, and
therefore different redox conditions. The in-depth study of glasses with mixed
multivalent species will be relevant, not just to the Hanford site, but also the wider glass

manufacturing industry.
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1.3 Thesis Outline

The literature review follows this chapter, Chapter 2, in which early vitrification
processes are discussed, through to the current understanding of the cold cap behaviour
in Hanford specific melter models. The chapter reviews carbon-based reductants from
both previous radioactive waste programs and industrial glass plants, used to reduce
foaming. Redox behaviour in a variety of different glass melts is discussed, building
from first principles of a single multivalent species in simple glasses to mixed
multivalent species in complex waste glasses.

Chapter 3 describes the approach to fulfilling the objectives outlined in 1.2. Sample
types and compositions are described, and how they represent regions of the cold cap.
Analytical techniques to characterise the samples are described in sufficient detail that
the work is reproducible. Where protocols have been conducted to standards of quality
assurance defined by the Hanford site or ASTM standards, these are noted.

Chapter 4 compares the original HLW-NG-Fe2 feed to an equivalent feed using a
reduced iron raw material, ferrous oxalate. Comparisons are made between their melting
and foaming behaviour, exploring the structure during melting and the redox behaviour
of the iron. This chapter aims to underpin the main contributions to foaming in the
HLW-NG-Fe2 feed and provides the basis to explore reductant additions to the feed in
the following chapters. A representative sample of a static cold cap was produced using
the ferrous oxalate feed in a Laboratory Scale Melter, and comparisons are made of the
structure and morphology of the sample with the structural studies of quenched feed
samples, demonstrating scale-up of the crucible studies.

Chapter 5 introduces the 5 reductants, sucrose, graphite, coke, formic acid, and N’(-2
hydroxyethyl) ethylenediamine-NNN’ triacetic acid (HEDTA), the rationale for
choosing the type and added amounts of each reductant and their effects on foaming and

gas evolution. Analysis of evolved gases during melting aims to reveal the contributions
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to foaming, and mechanisms of foam reduction. Feed parameters from experimental
tests of volume expansion and thermal analysis compare the melting rates of the feeds
using mathematical models discussed in Chapter 2.

The reductant-added feeds are investigated in a “stages of melting” study in Chapter 6,
where the feeds are quenched at selected temperatures representative of temperatures of
foaming onset, collapse and melting. This aims to understand the structure and
chemistry of the feeds at the foaming temperatures, and any variations that lead to
differences in the foaming or melting behaviour obtained in Chapter 5.

Chapter 7 reports the redox behaviour of the feeds during melting using X-ray
absorption near edge spectroscopy (XANES). Analysis of each of the samples shows
the evolution of the redox states of key species, Fe, Cr, Mn and Ce. Their behaviour is
compared to previous studies of mixed multivalent species in complex glass
compositions. Net changes in redox state, as well as intermediate redox changes, are
compared with the gas evolution profiles from Chapter 5, aiming to uncover the role of
redox changes in the total gas balance and gas evolution temperatures.

For the purpose of application of any methods of foam reduction presented in Chapters
4 through to 7, the properties of the final glasses are investigated in Chapter 8. Standard
methods are used to determine whether the properties of the glasses are suitable for
processing and geological disposal, based on criteria outlined by the Hanford site.

A complete discussion of the results is provided in Chapter 9, in which the variations in
melting behaviour between each of the feeds are compared. The application of the
results to the real-world scenario is discussed in both its scope and limitations. Finally,
Chapter 10 draws together the main conclusions from the work presented, and the
implications of the work to the Hanford site and to the wider research landscape.
Potential further options are presented for advancements in the field of study and

optimisation of the processes discussed.
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2 Literature Review

2.1 Nuclear fuel and nuclear weapons production

2.1.1 The History of Nuclear Fuel Production

With the inception of the Manhattan Project in October 1939, the rush to develop the
atomic bomb created a whole new industry that by 1950 would be the biggest in the
USA (Harvey 2000; Groves 1983). Uranium and plutonium fuelled weapons were
developed for use during WW2. The first atomic bomb dropped on Hiroshima, in Japan,
was uranium fuelled and the second, on Nagasaki, was plutonium fuelled. Uranium was
produced at Oak Ridge National Laboratory (ORNL), Tennessee and plutonium at the
Hanford Site, Washington State, USA (Groves 1983; Hege Howes and Herzenberg
2003; Gosling 1999). Following WW2 more countries armed themselves with a nuclear
arsenal, the Soviet Union developed its own nuclear weapons during the Cold War
(Myrdal 1977; Haslam 1989), and the UK, France and China produced nuclear weapons
during the 1950s to 80s. Alongside the USA, these states make up the current five
nuclear weapon holding states, under the Non-Proliferation of Nuclear Weapons Treaty
(NPT), with other states including India, Pakistan, Israel and North Korea having not
disclosed their nuclear arsenals (Scheffran 2018; Norris and Kristensen 2010). The Cold
War saw an increase in weapons grade plutonium and uranium production at the
Hanford site. The reactors ceased to operate in 1987 (Gephart 2010).

The NPT enforced in 1970 and signed by 191 states has prevented the use of atomic
bombs and promoted the disarmament of nuclear weapons. The treaty encourages
cooperation between states for the peaceful use of nuclear technology (United Nations
2020). The UK, USA and Russia began to develop the technology for controlled nuclear
reactions and commercial nuclear power production (Scurlock 2007), with the first full-

scale nuclear power station built at Calder Hall in the UK (Hinton 1958). Nuclear
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energy has become a popular “green energy” source (World Nuclear Association 2011;
International Atomic Energy Agency 2017; Adamantiades and Kessides 2009) with 456
nuclear power plants operational in 2019 (Pioro and Duffey 2019; Siqueira et al. 2019).
Nuclear power accounted for 11 % of the electricity generated worldwide in 2016
(IAEA, 2017), as an alternative to high CO2 emitting sources shown in Table 2.1.1; this
percentage is expected to increase in the coming years (Kone and Bilke 2010). The
nuclear energy industry produces significantly less CO, emissions than fossil fuels. This
data, however, does not consider CO2 emissions from nuclear waste processing.

Table 2.1.1. CO. emissions produced by different energy sources (Kéne and Bike

2010).

CO2 Emissions
Source

(MTonnes CO2 TWh)
Wind 0.020
Solar 0.200
Hydro 0.004
Nuclear 0.025
Natural Gas 0.380
Oil 0.760
Hard Coal 0.790
Lignite 0.910

The lifecycle CO2 emissions of nuclear power are addressed in a study by the World
Nuclear Association that compares 14 sources, some of which include the CO2 emitted
from waste processing, and show significantly higher CO2 emissions, up to 130 tonnes
CO2e GWh, compared with a mean of 29 tonnes CO2e GWh™. Both of these values are
still significantly lower than the reported values fossil fuels, with mean estimates for
lignite and coal of 1054 CO.e GWh' and 888 CO.e GWh?, respectively (World
Nuclear Association 2011), following the trend for direct emissions shown in Table

2.1.1.
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A sector built on producing weapons of mass destruction, with a history of high impact
disasters in recent memory, will have to take into account public attitudes towards risk
to further advance nuclear fuel cycles (Boscarino 2019). With the development of new
technology, many safety aspects of nuclear power generation have been addressed and
confidence in nuclear power has increased (Adamantiades and Kessides 2009; Oltra et
al. 2019). The clean-up of nuclear waste and decommissioning of nuclear power plants
were not an area of much concern when reactors were initially built: this has led to more
safety issues in recent years that must be addressed before nuclear power generation can
develop (Ewing, Weber, and Clinard 1995; Ojovan and Lee 2014a). At the Hanford site,
WA, USA only interim storage was considered, and this decision is costing an estimated
$16 Bn (2018 estimation) (R. A. Peterson et al. 2018), the construction of facilities up to

the size of 2 nuclear power plants, and decades of research (Ojovan and Lee 2014a).

2.1.2 The Nuclear Fuel Cycle

The stages of the front end of the nuclear fuel cycle employed for plutonium production
at the Hanford site are shown in Figure 2.1.1. Sections 2.1.2.1 - 2.1.2.4 give a brief

overview of the earlier steps employed at the Hanford site in particular.
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Figure 2.1.1. The “once-thru” nuclear fuel cycle used for plutonium production in the

US (U.S. Department of Energy 2009).
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2.1.2.1 Uranium and Plutonium Production

For commercial nuclear power stations U is the most common isotope for sustained
nuclear chain reactions. Natural uranium contains 0.07 % #°U so it is concentrated by
leaching, precipitation, solvent extraction or ion exchange before purification. Uranium,
as a fuel for energy production, must be enriched up to about 3 % 23U for modern light
water reactors. As a fuel for nuclear weapons, the uranium must be highly enriched, for
lower than 10 % enrichment the critical mass required for explosion would be
“essentially infinite” (Krass et al. 1983). A device called “the calutron” which deflected
beams of 2®U and #8U ions by slightly different amounts was used to enrich the
uranium for the “Little Boy” bomb dropped on Hiroshima (Yergey and Yergey 1997).
Plutonium production removes the requirement for highly enriched uranium (Krass et
al. 1983; Adamantiades and Kessides 2009). The bismuth-phosphate carrier process
technique discovered in 1942 (Seaborg 1962) and developed by the Clinton
Laboratories (later ORNL) (Benedict, Pigford, and Levi 1981) in 1943, enabled the
successful isolation of plutonium. By 1945 the process was in large-scale operation at
the Hanford site (Gerber 1996).

2.1.2.2 Nuclear Reactor

A fission reaction is initiated by an incident neutron on a fissile nucleus (usually ?*U)
which then splits, generating the nuclei of lighter elements (fission products) and a
further 2.43 neutrons on average (S. K. Sharma 2004, 366-75; Hore-Lacy 2010, 47). In
a nuclear fission bomb these neutrons interact with other 2*U nuclei compacted within
the bomb causing an uncontrolled chain reaction. Each fission event of a 2°U nuclei
releases around 200 MeV of energy (Yang and Hamilton 2010, 590). Commercial
power reactors generally submerge fuel-rods in a moderator (usually heavy water or
carbon) with a coolant running through to slow the neutrons released from the decay of

the fuel to speeds at which they can be reabsorbed for a controlled chain reaction. The
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coolant carries the heat generated by the reactors to the generator, most commonly a
steam generator (S. K. Sharma 2004, 366-75; Hore-Lacy 2010, 40; Semat 1973, 532—
35).

Plutonium is produced as a product of the decay of a ?®U nucleus by the following
reaction pathway:

238U + 1n N 239U>k N 239Np + e (1)

239N — 29y + ¢ @)

Where * indicates an unstable nucleus (Benedict, Pigford, and Levi 1981, 5; Reed
2005). Spent nuclear fuel rods contain uranium and plutonium and a number of primary
fission decay products, some stable and some unstable, leading to further decay
products such as minor actinides. The half-lives of the products vary between less than a

few days and thousands of years (Jansson et al. 2002; Dobson and Phillips 2006).

2.1.2.3 Reprocessing: The PUREX Process

Spent nuclear fuel can be reprocessed by separating the U and Pu from the other minor
actinides. This process is called the Plutonium Uranium Extraction (PUREX) process
(Dey and Bansal 2006; Corkhill and Hyatt 2018). The PUREX process was developed
at Knolls Atomic Power Laboratory and developed at ORNL between 1950-1952
(Legget 2012). Irradiated fuel was dissolved in nitric acid to oxidise the UO; to uranyl
nitrate (UO2NOs)2-xH20) and plutonium oxidised to Pu(NOs)s and then solvent
extraction was used to extract all of the uranium and plutonium from the aqueous phase,
leaving the fission products in solution (Benedict, Pigford, and Levi 1981). Extraction
of the uranium and plutonium from the minor actinides and fission products reduces the
activity of the waste product by 80 % compared to the “single-pass” cycle (Gerber
1996). The PUREX process was operational at the Hanford site between 1956 and 1990

(Gephart 2003) replacing the previous REDOX process, which was the initial attempt at
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solvent extraction developed at the Argonne National Laboratory in Chicago, IL

(Benedict, Pigford, and Levi 1981).

2.1.2.4 Closing the Nuclear Fuel Cycle

Due to the reprocessing of nuclear fuel, the nuclear fuel cycle for commercial energy is
considered a “closed” cycle, although there are still radioactive wastes that cannot be
reprocessed and must be safely disposed (Ojovan and Lee 2014a; Rodriguez-Penalonga
and Yolanda Moratilla Soria 2017). The aim of the initial nuclear reactors, including
those built at the Hanford site, USA, was to produce plutonium for atomic bombs.
These “single-pass reactors”, with open fuel cycles, eventually shut down in 1971 and
the production of electricity as well as plutonium closed the nuclear fuel cycle as the
uranium could then be reprocessed and reused (Gerber 1996).

These cycles generates a large amount of high-level (HLW) and low-activity (LAW)
wastes that need to be disposed of. The clean-up of nuclear waste is of high priority in
many nuclear power generating countries (Rao 2001; Sengupta, Kaushik, and Dey
2013; Nuclear Decommissioning Authority 2016; Blowers and Sundgvist 2010) leading
to an international effort to develop vitrification technologies, aided by the International
Atomic Energy Agency (IAEA) and other organisations (Washington Department of
Ecology State of Washington 2018; International Atomic Energy Agency 1992; Ojovan
and Lee 2014a; Krass et al. 1983). Each waste clean-up operation is unique in waste
composition, quantities and surrounding infrastructure; and none are quite as large or
complex as the Hanford site (Guillen et al. 2018; Guillen and Agarwal 2013; Harvey

2000; Washington Department of Ecology State of Washington 2018).

2.1.3 Waste Management and Disposal Strategies

International policies are broadly similar in that it is agreed that radioactive waste
should be chemically and thermally stable before it is stored (Gin et al. 2013). The

agreed strategy for dealing with radioactive waste long-term is to convert it into a solid
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wasteform with long-term mechanical, chemical, thermal and radioactive stability and
durability (Ojovan and Lee 2014a). The solid wasteform is then to be stored in deep
geological repositories for high-level waste (HLW) and shallower repositories for low
and intermediate level wastes. The solid matrix for the waste-form must be able to
incorporate the wide range of elements present in the waste and minimise the final
volume of the wasteform as much as possible for practical and economic considerations
(Corkhill and Hyatt 2018).

2.1.3.1 Classification of Wastes

Radioactive wastes differ between countries and individual nuclear plants, depending on
reactor type, nuclear fuel source and the nature of reprocessing flowsheets, amongst
other variables (Mohapatra et al. 2014). By the IAEA Classification of Wastes (IAEA
2009b), low level waste (LLW) is waste that is “suitable for near surface disposal” and
does not generate significant heat (IAEA 2009a); intermediate level waste “contains
long-lived radionuclides in quantities that need a greater degree of containment”; and
high level waste (HLW) “contains such large concentrations of both short and long
lived radionuclides” that “deep geological disposal” is necessary, with typical levels of
activity in the range of 10* — 10° TBg m (IAEA 2009a).

The decay behaviour of some radionuclides is shown in Figure 2.1.2. While a large
majority of the radioactive decay occurs in the first few hundred years, there is still a
significant amount of activity up to 107 years. Plans for immobilisation of these high-
level streams must take these timescales into account (I. W. Donald 2015).
Classifications of waste by activity is the standard for the International Atomic Energy

Agency, as shown in Figure 2.1.3 (IAEA 2009b).
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Figure 2.1.2. The decay behaviour of some radionuclides in HLW from 1 t of SNF

(Spent Nuclear Fuel) (1. W. Donald 2015).

The US defines its radioactive wastes as HLW or LAW, based on the origin of the
waste. HLW is “the irradiated fuel from a nuclear reactor and the waste generated when
that fuel is processed to extract other products.” The remainder of the tank waste is
LAW, which makes up 90 % of the volume of waste (Office of Civilian Radioactive
Waste Management 2004; International Atomic Energy Agency 2000; U.S.
Environmental Protection Agency 2003).

As stated in 2.1.3, a solid wasteform, capable of withstanding pressures and geological
conditions for hundreds of thousands of years, is the requirement for disposal of HLW.
The material must also be processable at reasonable temperatures and by well-
understood methods (Plodinec 2000). For these reasons, along with the ability to
incorporate a wide range of elements into their microstructure, offer long-term thermal
and radiation stability and high corrosion resistance, glass is the internationally agreed
and desired final wasteform material for HLW immobilisation (Caurant et al. 2009; Gin

et al. 2013; Vienna et al. 2013; Ojovan and Lee 2014a; I. W. Donald 1997).

37



L
rd

HLW
high level waste
(deep geological disposal)

Activity content

ILW
intermediate level waste
(intermediate depth disposal)

LLW
low level waste
(near surface disposal)

VSLW
very short lived

waste
(decay storage)

VLLW
very low level waste
(landfill disposal)
EW

exempt waste
(exemption / clearance)

~

Half-life

Figure 2.1.3. lllustration of the Classification of Wastes and disposal requirements by

half-life and activity content (IAEA 2009b).

38



2.2 Glasses and glass ceramics for waste immobilisation

While ceramic and glass-ceramic materials have been investigated for immobilisation of
radioactive species (Ewing and Lutze 1991; Caurant et al. 2009; Orlova and Ojovan
2019) vitrification is the selected method worldwide for the immobilisation of HLW,
due to the ability of glass to remain durable for extended periods of time while
incorporating a wide range of species into its network (Ojovan and Lee 2014a). The
process that has been demonstrated for thousands of years and the fundamental method
of melting and forming glasses using silica-based materials has not changed
dramatically from the industrial glass works of 1500 BC Egypt (Kurkjian and Prindle
1998), giving insight into the long-term durability of vitrified nuclear wasteforms.

The process of immobilisation by vitrification was first investigated using alkali
borosilicate glass formers, in Canada, in the 1950s (Corkhill and Hyatt 2018; Caurant et
al. 2009). By the 1980s the UK, France, Germany, Italy, Canada, USA and Russia were
immobilising wastes in borosilicate matrices (I. W. Donald 1997; Caurant et al. 2009).
Russia also used phosphate glass matrices (Ojovan and Lee 2011). The first phase of
immobilisation of Hanford wastes will be Direct-Feed LAW (DF-LAW) vitrification
(Bernards et al. 2020). Once sustained LAW processing is underway, the HLW will be
also be processed by vitrification (Vienna, Kim, Muller, Piepel, Kruger, et al. 2014;
Rodriguez et al. 2017). The following sections will describe the structure of glasses and
the role of key elements in glass formation, followed by the mechanisms of crystal

precipitation and structures that commonly form during vitrification of HLW.

2.2.1 Crystalline and non-crystalline materials

Crystals are defined as a “solid composed of atoms, ions or molecules arranged in a
pattern that is periodic in three dimensions” (ASM International 2004). Whereas, the
definition of a glass is “any product of fusion that has been cooled from a liquid state to

a rigid state without crystallising” (ASTM C162-05 2015). The product is “amorphous
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and completely lacking in long-range, periodic atomic structure, and exhibiting a region
of glass transition behaviour” according to Shelby (Shelby 2005, 3) This behaviour is
not limited to inorganic oxide materials, but anything that “exhibits glass transformation
behaviour” (Shelby 2005, 3). A description of the glass transformation behaviour is
given in the diagram in Figure 2.2.1. Upon cooling of a liquid to below the melting
temperature, a glass will continue to rearrange its structure until eventually the viscosity
is so high that it can no longer change. If the liquid were to crystallise, this would be an
abrupt increase in ordering, matched with an abrupt decrease in enthalpy and volume
(i.e., increase in density). Since viscosity is a Kinetic property, the rate at which the
liquid is cooled determines when the enthalpy deviates from the equilibrium, and
ultimately whether it crystallises or remains a supercooled liquid. The temperature of
the onset to the glass transformation region when heating a glass is called the glass
transformation temperature, Tg, and is different for different glass compositions (Jiang

and Zhang 2014; Shelby 2005).
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Figure 2.2.1 Effect of temperature on enthalpy of a glass forming melt (Shelby 2005, 4).

2.2.2 Glass Structure

While glasses are random networks with no long-range periodic order, their properties

are based on the short-range structure, which explains why two glasses of the same

40



composition will have the same properties despite their random structures (Shelby 2005,
74). Most technical and commercial glasses are based on oxides, however in some cases
metallic species and carbonates can be incorporated into the glass network, or in fact,
form glasses themselves (Swallen et al. 2007; W. H. Wang, Dong, and Shek 2004;
Ashby and Greer 2006; Ojovan and Lee 2011). For the purpose of this report, the
majority of species in the glass structures will be in the form of oxides. Zachariasen
divided oxides based on their glass forming ability into the following categories:
network formers, network modifiers and network intermediates (Zachariasen 1932).
Examples of each of these categories, relevant to the waste glasses discussed here, are
given in Table 2.2.1.

Table 2.2.1. Selected network formers, intermediates and modifiers in oxide glass

networks (Smallman and Bishop 1999).

Network formers Intermediates Network Modifiers
SiOz A|203 Na,O
B20s Fe, O3 LizO
P20s yA(O)) CaO
GeO, PbO MgO
Zn0O SrO
MnO BaO
Cr,03 K20
CeO; La20s
NiO

Network formers can readily form a glass by forming random networks on their own.
They are usually characterised by 3 or 4 coordination and small atomic radii of the
cation (Vogel 1994; Zachariasen 1932). Network modifiers are generally alkali and
alkaline earth metal oxides, with large atomic radii, Table 2.2.1. These depolymerise the
network and have the effect of reducing the melting temperature and viscosity of the
glass. They usually have coordination numbers greater than 6 (Jiang and Zhang 2014;
Greaves, Binsted, and Henderson 1984; VVogel 1994; Chemarin and Champagnon 1999).
Network intermediates cannot usually produce glasses alone, but can replace glass

formers in the network when they are 4-coordinated. They can also act as glass
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modifiers, for coordination numbers 6-8 (Vogel 1994). Aluminium is perhaps the best-
known and most technologically-important intermediate (Jiang and Zhang 2014; Osipov
et al. 2016). Typically transition metals such as Fe, Cr and Mn also act as network
intermediates, Table 2.2.1, taking the role of either network formers or modifiers
depending on the redox state of the element (Farges et al. 2005). Examples of how
network formers, modifiers and intermediates can exist in the glass structure are shown
schematically in Figure 2.2.2.

2.2.2.1 Oxygen

For oxide glasses, oxygen bonding is a useful way of describing the connectivity of the
network. Bridging oxygens (BO) are those that connect two network forming elements,
or a network former and intermediate acting as a network former. Non-bridging
oxygens (NBO) connect network forming and network modifying elements. The bonds
between oxygens and elements acting as network formers are mostly covalent (stronger)
and those between oxygens and network modifiers are ionic (weaker). Increasing the
amount of NBOs in a glass network generally decreases the chemical durability of the

glass (Bragg 2002, 25; Shelby 2005, 190).
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Figure 2.2.2. Example of (a) a glass network containing network formers (SiO2), and
network modifiers (Na2O) and (b) also containing network intermediates (PbO) from
(Smallman and Bishop 1999).

2.2.2.2 Silicon

The most common glass network former, SiO, forms a three-dimensional network of
tetrahedral units, where each Si cation is connected to 4 oxygen anions. Oxygens are
shared between tetrahedra, giving the net neutral charge and formula SiO> (Bragg 2002,
24-25). A pure silica glass has high chemical durability and mechanical stability,
however, it requires melting temperatures > ~2000 °C to form into shapes, so modifiers
are often added to reduce glass melting temperature to more technically and
economically viable levels (Shelby 2005, 25).

Alkalis such as sodium or lithium are added as modifiers to the silicate network. Every
alkali oxide molecule added creates two NBOs in the network, decreasing the
connectivity of the melt (Shelby 2005, 82), therefore decreasing melting point and
viscosity of the melt. The number of NBOs per silica tetrahedron is given in Q"

notation, where n is the number of BOs. A Q* unit is a silica tetrahedral unit completely
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linked to the silicate network, where a Q° unit has no BOs, a full description of Q"
species is given in Table 2.2.2 (Brawer and White 1975; Matson, Sharma, and Philpotts
1983; Shelby 2005, 83-88). The Q" speciation in a glass is often determined by Raman
or Nuclear Magnetic Resonance spectroscopies (Lai et al. 2016; Ollier et al. 2004; M.
Wang et al. 2011; Jiang and Zhang 2014; Hannon, Vessal, and Parker 1992; Belton,
Deschaume, and Perry 2012).

Table 2.2.2. Characteristics of Q" units for alkali silicates from (Shelby 2005, 88).

Characteristic Qe Q@ @ Q'
BO per tetrahedron 4 3 2 1 0
NBO per tetrahedron 0 1 2 3 4

Oxygens per tetrahedron 20 25 30 35 40
Bridges per tetrahedron 4 3 2 1 0

2.2.2.3 Boron

Boron oxide is also a network former and can readily form a glass on its own
(Avramov, Vassilev, and Penkov 2005; Alderman 2018; Meera and Ramakrishna 1993;
Bengisu 2016). Glasses prepared with boron oxide as the main network former have
significantly lower melting and softening temperatures than silica-based glasses: the
melting temperature of pure B»Os3 is 450 °C (Bengisu 2016). Borate glasses are
preferable to silicate glasses in optical applications (Ehrt 2000), battery applications
(Bengisu 2016; Yadav and Singh 2015; Velez, Tuller, and Uhlmann 1982) and many
biomedical applications (Bengisu 2016).

Vitreous boron oxide networks are primarily built up of boroxol ring structures and
borate superstructural units on the intermediate range order scale (Konijnendijk 1975;
Badker et al. 2019). Alkali additions to the vitreous B2O3z network initiates formation of
BO, tetrahedra from BOs tetrahedra up to ~20 mol % (Konijnendijk 1975), beyond
which point diborate structures form and are destroyed (~20 — 60 mol%) and then NBOs

at ~29 mol% (Mamaoshin et al. 1998; Doweidar 1990; Shelby 1983). The evolution of
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the borate species with alkali content leads to a minimum” in the thermal expansion
coefficient, known as the “borate anomaly” (Huang et al. 2021; Avramov, Vassilev, and
Penkov 2005; Doweidar 1990; Mamoshin et al. 1998). Raman spectroscopy has shown
the formation of diborate, metaborate, pyroborate and orthoborate units at high alkali
content (35 — 50 mol%) (Hubert and Faber 2014; Konijnendijk and Stevels 1975).
Borate glasses are not generally considered suitable for waste immobilisation due to
their lower chemical durability compared to silicate glasses (Bengisu 2016). However,
when added to a silicate glass network, boron decreases the melting temperature by
decreasing the amount of Q* units for silica and becoming 3-coordinated at high
temperatures, acting as a glass modifier (Ojovan and Lee 2014a, 334-35). Borosilicate
glasses are a system of borate and silicate cationic network formers and alkali oxides,
alkali borosilicate glasses are discussed in the following section.

2.2.2.4 Alkali Borosilicates

Alone, the binary system of borate and silicate will act as two separate networks. With
the addition of alkali oxides the borosilicate network forms (Konijnendijk 1975; Hubert
and Faber 2014). For the system (R)M20+(K) SiO2*B20;3, alkali oxides preferentially
associate with the boron oxide for low alkali content, R < 0.5, converting some of the
boron from a coordination of 3 to 4, as discussed in section 2.2.2.3 (Koroleva,
Shabunina, and Bykov 2011; Hubert and Faber 2014). At higher alkali contents, the
alkali is partitioned between the boron and silica creating NBOs (Varshneya and Mauro
2019). This behaviour was comprehensively modelled using by !B Nuclear Magnetic
Resonance (NMR) by Yun and Bray (Yun and Bray 1978), and later updated to form
the Yun-Bray-Dell model (Dell, Bray, and Xiao 1983; Manara, Grandjean, and Neuville
2009b). The model was adapted more recently to include the behaviour of danburite-

like units with tetra-coordinated boron atoms (Manara, Grandjean, and Neuville 2009b).
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Due to their high chemical and thermal stability and moderate processing temperatures,
~ 1000 to 1650 °C depending on modifier content (Neyret et al. 2015; Cassingham et al.
2008; Varshneya and Mauro 2019), alkali borosilicate glasses are widely used for the
immobilisation of HLW in the UK, France and USA (Cunnane et al. 1994; Plodinec
2000; Ojovan and Lee 2011). The USA also plans to immobilise LAW in borosilicate
based glasses (Vienna, Kim, Muller, Piepel, Kruger, et al. 2014; Matlack, Pegg, et al.
2011). Borosilicate glasses have shown acceptable long-term durability in many studies
(Harrison and Brown 2018; Wu et al. 2018; Matyas et al. 2017; Peeler and Edwards
2004). The random structure of the borosilicate glass network allows the flexibility to

accommodate the complexity of waste compositions (Matyas et al. 2017).

2.2.3 lron in the glass network

Glasses containing < 5 wt% iron are the most often studied (S. B. Donald, Swink, and
Schreiber 2006; Ceglia et al. 2015; Meechoowas et al. 2012), as small quantities of iron
contamination can drastically change the colour of a colourless glass (Glass for Europe
2006). Glasses containing significantly larger quantities of iron have also been studied,
particularly pertaining to immobilisation of industrial and radioactive wastes (Chinnam
et al. 2013; Ahmadzadeh, Scrimshire, Bingham, Goel, et al. 2018).

Iron is a network intermediate - network forming and network modifying depending on
its local structure in the glass (Farges et al. 2005; Ahmadzadeh, Scrimshire, Bingham,
Goel, et al. 2018; Cochain et al. 2012). Generally observed in borosilicate glasses, is
network-forming tetrahedrally-coordinated Fe** and network modifying octahedrally-
coordinated Fe?* (Cochain et al. 2012; Cochain and Neuville 2008; Shaharyar et al.
2016; Mysen and Virgo 1989; Greaves, Binsted, and Henderson 1984). Most glasses
will be formed with Fe** iron raw materials, (Karamanov et al. 2000), however, there is
a tendency for the reduction of Fe3* to Fe?* to proceed with increasing melt temperature
(Johnston 1964). The redox state of iron in the final glass is dependent on the redox
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state of the batch, the oxygen partial pressure, fo, the furnace atmosphere, optical
basicity (Duffy 1996; Duffy and Ingram 1976) and the melt temperature (Beerkens
1999; Pinet, Hugon, and Mure 2014). Further discussion of the factors effecting the
redox state of glasses is given in section 2.7.1.

The structure of iron in glass networks has been studied by many techniques, including
X-ray Absorption Near Edge Spectroscopy (Farges et al. 2005; Wilke et al. 2004, 2001;
Alderman et al. 2017) and °’Fe Mdssbauer spectroscopy. Once study claimed that the
oxidation state of iron in a borosilicate glass could be determined using Raman
spectroscopy, by examining the effect of iron speciation on the Si-O stretching region of
the spectra (800-1200 cm™) (Cochain and Neuville 2008). Depletion in the 980 cm™
band associated with iron tetrahedral units "VFe**-O bonds aligns with the reduction of
the ratio Fe**/Fer, where Fer is the total iron (Cochain and Neuville 2008), and previous
studies of silicate systems (Magnien et al. 2008, 2006). A follow-up study (Cochain et
al. 2012) also observed a distinct change in a borosilicate (danburite-like:
Na,0-B,03-2Si0;) ring structure peak at ~630 cm™ and at high wavenumber 1450 cm™,
in the stretching of B-O" bonds. At ~630 cm™ there is a higher intensity band with
higher Fe?* content, or less total Fe content. In the 1450 cm™ band there is a shift to
lower wavenumber with increasing iron content and oxidation (Cochain et al. 2012;
Osipov, Osipova, and Eremyashev 2013). This interpretation is based on the updated
Yun-Bray-Dell model (Manara, Grandjean, and Neuville 2009b) discussed in section
2.2.2.4, however in this case the increase the Na® cations preferentially charge
compensate the Fe®*, decreasing the abundance of danburite-like ring structures and

increasing the number of BO4 units (Barth and Feltz 1989; Yun and Bray 1978).

2.2.4 Crystallisation mechanisms

In this thesis both the mechanisms of crystal dissolution into an amorphous matrix, and

precipitation of crystals on cooling of a melt, are of importance. In the first instance the
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dissolution of crystalline raw materials occurs lower than the melt temperature for the
individual crystal, this is due to the low-temperature melting eutectic mixtures of
crystals, for example ratios of B2O3 and Na2O will become liquid at lower temperatures
than either of the melting temperatures of the individual species, shown in the phase
diagram, in Figure 2.2.3 (C. Wang et al. 2003). The rate of dissolution of silica is
diffusion controlled and is effected by the melt viscosity (Shaw 2006), the grain size
(Doi et al. 2019; Ueda et al. 2021). Haematite either dissolves into the glass matrix by
diffusion (I. W. M. Brown 1982; Pokorny et al. 2013) or forms magnetite-like spinel
depending on temperature and redox the melt, the phase diagram for Fe,Os/FeO
mixtures as a function of temperature is given in Figure 2.2.4 (Shi et al. 2020). Spinels
also dissolve into the melt with increasing temperature (Kruger et al. 2009; Alton,

Plaisted, and Hrma 2002).
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Figure 2.2.3. Phase diagram of Na>O/B203 showing eutectic temperatures (C. Wang et

al. 2003).
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Precipitation of crystals or secondary amorphous phases during cooling of a
homogeneous glass melt is usually avoided when dealing with vitrification of
radioactive isotopes, particularly when the crystals or secondary phases are water
soluble, or less mechanically, thermally or chemically stable than the desired glass.
However, in some cases waste components are better housed in a desired, stable,
crystalline phase where the solubility is limited in the glass (Caurant et al. 2009). In this
case glass-ceramic materials are obtained by controlled crystallisation of desired phases

in bulk glass trough the nucleation and growth mechanism (Schmelzer 2008).
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Figure 2.2.4. Phase diagram of FeO/Fe203 showing formation and melting regions of

magnetite with temperature and iron redox state (Shi et al. 2020).

2.2.5 Spinel crystallisation in iron-bearing glasses

In high-iron, -alumina and other multivalent species glass compositions, formation of
crystalline spinel phases is common, forming quenching, when the temperature reaches
< Tc (Alton, Plaisted, and Hrma 2002). Pertinent to the present work is crystallisation of
iron-bearing spinels from Fe2Os in the glass melt/glass-forming melt, as described in

section 2.2.4. These iron-bearing spinels are thermally, chemically and mechanically
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stable, however they can have an adverse effect on melter performance and processing
due to accumulation and settling inside the melter (I. W. Donald 2015; Pokorny et al.
2013; Hrma, Schill, and Nemec 2001).

Spinel is a cubic structure with the formula AB204, there are both octahedral and
tetrahedral sites, where the quantity of octahedral sites is always twice that of
tetrahedral. In magnetite, Fe3O4 the A site is occupied by V'Fe?* and the B site by V'Fe®*
and "VFe**. Where other multivalent species, such as Cr, Mn and Ni, are present in iron-
bearing spinels they replace different sites on the spinel depending on their valency, i.e.
(Fe,Ni,Mn)B*I(Cr,Fe)?",04. In pure spinel oxides, the site occupancies can be
determined by cell refinement of X-ray diffraction patterns of pure spinel oxides, lattice
parameters, a = b = ¢, of common Fe-bearing spinels are given in Table 2.2.3 (Biagioni
and Pasero 2014).

Table 2.2.3. Lattice constants of common iron-bearing spinel structures (Biagioni and

Pasero 2014).

Species Phase Chemistry  Lattice Constants (A)

Magnetite  Fe?*Fe®*,04 8.397
Jacobsite Mn?*Fe3*,04 8.496
Trevorite  Ni?*Fe®,0,4 8.347
Chromite  Fe?*Cr3*,0,4 8.376

S"Fe Mossbauer spectroscopy has been performed on pure iron-bearing spinels, FesO4
(Oh, Cook, and Townsend 1998), MnFe2O4 (Sawatzky, Van Der Woude, and Morrish
1969), and NiFe2O4 (Sepela’k et al. 2007). The spectrum for magnetite is shown in
Figure 2.2.5, at 300 K and 77 K, where the sextets characteristic of the A and B sites
shown. Spinels with Fe3* occupying the B site, such as NiosZno.4FeOs, produce sextets
with CS ~ 0.25 and 0.36 mm s and H = 49.1 and 52.4 T (Arboleda et al. 2018).
Similarly, for MnFe,04, with negligible Fe?* ions in the A site, sextets with average CS

~ 0.51-0.57 mm st and H ~ 410-460 kOe (Sawatzky, Van Der Woude, and Morrish
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1969) have been observed. Chromite (FeCr,O4), wherein Fe?* occupies the A site and
Cr3* the B site, presents itself as a Mossbauer singlet with a high CS ~0.937 mm s? in
room temperature Mdssbauer spectra (Dézsi, Szucs, and Svab 2000; Nakamura and
Fuwa 2015; Sijo 2018; Sijo et al. 2019), the presence of Cr* ions generally reduces the
strength of the A-O-B magnetic interactions, instead coupling anti-ferromagnetically

with the Fe ions (Sijo 2018; Sijo et al. 2019).
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Figure 2.2.5. >'Fe Mossbauer spectroscopy at (A) 300 K and (B) 77 K, for Fe3Os,
showing the sextets representative of the A (V'Fe?*) and B (I'V'VIFe3*) sites (Oh, Cook,

and Townsend 1998).
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2.3 The Hanford Site

2.3.1 History of the Hanford Site

The Hanford desert, on the banks of the Columbia River in Washington, USA, was
chosen as a plutonium production site during the Manhattan Project due to its sparse
settlements, mild climate, access to water from the Columbia River, electricity, a
railroad line and hills for security purposes (Gephart 2010). The Hanford site produced
plutonium for the world's first nuclear explosion at the Trinity Site, New Mexico, in
July 1945 and for the bomb dropped on Nagasaki, Japan in August 1945. The Trinity
test was less than 2 years after the demonstration of the first controlled chain reaction in
December 1943, It is clear that the "pressure of world war" meant that the site was
constructed "without extensive laboratory research” (Gephart 2010; Edgemon et al.
2009; Washington Department of Ecology State of Washington 2018). Throughout
Hanford's plutonium production lifetime, from 1944 to 1988, over 61,000 kg of
plutonium was produced, along with ~200,000 m?® of radioactive wastes (Gephart 2010).
In May, 1989, the US DoE, US Environmental Protection Agency (EPA) and the
Washington State Department of Ecology entered into an agreement to clean up the
radioactive waste at Hanford (Gephart 2010). The wastes were historically stored in 177
single-walled steel tanks and their compositions have not been well-documented,
making this the world's most complex clean-up effort (I. W. Donald 2015; Rushton

2006; McCabe, Wilmarth, and Nash 2013).

2.3.2 Waste Inventory

149 single-shell steel tanks were built from 1943-1964 with a design life of 20 years. In
1968, 28 double-shell carbon-steel tanks were built with design-lives of 50 years
(Gephart 2010). Liquid wastes were transferred from some of the old tanks to the new

tanks (Gephart 2010; Bernards et al. 2020). Today 153 of the 177 original underground
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carbon-steel tanks contain mixed radioactive waste from 4 decades of weapons and fuel
production at the site (Xu et al. 2016; Guillen et al. 2020; Gephart 2010; Bernards et al.
2020). In total the tanks contain 204,400 m® of waste (Perez et al. 2001), with suspected
leakages up to a volume of 2,800 m3,

In the inventory of the tank waste, the types of waste are separated into “sludge”,
“saltcake” and ‘“supernatant” (Colburn and Peterson 2021). Sludge is defined as
“insoluble metal oxides and fission products from fuel reprocessing” and is
characterised by “low-porosity, reduced interstitial liquid drainability, and mud-like
texture” (R. A. Peterson et al. 2018; Templeton 2018). Saltcake is “soluble salts formed
by evaporation of liquid waste from reactor fuels reprocessing” and is characterised by
“high-porosity, interstitial liquid drainability, and crystalline texture” (Lambert and Kim
1994; Templeton 2018). Supernatant is defined as the “liquid above the solids or in
large liquid pools” (Lambert and Kim 1994; Templeton 2018). The tanks are separated
into 18 tank farms: the summary of the 18 tank farms shown in Table 2.3.1 gives the
amount of sludge, saltcake and supernatant in each of the tanks and whether they are
suspected or confirmed to have leaked (Templeton 2018).

The contents of the tanks are “extremely complex and diverse” (R. A. Peterson et al.
2018). This complexity derives from the number of different waste processing
techniques used at the Hanford Site over the decades, the decay and self-induced
heating of some of the radioactive material over time, amongst other processes. Regular
samples of the waste are analysed and compared with the inventories taken over the
years of operation (Kupfer et al. 1998; Colton, Orth, and Aitken 1993). Despite the
differences in composition compared to some of the inventories, it is possible to predict
the content of a tank with confidence using a combination of sampling and modelling

(Agnew 1997).
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Table 2.3.1. Breakdown of waste tanks at Hanford and confirmed/assumed leaks

(Templeton 2018).
Tank Number of Tanks A_ssumed/
Farm Tanks Confirmed Leak
A 6 Single-Shell A-101to 106 Yes
AN 7 Double Shell AN-101 to 107 No
AP 8 Double Shell AP-101 to 108 No
AW 6 Double Shell AW-101 to 106 No
AX 4 Single Shell AX-101to 104 No
AY 2 Double Shell AY-101 and 102 Yes
AZ 2 Double Shell AZ-101to 102 No
B 16 Single Shell B-101 to 112 and B-201 to 204 Yes
BX 12 Single Shell BX-101 to 112 Yes
BY 12 Single Shell BY-101to 112 Yes
C 16 Single Shell C-101to 112 and C-201 to 204 Yes
S 12 Single Shell S-101to0 112 No
SX 15 Single Shell SX-101to 115 Yes
SY 3 Double Shell SY-101to 103 No
T 16 Double Shell T-101 to 112 and T-201 to 204 Yes
TX 18 Single Shell TX-101 to 118 Yes
TY 6 Single Shell TY-101 to 106 Yes
U 16 Single Shell U-101to 112 and U-201 to 204 Yes

Volume reduction by vitrification of the HLW is limited by high levels of SO3, P2Os,
Al;O3, Fe203, Cr203 and to some extent Na.O and mixtures of CaO and P20s. The
LAW feeds are limited by the high alkali content, mostly Na.O but also K>O in some
feeds, as well as the SOs and P20Os concentrations (Vienna et al. 2013; Kruger, Pegg, et
al. 2012). The limiting properties of high-Fe.Os glasses include spinel or nepheline
formation and viscosity (Ahmadzadeh, Scrimshire, Bingham, Goel, et al. 2018). Al.O3
and Cr.03 are also “major spinel-forming components” (Kruger et al. 2009). Na2O in
combination with high Al>O3 tends to crystallise aluminosilicate phases such as
nepheline and sodalite, and high alkali content reduces flexibility in the glass formation
(Matlack et al. 2007). The solubility limit of P.Os in the borosilicate glass matrix is
around 5 — 6 wt% (Achigar et al. 2021), beyond which point phase separation may

occur followed by crystallisation of species such as NaCaPO4 and NaLi2PO4 (Achigar et
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al. 2021; I. W. Donald 2015). Above the SOs solubility limit salts can accumulate on the
melt surface, increasing melter corrosion and potentially volatilisation of technetium
and caesium (Vienna, Kim, Muller, Piepel, Kruger, et al. 2014). A sulphur saturated
melt may also form water-soluble salt layers on in the final glasses (Vienna, Kim,

Muller, Piepel, Kruger, et al. 2014).

2.3.3 Waste Treatment Plants

When the tri-party agreement was signed in 1989 (Washington Department of Ecology
State of Washington 2018; U.S. Department of Energy 2019; Gephart 2003) a 10-30
year timeline for clean-up was estimated and many of the complex issues which have
arisen with a radioactive waste clean-up of this magnitude were not anticipated (Gephart
2010). The agreement is regularly updated to adapt to new complications with extended
timelines and budgets (U.S. Department of Energy, U.S. Environmental Protection
Agency, and Washington State Department of Ecology 2018, 2020). In 2022 the clean-
up was estimated to reach near the end of the current century, and cost at least $300.2
billion (Richland Operations Office 2022). Pressure from the government and the public
over concerns of waste leakage and the costs of the clean-up (Macuglia 2017) is driving
research and innovation, and worldwide support, to improve the safety, efficiency and
lifespan of this project (Mann 1999; Kruger 2011).

The pre-treatment flowsheet at the pre-treatment facility, Figure 2.3.1, will include the
following processes: waste receipt, evaporation, ultrafiltration and separation of HLW,
transport to the HLW Vitrification Plant, removal of caesium by ion exchange,
evaporation of some excess water, and transport of the LAW to the LAW Vitrification
Plant, Figure 2.3.1 (Kruger, Kim, and Goel 2015; Pegg 2015). Each stream of waste
slurry is then to be mixed with glass forming chemicals (GFCs) upon entry to the melter

(Lee, Hrma, Klouzek, et al. 2017; Kelly 2011).
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Figure 2.3.1. Aerial view of key waste vitrification facilities at the Hanford Site (Goel et
al. 2019).

The compositions of GFCs to be added to the waste prior to vitrification are designed
for each individual waste stream based on rigorous laboratory-based testing and
modelling of composition, structure and properties of the final glass wasteform (Vienna
et al. 2016, 2013). Property constraints considered include temperature restrictions
imposed by the melter technology, crystal tolerance limits, leach rates and chemical
durability, viscosity and processability (Vienna et al. 2016, 2013). Constraints have
been placed on Hanford HLW glass vitrification operating parameters for the purpose of
safety, processability and long-term immobilisation of the wastes (Matlack et al. 2012;
Piepel et al. 2008, 2007). Those constraints that are relevant to the present work are:

o Melt viscosity 1 - 15 Pa.s at 1100 °C (Piepel et al. 2007)

o Spinel phase precipitation < 1 vol% at 950 °C (Matlack et al. 2012; Piepel et al.
2007; Gan et al. 2009)

o Leach rates < 4 g L™ (2 g m?) by Product Consistency Test Method B (PCT-B)
of Si, B and Na (Piepel et al. 2007; Kirkbride et al. 2009; Piepel et al. 2005; Muller et
al. 2013)

o 0.09 < Fe?*/Fet < 0.33 (Larson 1996; Jantzen 2011; Peeler and Edwards 2004)
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2.3.4 Melter Technology

Joule-Heated Ceramic Melting (JHCM) is the selected technique for vitrification of the
Hanford wastes. It is suggested that the WTPs under construction at the Hanford site
will have the capability to vitrify all of the HLW and a minimum of one-third of the
LAW in their expected lifetimes. Vitrification of the remainder of the LAW is yet to be
agreed upon; a second vitrification plant or grouting of the LAW in a cementitious
wasteform as a supplementary technique are the likely approaches (National Academies
of Sciences Engineering and Medicine 2019). Direct feed (DF) vitrification in Joule-
Heated Ceramic Melters (JHCMSs) was also the chosen technology at Savannah River
and West Valley in the USA, Mayak and Radon in Russia, PAMELA in Belgium, VEK
in Germany, Tokai in Japan and WIP in India (Ojovan and Lee 2014a, 273; Kelly
2011).

Unlike in the induction melting (IM) process, the technology adopted by Sellafield in
the UK and the R7T7 in France (Crum et al. 2014; M. Kim et al. 2018; J. C. Marra and
Kim 2014; Sakai et al. 2017), in DF-vitrification, the waste and GFCs enter the melter
as an uncalcined slurry containing 40 — 60 % water (Hujova, Klouzek, et al. 2018;
Hujova, Pokorny, and Klouzek 2018; Matlack, Kot, et al. 2015). Water is added to the
batch to combine the grains of the GFCs and waste stream and prevent segregation
(Kocarkova 2011). The cost and practicality associated with removing the calcination
and glass fritting steps are a driver for the JHCM method (Sakai et al. 2017; Pinet et al.
2021; Aloy 2011). The JHCM may also increase glass product homogeneity, compared
to 1M, due to more uniform heating throughout the melt (Sakai et al. 2017; Kelly 2011;
Matlack, Joseph, et al. 2009). Both methods produce a wasteform with large waste
volume reduction, typically 20 — 50% (Geeting and Kurath 1830; Ojovan and Lee
2014b; Gervasio et al. 2018), however can be up to 90 % (Jantzen, Pickett, and Ramsey

1993).
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2.4 The Cold Cap

Inside the JHCM, Figure 2.4.1, a slurry of waste and GFCs is fed into the top of a
sealed, refractory-lined melter vessel (Kruger et al. 2013; I. W. Donald 1997). The
melter vessel is heated by nickel-chromium alloy electrodes to 1150 °C and the slurry
forms a molten glass (Ojovan and Lee 2011; Jantzen 2011; Bickford, Hrma, and Bowan
1990). The glass melt is lifted through the air lift glass-discharge port and poured into
steel canisters to cool (Hrma and Pokorny 2016; Schweiger et al. 2010).

Unique to the JHCM process employed at the Hanford WTPs, section 2.3.4, a batch
layer called the “cold cap” is created on top of the melt pool when incoming, un-
calcined waste and glass forming chemicals (GFCs) are fed into the melter (Hrma,
Kruger, and Pokorny 2012). The cold cap, Figure 2.4.1, is formed by the reacting batch
during melting, where decomposition of raw materials, gas-evolving reactions and
formation of a glass melt, occur.

Bubbler
Slurry feed

(i) Boiling feed
Off-gasport _-~
Glass-discharge port I &7

Plenum 2P B

Electrodes

2 Cold cap

Molten glass Molten glass

Figure 2.4.1. Schematic diagram of the cold cap, optical microscopy image and
summary of feed-to-glass reactions occurring at different temperature stages (Chun et

al. 2013).

The cold cap covers 90-95 % of the melt surface (Hrma and Pokorny 2016; Marcial et

al. 2014b; Hrma, Kruger, and Pokorny 2012). While the presence of a cold cap helps to
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insulate the melt pool and hinders the release of volatile elements during melting, which
would otherwise enter the off-gas system (Kruger et al. 2013), it also slows the melting
rate, reducing the efficiency of the melter and thus glass throughput (Hrma and Pokorny
2016; Hujova, Pokorny, and Klouzek 2018). Excessive foaming of the cold cap can also
cause blockages to off-gas components (Bricker et al. 2012; Seymour 1995). So, while
the continuous, direct-feed (DF) vitrification may improve the overall processing rates
compared with induction melting (IM), the actual glass production rate may in some
cases be lower due to the presence of the cold cap. The risk of corrosion of the
electrodes due to the cold cap also limits the processing temperature (Lee, Hrma,
Pokorny, et al. 2017; 1. W. Donald 2015).

In the Advanced Waste Glass Research and Development Plan, the Office of River
Protection highlighted the “complex series of reactions” within the cold cap, and
referred to the mechanism as “perhaps the least understood” in the process of DF
melting (Peeler et al. 2015). The plan states that “a fundamental understanding of these
key phenomena will lead to strategic methods to minimise (or eliminate) the potential
negative effects during facilities operations” (Peeler et al. 2015). Substantial ongoing
work between ldaho National Laboratory (INL) and Pacific Northwest National
Laboratory (PNNL) aims to develop computational models of simplified melter systems
and feed behaviour, with improvements in accuracy and complexity derived from
experimental results (Hrma and Pokorny 2016). Understanding cold cap batch-to-melt
conversion will allow a more complete process control model for the JHCMs and
improvements in melting rate, leading to reduced cost and lifetime of the facility
operations (Guillen and Agarwal 2013; Marcial, Klouzek, et al. 2021; Kruger et al.
2008). The ORP plan summarises the desired outcome for cold cap research thus: to
“demonstrate effective glass processing in scaled melter tests for glass compositions

across the full WTP compositional envelope” (Peeler et al. 2015).
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2.4.1 Cold Cap Structure

The cold cap is a continuum of material from waste feed slurry through to glass melt
with many complex intermediate phases widely varying in density, viscosity and
chemical properties (Hrma and Kruger 2008; Abboud and Guillen 2016). It is often
divided into four key areas; boiling feed slurry, open-porosity reaction layer, primary
foaming and secondary foaming (Hrma and Pokorny 2016). Cavities are included in
some cold cap models where foaming is particularly vigorous and forms large bubbles
that are trapped between the primary and secondary foam (Pokorny and Hrma 2014).
The thermal boundary layer beneath the cold cap is also included for some
thermodynamic models of the cold cap (Hrma et al. 2018). The temperature gradient in
the cold cap is complex due to its varying thickness and gradient of around 1000 °C
(Pokorny and Hrma 2011). The chemical and physical profiles of each of the layers of
the cold cap are also difficult to understand and it is nearly impossible to fully replicate
the cold cap conditions in a lab-based experiment without the use of a nearly-full-scale
melter (Guillen, Abboud, and Pokorny 2019; Hrma 2014; Matlack, Gan, et al. 2009;
Kruger et al. 2006), and moreover the cold cap is extremely difficult to observe in situ
(R. A. Peterson et al. 2018; I. M. Peterson et al. 2019; Luksic et al. 2020). However,
research has been performed in both of these areas to replicate the JHCM on a research
scale at the Catholic University of America and to observe the cold cap in situ at a
laboratory-based scale using X-ray Tomography (Harris et al. 2017; Luksic et al. 2020).
2.4.1.1 Boiling Slurry Layer

Water is present in the feed slurry from 40 — 60 wt % depending on the waste stream
(Hujova, Klouzek, et al. 2018; Hujova, Pokorny, and Klouzek 2018; Matlack, Kot, et al.
2015). When this slurry lands on the surface of the cold cap, which is at a temperature
of ~100 °C, most of this physical water is immediately boiled off, so long as the layers

below are thin enough to facilitate sufficient heat transfer to this layer (Hujova,
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Klouzek, et al. 2018; Dixon et al. 2015b). The feed is dried and creates a relatively solid
layer at the very top of the reaction layer (McCarthy et al. 2018; Guillen et al. 2020).
2.4.1.2 Reaction Layer

The reaction layer varies in temperature from 100 °C near the top to around 600-800 °C
at the bottom (Dixon et al. 2015b), this is where most of the batch-to-glass reactions
take place (Hrma et al. 2010; Hrma, Marcial, et al. 2011; Rodriguez et al. 2014). The
reaction layer has open porosity since little connected melt has formed, so gases from
batch reactions in this region are free to escape (Hujova, Pokorny, et al. 2018; Hrma and
Pokorny 2016; Hujova, Klouzek, et al. 2018). Reactions in this region include (Xu et al.
2015): dehydration of hydrated raw materials and waste products at 105 °C < T < 400
°C, melting and decomposition of oxy-ionic salts and borates 100 °C < T < 350 °C,
evolution of CO2 and NOyx from decomposition of raw materials and waste products at
400 °C < T < 700 °C, formation of early amorphous borate phase, not yet connected,
between 400 °C < T < 700 °C, and formation of intermediate crystalline phases
throughout the reaction layer (Xu et al. 2016, 2015; Dixon et al. 2015b). Further
reactions such as dissolution of silica in the melt, evolution of SO, and redox reactions
occur at higher temperatures once the main melt has formed (Marcial et al. 2014b;

Hrma, Marcial, et al. 2011).

2.4.2 Foaming in the Cold Cap

The connectivity of the melt phase above ~700 °C leads to trapping of evolving gases
(Hrma and Pokorny 2016; Hujova, Pokorny, et al. 2018; Marcial, Klouzek, et al. 2021).
The initial melt has a relatively low viscosity (Hrma 2014; Rodriguez et al. 2014) so
gases can easily escape but as the temperature increases, and more material dissolves
into the melt, the viscosity increases and causes primary foaming at ~700 °C (Fedorov
and Pilon 2002; Harris et al. 2017). The viscosity of the melt at gas-evolving

temperatures is thought to be the most influential factor in the amount of foam
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produced, followed by the gas evolution rate (Lee, Hrma, Pokorny, Klouzek, et al.
2019). The stability of the foam is dependent on the feed composition, feeding rate,
operating conditions and the use of forced bubblers which aid in homogenisation of the
melt (Pokorny et al. 2015; Abboud and Guillen 2016; Abboud, Guillen, and Pokorny
2016). Of these parameters the feed composition is the most complex to work with,
since the feed is likely to vary widely with the different types of wastes (Xu et al. 2016;
Hrma et al. 2010).

2.4.2.1 Primary Foaming

Residual CO, from decarbonation reactions is usually the main contribution to the
primary foam, between temperatures of ~700 — 1000 °C (Xu et al. 2015; Hrma 2014)
and while most of the CO; evolves at lower temperature regions where there is open
porosity, there remains sufficient residual gas evolution to cause the significant foaming
observed in many waste feeds (Hujova, Pokorny, et al. 2018; Lee, Hrma, Pokorny, et al.
2017). NO is another gas evolved in the lower end of the 700 — 1000 °C temperature
range, up to ~750 °C (Luksic et al. 2020; Guillen et al. 2020; Appel et al. 2019) and
makes some contribution to the foaming, varying with the amount of nitrates in the
initial composition (Lee, Hrma, Pokorny, et al. 2017). Some feeds also have O:
contributions to foaming at this temperature range (Lee, Hrma, Pokorny, Klouzek, et al.
2019). As the number of gas evolving batch reactions increases, the trapped bubbles
begin to coalesce and form channels through the reaction layer so that gases can escape
(Choi et al. 2017). This causes the collapse of the primary foam above ~800 °C. The
exact temperature of the primary foam collapse is different for different glass
compositions and heating rates (Hrma 2009).

2.4.2.2 Secondary Foaming

Secondary foaming occurs due high temperature reactions such as sulphate

decomposition and O released via redox reactions, after the collapse of the primary
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foam (Lee, Hrma, Pokorny, et al. 2017; Lee, Hrma, Klouzek, et al. 2017). At this point
the melt is much more viscous and secondary foam does not collapse as readily as
primary foam (Henager et al. 2011; Guillen and Agarwal 2013). Secondary foam
bubbles will eventually merge with cavities and some primary foam and escape through
the vent holes created (Lee, Hrma, Pokorny, et al. 2017). Small shifts in the redox ratio
of iron in particularly high-iron glass melts can produce large volumes of O; in the
secondary foaming region (Hrma 1990a).

Other multivalent species present in waste feeds that are likely to affect the oxidation
state of the melt include Cr, S, Mn, Ni, Mo, and Ce (Pinet, Hugon, and Mure 2014).
Higher quantities of multivalent species and sulphates in the melt lead to more
secondary foaming. In feeds high in multivalent species the O, evolution, associated
with secondary foam, overlaps with the primary foaming as redox reactions occur at
lower temperatures. These feeds do not have distinct primary foaming and secondary
foaming regions in the cold cap, but rather a continuum in which secondary foaming
impedes the collapse of the primary foaming (Lee, Hrma, Pokorny, et al. 2017; Hrma et

al. 2010).

2.4.3 Models of the Cold Cap

Mathematical models have been developed for the melting behaviour of the waste feeds
to optimise glass production, predict any issues during melter operation and ensure the
safety and efficiency of the process before the WTPs are operational. Models for
melting behaviour of commercial glasses cannot simply be applied to the Hanford waste
treatment operation due to the variability and complexity of the waste slurries that are to
be vitrified (Hujova, Pokorny, and Klouzek 2018). A full predictive model of the cold
cap, that can be implemented into wider Joule-Heated Ceramic Melter models, is the
objective of much current research (Guillen 2015; Guillen et al. 2018; Abboud, Guillen,
and Pokorny 2016).
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A one-dimensional cold cap model has been developed (Pokorny and Hrma 2011,
Pokorny et al. 2015) building on a previous one-dimensional thermodynamic model
(Freeman 1996) to include the effect of bubblers. This model makes a prediction of the
melting rate of a generic waste slurry which is in reasonable agreement with laboratory
scale experimental tests. The model, thus far, is based on results from ™"a particular
waste stream™ and is most applicable when primary foaming occurs, but secondary
foaming is negligible (Dixon et al. 2015a). In order to incorporate the properties of a
wider range of feeds into the mathematical models, the Melt Rate Correlation (MRC)
equation was derived from previous thermodynamic models by Hrma et al. (Hrma et al.
2018). Based on the thermodynamics of a particle moving vertically downward through
the cold cap, the rate of melting is “reliably measured” for constant parameters such as

rate of bubbling and total energy input. The equation is given in the form:

Q (kWm™) = AH (g™ j (gm?s™") (3)
or,
.. (Mmo)\ © ug\P _
j =& (K) (1 + E) (Tmo — Teg)AH ™ (4)

where Q is the total heat flux to the cold cap, 4H is the specific melting heat per unit
mass of glass and j is the melting rate of the glass. Q can be given in terms of bubbling
rate, us, melter operating temperature, Tmo, temperature of cold cap bottom, Trg, and
viscosity at melter operating temperature, #mo. Trs can currently only be determined by
feed expansion tests (FETSs) although it is often disputed whether this temperature
correlates to the collapse of the primary foam or that of the total foam (Hrma et al.
2018; Lee et al. 2020; Lee, Hrma, Pokorny, Klouzek, et al. 2019). From Hrma et al.
(2018), the definition used for this data is Tre = Trm, the foam bottom temperature is
defined as the temperature at the start of the collapse of primary foam, or the foam

maximum. Reference viscosity, #r, is equal to 1, to ensure correct units. Reference
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bubbling rate, uo, refers to the bubbling rate due to natural convection. &, is a
coefficient related to a particular melter and type of glass. The equation is being
validated for multiple feeds by the DM100 melter at the Vitreous State Laboratory
(VSL), at the Catholic University of America, Washington D.C., USA (Hrma et al.
2018; Lee et al. 2020; Lee, Hrma, Pokorny, Klouzek, et al. 2019). For the data collected
so far, least squares regression analysis of the melting rate resulted in the following
parameters for the high-level waste feeds in the laboratory scale melter (LSM), DM100
melter and DM1200 melter, with a bubbling rate of ug = 9.0 L min %, & = 74.40 kg.s”
$K1, a=0.889, f=0.699 and up = 0.234 m.h** (Hrma et al. 2018; D. S. Kim et al.
2012).

Correlation between the measured melting rate and the melting rate estimated by the
MRC for 5 simulated Hanford waste feeds: HLW-E-AI-27, HWI-AI-19, HLW-E-M-009,
HLW-NG-Fe2 and HWI-AI-28, are shown in Figure 2.4.2. For these feeds the equation
provides a good fit to the measured data, and “covers the influential variables”, with the
glass viscosity being the most influential within the range of data studied (Hrma et al.
2018; Lee, Hrma, Pokorny, Klouzek, et al. 2019), however it is also stated that an exact
theory “would need to consider the effect of the gas cavities carried by the melt flow,
the gas bubbles from redox, and the dissolving residues of solid particles” (Hrma et al.
2018). In a study of a broader envelope of HLW feeds and processing conditions, the
feeds that were overestimated for melting rate by the MRC were HLW-E-ANa-22,
HLW-98-86, HLW-E-M09 and HLW-NG-Fe2. The HLW-E-ANa-22 and HLW-E-M-
09 are the highest Cr.O3 containing HLW feeds (Kruger et al. 2009; Kruger, Pegg, et al.
2012), HLW-98-86 is high in both Fe.Oz and MnO (Kruger, Pegg, et al. 2012) and

HLW-NG-Fe2 is the highest Fe,O3 feed.
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Figure 2.4.2. Melting rate of 5 feeds measured in the DM100 melter and estimated using
the melt-rate correlation equation (Hrma et al. 2018; Lee, Hrma, Pokorny, Klouzek, et

al. 2019).

While the MRC predicts the melting rate well for all of the five feeds, it slightly
overestimates for the HLW-NG-Fe2 feed and underestimates the other 4 feeds. This
single data point alone cannot be used to draw any conclusions, however, there is a
possibility that the use of Tem = Trs, Where the HLW-NG-Fe2 feed shows significant
foaming at higher temperatures, does not sufficiently describe the melting behaviour

(Guillen et al. 2020).
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2.5 HLW-AI-19 Simulated Waste Feed

Of the feeds used to validate the MRC equation discussed in section 2.4.3, (Hrma et al.
2018), HLW-AI-19 (referred to as HWI-AI-19 in that study), is one of the most deeply-
studied waste streams in the cold cap (Matlack, Gan, et al. 2009; Hujova, Klouzek, et al.
2018; McCarthy et al. 2018; Mitchell and Guillen 2016; Chun et al. 2013). The glass
composition, Table 2.5.1, is limited by the high-alumina content, however, in terms of
foaming behaviour, by all experiments performed so far, it is a “regular” high-level
waste feed (Lee, Hrma, Pokorny, Klouzek, et al. 2019). Studies of raw material changes,
melting rates and bubbling rates, and foam expansion during melting have been
performed with this feed to give an idea of how a generic HLW feed will behave inside
a melter and it is often used to compare with irregularly foaming feeds (Lee, Hrma,
Pokorny, Klouzek, et al. 2019; Hrma et al. 2018).

In an investigation of cold cap analysis techniques, a simplified version of the HLW-AI-
19 feed, the AO feed (Xu et al. 2016; Dixon et al. 2015b), was used to correlate the
temperature regions of stages of melting (SoM) samples, where feed was quenched at
various temperatures during melting to provide snapshots of the melting behaviour, with
a sample produced in an LSM (Dixon et al. 2015b). Results from this study made it
possible to compare SoM samples to a more representative cold cap system by
employing Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDX), as well as X-ray Powder Diffraction (XRD) and optical microscopy to compare
chemical and morphological structures in the samples and produce a temperature

distribution curve of the LSM sample.
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Table 2.5.1. HLW-AI-19 simulated glass composition (Joseph et al. 2010).

Batch Raw Batch

Raw Material Oxide 100 g* wt% Material Oxide 100 g* wt%
Al(OH)3 Al;O3 37.18  24.53 Ni(OH), NiO 0.50 0.41
H3BO3 B20s 34.16 1941 PbO PbO 0.42 0.42
CaCOs3 CaO 1.09 0.61 Fe(H:PO2); Fey0s 1.25 0.40
Fe(OH)s3 Fe,03 7.44 5.61 P20s 1.07
Li»CO3 Li.O 8.92 3.64 NaF Na,O 1.50 0.41
NaOH Na,O 1.99 1.55 F 0.34
SiO; SiO; 22.15 22.35 Nap,COs; Na,O 10.66  6.29
Zr(OH)4-0.65H,0  ZrO, 0.55 0.40 NaNO; Na,O 0.35 0.16
NazSO4 Na,O 0.36 0.16 NaNOs; Na,O 1.24 0.46
SO3 0.20  NayCy04 Na,O 0.13 0.06
Bi203 Bi203 1.17 1.18 CaSiOs CaO 9.71 4.73
Cr,03-1.5H,0 Cr;03 0.62 0.53 SiO; 5.07
Total 141.366 100

2.5.1 Foaming Behaviour

As discussed above, the HLW-AI-19 feed is considered a regular foaming HLW feed.
Previous Feed Expansion Tests have shown the feed to foam up to a peak foaming
volume of 2-5 times its original volume (Lee, VanderVeer, Hrma, et al. 2017; Lee,
Hrma, Pokorny, Klouzek, et al. 2019; Guillen et al. 2020; Lee, Hrma, Pokorny,
Traverso, et al. 2019). The variation in peak foam height arises from various parameters
such as quartz particle size, viscosity and heating rate, it has been shown that the
melting rate does not alter significantly the peak foam volume, but does change the
temperature of peak foam and foam collapse, with the higher melting rate peaking at a
higher temperature (Lee, VanderVeer, Hrma, et al. 2017). Both feed viscosity and the
quartz particle size change the amount of foam produced during melting, with the higher
viscosity causing more foaming overall and peaking at a higher temperature, while the
smaller quartz particles produce the most foam but the temperature profile was similar

throughout the particle sizes (Lee, VanderVeer, Hrma, et al. 2017).
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2.5.2 X-ray Computed Tomography

The HLW-AI-19 feed was the subject of a few studies investigating the use of X-ray
computed tomography (X-ray CT) on expanding pellets during melting (Mitchell and
Guillen 2016; Harris et al. 2017; Luksic et al. 2020; Hrma and Pokorny 2016). X-ray
CT has the ability to uncover information about the bubbles forming within the melt
during melting and foaming by mapping phases of various densities within a 3D bulk
sample with 2D images throughout its volume (Hrma and Pokorny 2016). In a study of
variations on the HLW-AI-19 feed pellets, using different ratios of glass-forming
chemicals, with the foaming profiles shown in Figure 2.5.1, images of the pellets
provided data on the bubble size and morphology during foaming (Harris et al. 2017).
Generally observed in X-ray CT of pellet tests; the largest bubbles contribute most to
peak foaming and there are smaller secondary bubbles at higher temperatures (Harris et
al. 2017; Luksic et al. 2020).
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Figure 2.5.1. Normalised pellet area (Ar) as a function of temperature for 6 variations of
the HLW-AI-19 feed (Harris et al. 2017).
In X-ray CT studies of pellet expansion the maximum bubble size is limited by the size

of the pellet. The foam morphology inside a pressed pellet is likely to be different to
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that inside a cold cap due to the interactions between layers of the cold cap and bubbles
rising due to buoyancy from the glass melt, and ongoing work aims to use this
technique in dynamic melter systems where bubbles are more representative (Harris et

al. 2017; Guillen et al. 2018; Choi et al. 2017).

2.5.3 Impact of Raw Materials

The influence of quartz particle size on the melting and foaming behaviour of the HLW-
Al-9 feed is discussed in section 2.5.1 (Lee, VanderVeer, Hrma, et al. 2017), however,
other raw material alterations have also been examined and it is clear that the make-up
of the feed is an influential parameter in predicting the foaming behaviour (Hrma et al.
2010). Boehmite (y-AIO(OH)) and corundum (Al.O3) have been explored as
alternatives to gibbsite (AI(OH)s3) as the aluminium source, showing changes in the
temperatures of CO2, SOz and O evolution profiles and even influencing the Fe redox
state through the oxygen partial pressure above the melt (Lee, Hrma, Klouzek, et al.
2017). A 25 % increase in the rate of melting was observed in the feed using AIO(OH)
as the alumina source, compared to Al(OH)s (Pokorny and Hrma 2014; Hrma 2014),
whereas corundum produced substantially more foam (Pierce et al. 2012). Overall, it
appears that the rate of Al>O3 incorporation into the glass-forming melt dictates the
melting rate of the glass, which can be affected by both the raw material source and the
particle size (Marcial, Klouzek, et al. 2021).

Despite the HLW-AI-19 glass only containing 5.9 wt% Fe»Os, the source of Fe;Os has
also been shown to have significant impacts on the melting behaviour of the feed
(Marcial, Klouzek, et al. 2021; Guillen et al. 2020). Melting of the feed with magnetite
(Fe304), goethite (FeOOH), and haematite (Fe2O3) replacing the iron hydroxide
(Fe(OH)3) raw material showed little difference in the foaming behaviour (Marcial,
Klouzek, et al. 2021), however, the use of a completely reduced iron source, iron
oxalate dihydrate (FeC204-2H20), did show significant reduction in the feed volume
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expansion (Guillen et al. 2020). The FesO4 feed evolved less O, than the Fe3* iron
sources (Marcial, Klouzek, et al. 2021), and the FeC.04-2H>0 feed showed a complete

suppression of O evolution, Figure 2.5.2 (Guillen et al. 2020).
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Figure 2.5.2. Evolved Gas Analysis (EGA) for the High-Alumina HLW-AI-19 feed with
iron hydroxide Fe(OH)s and iron oxalate dihydrate FeC204-2H,0 as raw materials for

Fe (Guillen et al., 2020).
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2.6 HLW-NG-Fe2 Simulated Waste Feed

The HLW-NG-Fe2 feed is much higher in Fe than the HLW-AI-19 feed and foams

significantly more than the “regular” HLW-AI-19 feed, and most other HLW feeds

(Guillen et al. 2020; Lee, Hrma, Pokorny, Klouzek, et al. 2019). The HLW-NG-Fe2

glass composition, given in Table 2.6.1, was developed by the VSL at the Catholic

University of America to immobilise the high-iron C-106/AY-102 tank waste (Matlack

et al. 2012; Chekhmir, Gribetz, and Shore 2011). The final vitrified HLW-NG-Fe2 glass

composition has 42 wt% waste loading and an average glass production rate of 1650 kg

m2 day™ in the DM100 research scale melter system at the VSL (Matlack et al. 2012; E.

C. Smith et al. 2011).

Table 2.6.1. HLW-NG-Fe2 simulated glass composition developed by the VSL to

immobilise the C-106/AY-102 high-iron tank waste (Matlack et al. 2012).

Raw Material Oxide Batch100g* Wt% Raw Material Oxide ?ggcg Wit%
Al(OH); Al,0;3 8.61 559  FePO;-2H;0 P.0Os 171 0.65
HsBO3 B.O; 0.56 13.57 Fe 03 0.73
Na;Bs07-10H,0 Na,O 37.16 6.04  PbO PbO  0.63 0.63

B,0s 0.32  Na;SiOs Si0,  8.03 3.95
CaCOs Cao 0.94 0.52 Na,O 4.08
CeO, CeO, 0.12 0.12  NaxSO4 SOz 0.39 0.22
Cr,03:1.5H,0 Cr,0s 0.30 0.25 Na,O 0.17
Fe(OH)s Fe,O; 20.54 15.35 SiO; Si0, 37.33 37.33
La(OH)3 La,O; 0.11 0.09 SrCOs3 SrO 0.28 0.20
Li,COs Li,O  3.87 156 ZnO Zn0O 0.03 0.03
Mg(OH), MgO 0.24 0.16  Zr(OH);-0.654H,0 ZrO, 157  1.13
MnO; MnO, 3.98 3.98 NaNO; Na,O 0.01 0.00
NaOH Na,O 0.81 0.63  NaNOs Na,O 0.45 0.16
Na,COs Na,O 4.04 236  HC04:2H,0 0.06
Ni(OH) NiO  0.59 0.47

Total 132.36 100.00
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As well as the high Fe;O3 content, the presence of Cr.0s, MnO2, NiO and CeO: in the
wastes may also impact the melting behaviour, particularly in the oxygen balance
during melting (Lee, Hrma, Klouzek, et al. 2017), and the formation of spinel
compounds such as magnetite, trevorite and chromite in the final glass (Matyas et al.

2017; Hrma, Schill, and Nemec 2002; Lonergan et al. 2022).

2.6.1 Foaming Behaviour

The maximum foam volume during melting in the HLW-NG-Fe2 feed has been
measured as up to ~ 10 times its original volume at a heating rate of 10 °C min™
(Guillen et al. 2020; Lee, Hrma, Pokorny, Traverso, et al. 2019; Marcial, Klouzek, et al.
2021). An example of the feed expansion at different heating rates is shown in Figure
2.6.1. As well as the vigorous peak foaming there is considerable secondary foaming

above primary foam collapse, between 800 and 1100 °C, Figure 2.6.1, which as

discussed in section 2.4.2.2 is caused by mainly SO», O and residual CO> evolution.
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Figure 2.6.1. Feed volume expansion of the HLW-NG-Fe2 feed at heating rates of 10,
20 and 40 K min* (Lee, Hrma, Pokorny, Traverso, et al. 2019).
Given the large quantity of Fe,Oz, as well as other multivalent species, it is likely that

O2 evolution from redox reactions contributes to the secondary foaming. A reduction in
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average Fe oxidation state was observed during melting of the HLW-NG-Fe2 feed,
accompanied by a significant evolution of O, compared with the HLW-AI-19 feed
(Guillen et al. 2020), therefore a likely source of Oz evolution can be attributed to the
following decomposition reaction (Pokorny and Hrma 2014; Hrma et al. 2010):

2Fe203 — 4FeO + O3 (5)

2.6.2 Impact of Raw Materials

Due to "significant uncertainty™ in the form of iron in the real waste feeds, it is possible
that it will be present in "a number of amorphous forms, minerals and oxidation states"
(Matlack, Kot, et al. 2015). The VSL ran melter tests on the HLW-NG-Fe2 feed with
the same four iron sources as discussed in the HLW-AI-19 feed (Marcial, Klouzek, et al.
2021), section 2.5.3: iron hydroxide Fe(OH)s, goethite (FeOOH), haematite (Fe>O3) and
magnetite (Fe3O4) (Matlack, Kot, et al. 2015). In terms of melting rate the Fe2Os had the
highest melting rate at 1910 kg m day?, followed by Fe3O4 at 1830 kg m? day™?, and
finally FeO(OH) at 1725 kg m™ day? (Matlack, Viragh, et al. 2015). However, an
investigation of the foaming behaviour (Marcial, Klouzek, et al. 2021) showed that the
foam volume increased in the order FesOs < FeEOOH < Fe(OH)s < Fe;O3. The foam
volume does not directly correlate to the melting rate. The viscosity of the feed
containing Fe(OH)s was an order of magnitude greater than the viscosities of any of the
other feeds tested (Matlack, Viragh, et al. 2015), which is consistent with the sensitivity
study showing the viscosity to be the most influential factor on melting rate (Lee, Hrma,
Pokorny, Klouzek, et al. 2019). A correlation between the chemically-bound water in
the iron source and reduced melt viscosity could also explain these results (Marcial,
Klouzek, et al. 2021). Despite the 33.3 % Fe?* content in the Fe3Os iron source, there
does not appear to be a correlation in this case between the redox state of the iron source
and the rate of melting (Matlack, Viragh, et al. 2015), although there may be some

impact on the foaming behaviour (Marcial, Klouzek, et al. 2021).
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2.6.3 Reduced Fe Raw Material

Given the large difference in behaviour of the HLW-AI-19 feed during melting using
the FeC,04-2H>0, discussed in section 2.5.3 (Hujova, Pokorny, et al. 2018; Guillen et
al. 2020), there is potential that the FeC.04.2H.O raw material could have an even
greater effect on the HLW-NG-Fe2 feed. Iron oxalate dihydrate, FeC,04-2H,0 contains
iron in the 2+ oxidation state. Thermal decomposition of iron oxalate by DTA-TGA-
EGA, (Lopez, Tirado, and Pérez Vicente 2013; Carles et al. 1999; Ogasawara and Koga
2014) suggests the following potential decomposition pathways during heating:

FEC204 . 2H20 — FEC204 + 2H20

(6)
FeC,0, — FeO + CO + CO, -

1
CO + 0, = CO0, -

1
2Fe0 + 502 — F9203 (9)

or,

3FeC;04 —> FesOs + 4CO + 2CO, (10)

The O2 consumption in these decomposition pathways explains the lack of Oz evolution
in the HLW-AI-19 feed made with FeC,04-2H,O compared to the original Fe(OH)3
slurry source (Guillen et al. 2020), reducing the effect of O, evolution on secondary
foaming. There is, however, an increase in CO2 and potentially CO evolved. The
decomposition of FeC204:2H20 in air at 200-250 is observed using DTA in Figure 2.6.2
(Angermann and Topfer 2008). and when held at 350 °C by °’Fe Mossbauer
spectroscopy, in Figure 2.6.3 (Smrcka et al. 2016).

The room temperature °’Fe Mossbauer spectra sample shows a single Fe?* doublet. By

the first heat treatment to 350 °C held for 8 minutes most of the paramagnetic iron is
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now amorphous Fe;Os, with a small remaining Fe?* doublet. Magnetically ordered Fe3*
phases, identified as haematite and maghemite, begin to form, and increase in relative

abundance with heat treatment time, supporting equations (6-9) as decomposition

pathways.
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Figure 2.6.2. Decomposition of FeC204:2H,0 in air by TG-DTA at a heating rate of 2

°C min* (Angermann and Topfer 2008).
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Figure 2.6.3. >Fe Mossbauer Spectroscopy of a) FeC204-2H20 and FeC,04-2H20

isothermally heated at 350 °C for b) 8 minutes, ¢) 12 minutes, d) 60 minutes, ¢) 120

minutes, and f) 180 minutes (Smrcka et al. 2016).
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2.6.4 Redox Control

A study exploring varying nitrate and oxalate levels in the C-106/AY-102 simulated
feed (HLW-NG-Fe2), found that increased nitrate content decreased the rate of glass
production, and additions of oxalate at 50-75 g kg™ glass resulted in more than 10 %
Fe?*/Fer (Kruger, Matlack, Pegg, et al. 2012). It concluded that oxalate content should
be limited in the feed to avoid precipitation of secondary phases. The study also
concluded that the management of organics in the high-iron HLW feed is important for
controlling production rates and glass properties. However, algorithms used to
determine the amount of sugar to add to high-nitrate LAW feeds as a reducing agent
need to be modified and require further testing to better define the relationship between
sources of carbon (Kruger, Matlack, Pegg, et al. 2012). In Hanford waste glasses, limits
have been set on the iron redox ratio in the glass, 0.09 < Fe*/Fe®* < 0.3, with the
justification of controlling gas release and foaming, while avoiding precipitation of
metals, spinel and sulphide species in the melt (Lambert and Kim 1994).

In the HLW-NG-Fe2 feed, a DM100 melter test produced glass with 0.65 vol% of
spinel crystals, containing Fe, Mn, Cr, and Ni, at 950 °C for 72 hours (Matlack, Viragh,
et al. 2015), leaving some room for increases in spinel content under the current

limitations.
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2.7 Redox behaviour in glass melts

The redox state of the glass-melt has an effect on O2 evolution and secondary foaming
(Kocarkova 2011; Lee, Hrma, Klouzek, et al. 2017) as well as the solubility of certain
species (including SO3) (Soderquist et al. 2014; Vienna, Kim, Muller, Piepel, Kruger, et
al. 2014; Langowski, Darab, and Smith 1996; Bibler et al. 2000), furnace refractory
corrosion, crystallinity and settling of metallic species, glass product durability (Peeler
and Edwards 2004), electrical melt conductivity amongst other parameters (Goldman
1986). With the diversity of waste compositions at the Hanford site, understanding the
redox in the cold cap and glass melt is essential to reduce uncertainties in final glass

quality and melt behaviour in the JHCMs (Pinet, Hugon, and Mure 2014).

2.7.1 Modelling Redox Behaviour in Glass Melts

The factors that affect the redox state of the melt include oxygen fugacity, or partial
pressure, fo2, above the glass melt (Lee, Hrma, Klouzek, et al. 2017; Klouzek and
Rohanova 1999), melt temperature, T, and the glass composition (Pinet, Hugon, and
Mure 2014). The oxygen fugacity is determined by the raw materials and their
decomposition, glass composition and the furnace conditions. The melt temperature is
set at 1150 °C for vitrification at the Hanford site (Vienna et al. 2016; Jantzen 2011).

The optical basicity is determined by both the glass composition, and the local
environment of oxygen atoms (Duffy 1996; Duffy and Ingram 1976). The basicity of a
melt can be considered as its “tendency to liberate oxide ions” (Duffy 1996). This
depends on the number on BOs and NBOs in silicate melts, and therefore the quantity
of alkali modifiers. The optical basicity of a glass, A, has been shown to correlate with
oxygen partial pressure (Thiemsorn et al. 2008a) and log(Fe?*/Fe®") (Duffy 1996; Pinet
et al. 2008). The glass composition is thus a highly influential parameter in the redox

state of the melt (Pinet, Hugon, and Mure 2014).
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>"Fe Mossbauer spectroscopy has been used to indicate the redox state of iron in the
melt or glass (Goldman 1986; Cassingham et al. 2008; Glazkova et al. 2015; Muller et
al. 2009). While iron is often the most abundant multivalent species in HLW feeds, the
contributions of all multivalent species must be considered (Jantzen and Stone 2007).
X-ray absorption spectroscopy (XAS) studies have also been used to identify the redox
states of further multivalent species in HLW feeds including Mn and Cr (McKeown et
al. 2002; Guillen et al. 2020; Gan et al. 2009). In order to begin to understand the
interactions between redox species in a melt, the following sections 2.7.2 and 2.7.3,
describe work performed on single multivalent species and multiple multivalent species

in glass melts, and attempts to model their behaviour.

2.7.2 Single multivalent species in glass melt

Schreiber and co-workers performed predictive work on redox behaviour in both
industrial and nuclear waste glasses using empirical data and modelling (Schreiber and
Hockman 1987; Schreiber 1986, 1980, 1983; Schreiber and Todd Coolbaugh 1995;
Schreiber et al. 1994, 1990). For a single multivalent element in a glass-forming melt,

the simplest equation to describe the behaviour is (Schreiber et al. 1986):

L (m-m)+
AME e + 20070y = 4M[11:elltl) + N03(gas)

(11)

Where M™, and M™"*  are the oxidised and reduced element, M, respectively, and n is
the number of transferred electrons in the reaction (Schreiber et al. 1986).

For a constant b, which incorporates all terms relating to temperature and melt
composition, the following equation can be used to calculate the oxygen fugacity, fo,:

(m—n)+

4
—log(f0,) = Elog[w] + b (12)

This relationship is used to plot linear relationships between -log(fo2) and log(M(m-
n)+/Mm+) for many multivalent elements in synthesized glass compositions at constant
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temperature. Relevant to the present work is the calculations made with the SRL-131
glass from the Defence Waste Processing Facility (DWPF) at Savanah River, SC, USA
(Schreiber et al. 1986). Relationships between the redox state and oxygen fugacity by
equation (12) are applied to the SRL-131 glass in Figure 2.7.1, for various Fe?*/Fe*" and
Fe?*/metallic Fe, at melt temperatures from 850 — 1150 °C at 1, 5 and 10 wt% Fe.

The oxygen fugacity required to reduce Fe from either Fe3* to Fe?*, or Fe?* to metallic
Fe, is lower for higher melt temperatures (Beerkens 1999; Lee, Hrma, Klouzek, et al.
2017; Klouzek and Rohanova 1999; Sugawara et al. 2016). The gradient of the line
decreases for Fe**/metallic Fe, but at 1150 °C it there is no metallic reduction up to -
log(foz2) = 12 to 14. For one-electron transfer, Fe3* to Fe?*, governed by equation (12),
the difference between 1 and 5 wt% Fe is a shift to higher -log(fo2) with log(Fe?*/Fe3*).
For 10 wt% Fe the relationship for the one-electron transfer is not accurately predicted
by equation (12), attributed to the effect of the high-iron concentration on the “basicity

of the melt with changing oxygen fugacity” (Schreiber et al. 1986).
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Figure 2.7.1. Relationship between oxygen fugacity and redox ratio of Fe in SRL-131
melt, with 1 wt% (circles and triangles) and 5 wt% (squares) Fe (left) and 10 wt% Fe

(right) over a range of temperatures (Schreiber et al. 1986).
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From this linear relationship, equation (12), — assuming the differences in the rest of the
composition are minimal — an estimation for the oxygen fugacity can be made for other
waste glass compositions containing Fe up to 5 wt%, as well as finding the limits of
Fe2+/FeT before the onset of potential precipitation of metallic species. For higher iron
contents more empirical data or measurements of glass basicity may be required
(Schreiber et al. 1986; Klouzek and Rohanova 1999).

As well as the diversion from the simplest model owing to the high-iron content
(Schreiber et al. 1986; Seymour 1995), the HLW-NG-Fe2 feed also contains 2.5 wt%
Mn, 0.2 wt% Cr, 0.1 wt% Ce and 0.4 wt% Ni. For the SRL-131 glass redox states were
given for all of the redox-active species present in the melt with imposed oxygen

fugacity at 1150 °C, Figure 2.7.2 (Schreiber and Hockman 1987).
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species in the SRL-131 melt (Schreiber and Hockman 1987).
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2.7.3 Multiple multivalent species in glass melt

Little predictive modelling has been performed on mixtures of multivalent species in
glass melts, although it has been noted that predictability is necessary for redox control
during vitrification of radioactive wastes (Bickford and Diemer Jr 1986; Seymour 1995;
Peeler, Lorier, and Vienna 2001). Full understanding of mutual redox reactions
becomes more complex with addition of each new species. In 1960, Tress (Tress 1960)
provided the reaction series in agueous materials, by which any ion with a lower
reduction potential, E°, will be oxidised by any ion with a higher E* (Schreiber and
Haskin 1976). The reduction potential, Ev", is defined as the y-intercept on the linear

graph of -log(fo,) and log(redox state), equation (13) (Berry and O’Neill 2004;

Schreiber and Balazs 1985):

(m—n)+

4
—log(f0,) = Elog lwl —Ey (13)

This electrochemical series was found to be adequate in predicting redox states in alkali
silicate glasses, but inadequate in alkali borate glasses (Paul and Douglas 1966). In
sodium-silicate glasses, species with significantly different reduction potentials behaved
as predicted, however, with a change in alkali content, the effective electrochemical

potentials of Fe, V and Cu changed order in the series (Paul and Douglas 1966).

Schreiber and Balazs evaluated the reduction potentials in the borosilicate SRL-131
glass melt (Schreiber and Balazs 1985), as well as a range of other silicate glasses in
comparison to water, showing a variation in the electrochemical potentials of many
redox active species in each medium, as well as variation in the series, even between
glass melt compositions (Schreiber and Balazs 1985). The resulting reduction potentials
calculated for the relevant species in borosilicate glass melts are given in Table 2.7.1

(Brickner 1985; Schreiber and Balazs 1985).
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Table 2.7.1. Reduction potentials for redox states of multivalent species in the HLW-

NG-Fe2 feed, for borosilicate melts at 1150 °C (Schreiber and Balazs 1985).

Element Initial Oxidation State  Final Oxidation State Reduction Potential
Chromium Cr3+ Cr2 -1.38

Cré* Crét -0.04
Cerium Ce* Ce** -0.03
Iron Fe?* Fel -1.27

Fe®* Fe?* -0.68
Manganese Mn3* Mn?* 0.33
Nickel Ni2* Ni° -1.06

Ni* Ni2* 0.69

Electron exchange between individual redox ions may not occur in the glass melt, due
to buffering by the melt, they may, in fact, occur during cooling (Brickner 1985;
Schreiber et al. 1987; Borisov 2016). High-precision measurements at melt temperature
showed up to a 20 % variation in the measured enthalpy of the redox reactions;
however, in that study there was no diversion from the overall series (Briickner 1985).

Equilibrium for two redox couples in a glass forming melt can be expressed as

(Schreiber et al. 1987):

+ (r—s) . (m—n)+ (r+)
sM(tey + DR ey = SMag + DR (14)

where n and s are the number of electrons transferred from multivalent elements M and
R, respectively (Schreiber et al. 1987). The net reaction potential term, AE*, where

AE™ = sEy; —nEg (15)
governs the degree of mutual interaction. In the SRL-131 melt, for values of AE* < 0.7,
there is negligible electron exchange between the redox couples, for 0.7 < AE* < 1.5
electron exchange occurs but the reaction is incomplete, and for 4E* > 1.5 there is a
completed interaction (Schreiber et al. 1987). Some mutual redox interactions relevant

to the present work are presented in Table 2.7.2. For three redox couples, the results

were sequential (Schreiber et al. 1987).
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Table 2.7.2. Mutual interactions of redox couples via electron exchange (Schreiber et al.

1987).
Reactants AE* Degree of Mutual Interaction
Mns* Fe?* 2.5 To completion
Fed* Cr?* 1.7 Near completion
Ce** Fe?* 1.6 Near completion
Mns* Ce® 0.9 Small degree of interaction
Ce** Cr¥* 0.0 Equally likely in either direction, or none at all

Schreiber’s work continues to provide a basis for exploration of mixed multivalent
species redox reactions in complex glass compositions. In nuclear waste vitrification,
Goldman examined redox control during vitrification of high-level radioactive wastes at
the Hanford site (Goldman 1985), using the premise that the redox ratio of iron,
Fe3*/Fer, could be used to indicate the glass oxidation state, and how the redox state
influenced the foam stability (Goldman 1986). Cassingham et al. used Schreiber’s
understanding of mutual redox reactions to explain preferential oxidation of Fe?* by
Ce™ present in the melt (Cassingham et al. 2008), and two studies have used the
relationships to explain the oxidation of Cr3* by SO4* and the implications for sulphate
immobilisation (Kaushik et al. 2004; Manara et al. 2007). Mutual interactions of Fe, S
and Cr have been investigated in a high-alumina HLW feed, in relation to their O
evolution and foaming behaviour (Lee, Hrma, Klouzek, et al. 2017). The electron
equivalents model for further Hanford HLW feeds was developed based on Schreiber’s
principles, explaining the redox controlling reactions that occur between formate salts
and nitrate salts in the cold cap (Jantzen et al. 2003). A predictive model for the redox
state of the nuclear waste glasses containing iron, cerium, chromium, manganese, nickel
and ruthenium has more recently been developed based on estimations of the oxygen
partial pressure which predicted the redox state reasonably well for both single

multivalent oxides and mixtures of multivalent oxides (Pinet et al. 2008).
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2.8 Redox control during vitrification

In nuclear waste feeds both oxidising agents such as nitrates and reducing agents such
as organic compounds are present, leading to both evolution and consumption of Oa.
Schreiber describes how the presence of carbon dioxide, water and sulphur dioxide
gases, and dissolution into the melt can change the redox equilibrium through the
uptake of oxide ions, forming more reduced species (Schreiber 1986). However, the
reverse of these reactions is also possibly true in the production of CO2 and SO; gases
from dissolved sulphates and carbonates in the melt, which leaves O in the melt to
oxidise species (Schreiber 1986).

In order to reduce foaming, carbon has been added as a foam reductant in the form of
sucrose or formic acid in nuclear waste treatment plants (Hrma et al. 2010; Bibler and
Fellinger 2001; Henager et al. 2011; P. A. Smith, Vienna, and Hrma 1995; Matlack,
Joseph, et al. 2009; Bickford, Hrma, and Bowan 1990), by reducing the nitrates at low
temperatures and therefore reducing primary foam. Sucrose has been studied in high-
nitrate LAW feeds for the Hanford Site (Soderquist et al. 2014; Hrma et al. 2010; Appel
et al. 2019; Kruger et al. 2013), and is the baseline reductant selected for all feeds with
foaming issues at the WTPs (Matlack, Muller, et al. 2011). Studies of the effect of
reductants on HLW feeds are much less prevalent as many of the feeds do not generally
contain high nitrate concentrations that contribute to the more prominent primary
foaming (Matlack et al. 2007; Henager et al. 2011). Caution must be taken not to over-
reduce the melt which could cause precipitation of crystalline and metallic species
(Bingham et al. 2011; Appel et al. 2019); metallic species are particularly detrimental to
the melter lifetime and crystalline phases can reduce the quality of the final glass

product (Matlack, Joseph, et al. 2009).
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2.8.1 Effect of reducing agents

The use of carbonaceous materials during vitrification of radioactive waste dates back to
the 1970s (Bickford and Diemer Jr 1986; Goldman 1986; Drobnik 1972; Ross 1978;
Blair 1976; Straub 1973), and in the industrial glass melting industry, their use is
reported back to earlier 20" Century (Adams 1942; Cable 2005; Silverman 1932; Fuwa
1936). A patent filed in 1942 describes the “common practice” of throwing organic
matter such as “potatoes, apples, coal, charcoal or the like” into melts to “liberate large
volumes of gases” (Adams 1942). A later patent filed in 1991 referred to the earlier
method as an “erratic technique” that is “not considered suitable for a large scale,
continuous, glass melting operation” (Knavish and Harrell 1991). This patent describes
the need for a reducing agent that does not dissociate before it is necessary, “i.e. after
the initial melting of the batch materials, as the melt enters the zone of peak
temperature” in order to reduce the amount of reducing agent needed (Knavish and
Harrell 1991). Some forms of carbon reducing agents dissociate as soon as they are
exposed to the heat of the furnace, the continual introduction of the reducing agent to
the melt is suggested so as to shift the redox conditions in the high-temperature region
(Knavish and Harrell 1991).

Addition of carbon to a glass batch is likely to increase the volume of gas released
overall, however, there are benefits to promoting gas release earlier in the glass melting
process (Ryan 1995). When investigating secondary foaming, Fedorov et al. (2002)
suggested that carbon addition to the batch could reduce secondary foaming while
promoting primary foaming (Fedorov and Pilon 2002).

Different forms of carbon have been studied for their effectiveness in reducing glass
foams, such as: powdered anthracite coal (Muschik et al. 2005), fine coke particles
(Vernerova, Klouzek, and Némec 2015), spraying oil, natural gas or other combustible

materials (Fedorov and Pilon 2002), pulsing CO into the atmosphere or through the melt
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(Fedorov and Pilon 2002; Adams 1942). Petroleum coke and powdered graphite are
reported to be the most effective additions in controlled foaming the slag in the

steelmaking process compared to other forms of carbon (Sahajwalla et al. 2006).

2.8.2 Reductant Selection

In the early evaluation of different reductants on the Hanford waste glasses, particularly
using carboxylic acids, the effect on redox behaviour of mixed multivalent species feeds
was not well understood, and Seymour, 1995, suggested that fine tuning of the
interrelationship of the complex redox chemistry of the cold cap and melt pool should
be pursued (Seymour 1995). Requirements to be considered when selecting an
appropriate reductant include low cost, low toxicity, minimal effects on the quality of
the final glass product and ease of handling (Ryan 1995). Care must be taken when
formaldehyde, formic acid or sugar are applied to avoid violent chemical reactions
(Appel et al. 2019; International Atomic Energy Agency 1992). The temperature of
foaming is important when choosing a suitable reductant; if primary foaming is the
dominant foam mechanism, and it collapses < 850 °C, early CO2 release and denitration
are sufficient for reducing foaming (Bickford, Hrma, and Bowan 1990), which has been
demonstrated by the addition of sucrose (Henager et al. 2011; Hrma, Marcial, et al.
2011; Hrma et al. 2010; Appel et al. 2019). Reduction of O, and SO evolution at higher
temperatures may require alternative reductants based on the temperature at which each
redox reaction becomes energetically favourable (Kruger et al. 2013; Ryan 1995;
Seymour 1995).

In a 1995 review of the effects of raw materials and reducing agents on the redox and
foaming behaviour in generic Hanford Tank waste (Ryan 1995), reductants such as
semi-metallic elements, carbon in the form of coke, coal or graphite, and other organic
compounds are discussed (Ryan 1995). A summary of the properties of some of the

carbon-based reductants is provided in Table 2.8.1.
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Table 2.8.1. Properties of some carbonaceous reducing agents for waste glass melting,

reproduced from (Ryan 1995).

Compound Average Carbon Reducing Reducing Equivalents
Oxidation State  Equivalents mol* g of Compound
Oxalic Acid 3.00 2 0.0222
Formic Acid 2.00 2 0.0435
Glyoxylic Acid 2.00 2 0.0541
Tartaric Acid 15 10 0.0667
Malonic Acid 1.33 8 0.0769
Glycolic Acid 1.00 6 0.0789
Pyruvic Acid 0.67 10 0.114
Acetic Acid 0.00 8 0.133
Sucrose 0.00 44 0.129
Graphite 0.00 4 0.333
Propionic Acid -0.67 14 0.212
Polyethylene -2.00 0.429
HEDTA* 0.20 38** 0.139

* N’(-2 hydroxyethyl) ethylenediamine-NNN” triacetic acid.
** Based on the assumption that the nitrogen atoms present do not change oxidation state and in doing so
also act as reductants.

Sucrose has the highest reducing equivalent per mole from the potential reductant
sources in Table 2.8.1, however, per gramme of substance acetic acid, graphite,
propionic acid, N’(-2 hydroxyethyl) ethylenediamine-NNN” triacetic acid (HEDTA)
and polyethylene are more effective. The effect of sucrose on the reduction of nitrates in
LAW feeds has been shown on multiple occasions (Appel et al. 2019; Muller et al.
2009; Hujova, Pokorny, et al. 2018; Hrma, Pokorny, et al. 2011), however, the iron
redox ratio, Fe**/Fer, has rarely been provided for these compositions. Goldman
(Goldman 1986) described the link between sucrose addition, foam stability and Fe
redox state in a large compositional range of nuclear waste glass melts at 1150 °C.
Above ~90 g L? sucrose addition to the melts, the foam became unstable and the
proportion Fe?" increased from Fe?*/Fe®* < 0.2 up to 0.8-1.0, summarising that foam
generated under reducing melt conditions is unstable (Goldman 1986).

One study showed an small increase in Fe?* content throughout melting with sucrose

addition to a LAW AZ-102 feed compared to a baseline sample, with a larger difference
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at 900 °C, however, the feed also contained Fe?* iron oxalate (FeC204-2H20) instead of
Fe.Os as the iron source, which renders the effect of sucrose difficult to interpret
(George, Kim, and Kruger 2020). A DM100 melter report shows a variation of <1-78 %
Fe?* concentration with different stoichiometric carbon ratios from 0.5 — 1.25 (0.5 = 1
mole sucrose per 16 mole NOy) in a simulant LAWAA44 waste glass (Kruger et al.
2013), other reports have also shown extreme reduction in Fe at high C/N ratios
(Matlack, Gong, and Pegg 2003; Matlack et al. 2001, 2000). The use of sucrose in LAW
feeds high in nitrates has been proven effective across a wide envelope of feeds
(Matlack et al. 2006; Muller et al. 2009; Hrma, Pokorny, et al. 2011; Appel et al. 2019).
Its use in HLW feeds is nominally based on the same conditions as LAW feeds, 1.5
moles of organic carbon per mole of nitrate (Matlack, Gan, et al. 2009). As discussed in
section, 2.6.5., there is a need for updated algorithms to support redox control in HLW
streams (Kruger, Matlack, Pegg, et al. 2012; Matlack, Kruger, et al. 2011) as the
mechanism of foam production is not the same as in LAW feeds.

Formic acid is a common reductant due to its influence on foam rheology as well as
reducing ability (Ryan 1995; Bickford, Hrma, and Bowan 1990; Seymour 1995). Its
effectiveness in reducing the iron redox ratio of feeds and early elimination of nitrate
was reported at the DWPF (Bickford, Hrma, and Bowan 1990). One study observed that
the low-temperature decomposition of formic acid, 100 — 400 °C precludes efficient
high-temperature reduction of multivalent species (P. A. Smith, Vienna, and Merz
1996), however, other studies have shown a significant effect on ferrous iron content,
up to Fe**/Fer = 0 at 3.1 g.mol.lb’? of dried sludge solids (Bickford and Diemer Jr
1986), and Fe**/Fer ~ 0.4 for a ratio of formic acid/NO3 of 7 to 11 (Weimers 1998).
N’(-2 hydroxyethyl) ethylenediamine-NNN” triacetic acid (HEDTA) has been found in
some of the Hanford waste tanks (Kruger et al. 2013; Matlack, Gong, and Pegg 2003;

Kelly 2011; Agnew 1997). Thus far, the effects of HEDTA addition on the redox state
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of glasses has not been explored in the literature, beyond the suggestion of its use in
reduction of oxidising species in glass melting in 1995 (Ryan 1995). Where HEDTA is
in waste Hanford streams, studies on these feeds have also included sucrose additions,
so the specific redox reactions involving HEDTA are not discernible (Kruger, Matlack,
Gong, et al. 2012; Matlack, Gong, and Pegg 2003; Matlack et al. 2006).

Graphite is a common reductant in slag furnaces (Shibata, Egawa, and Nakamura 2002;
Yu et al. 2014). Additions of graphite powder to glass batches or melts are scarce,
however, a few studies report its use in controlled precipitation of metallic particles
from glass (Jiménez 2016), and immobilisation of graphite wastes (Mayzan et al. 2014).
Two studies on waste glasses report oxidation of the graphite by Fe reduction (Bickford,
Hrma, and Bowan 1990), reduction of partial pressure in the melt, earlier sulphate
decomposition and increased rate of silica dissolution (Matyas and Hrma 2005).

The use of coke addition in redox control of nuclear waste vitrification has been
suggested (Pinet, Hugon, and Mure 2014; D’agostini and Horan 2018), based on the
studies of reducing effects at high temperature, effecting the SO, redox state and
consequent retention/evolution (D’agostini and Horan 2018; Beerkens 1999; Ryan
1995). No studies have been found to report the redox ratio of Fe in glasses with coke
additions. The 1995 report suggested that hypothetically coke could have a greater
affect than some reductants at higher temperatures, above the temperatures of glass-
forming and foaming (Ryan 1995). Given that coke is a common waste product from
other industries, the use of it in glass melting could have multiple benefits
(Devasahayam et al. 2019; Nemanova et al. 2014; Babich and Senk 2018) and indeed
coke is a widely-used raw material in the manufacture of amber container glass, for

example (Reiner and Schaeffer 1987; Beerkens 1999; Simpson and Myers 1978).
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3 Research Methods

3.1 Overview

Experiments were designed to investigate the fundamental mechanisms of the batch-to-
glass conversion process within a cold cap, with particular focus on redox and structural
changes during melting. A wide array of sample types, sample compositions and
analysis techniques has been used to generate the results in this work. Analysis
techniques for cold cap samples are discussed in the literature review, in Chapter 2,
section 2.4, 2.5 and 2.6. The limitations of these techniques, and the potential
improvement of cold cap analysis becoming more representative of melter systems, are
explored throughout the following work. The following sections describe the types of
samples generated for the study and methods of sample preparation, followed by the
laboratory-based analysis techniques used to investigate melting and thermal behaviour,
structural and physical changes, foaming behaviour and redox behaviour during melting

of the simulated waste stream compositions.
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3.2 Sample Compositions

The following Hanford Analogue compositions were based on the glass compositions
developed by the ORP, VSL and PNNL, based on composition-property models
(Vienna, Kim, and Hrma 2002; G. L. Smith et al. 2001; Kruger et al. 2008), to
immobilise Hanford tank waste (Templeton 2018; Vienna et al. 2013; D. S. Kim 2015;
Vienna, Kim, and Hrma 2002). The compositions are those currently accepted for each
waste stream and are being tested and optimised based on melter runs and laboratory-
based analysis techniques.

The HLW-NG-Fe2 glass was selected for the in-depth study of the redox behaviour and
foaming behaviour due to its high contents of Fe and other multivalent species (Matlack
et al. 2012). Previous work on the HLW-NG-Fe2 feed, section 2.6.2, found that little
change was experienced in the foaming or gas evolution in the feed with alternative raw
materials for iron, however, thus far, a completely reduced Fe raw material has not been
explored in this feed. Following on from results in the study which used a reduced Fe
source, FeCy04-2H20 in the HLW-AI-19 feed, with success in reducing foam and
suppressing oxygen evolution (Guillen et al. 2020), the same method is applied in the
following work. Iron hydroxide, Fe(OH)s, is the Fe** raw material used in the original
feed, and iron oxalate dihydrate, FeC204-2H,0, is used here for the Fe?* raw material in

the comparative feed: this feed is denoted HLW-NG-Fe2-11 for this work.
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Table 3.2.1. HLW-NG-Fe2 composition developed by the VSL to immobilise the C-

106/AY-102 high-iron tank waste (Matlack et al. 2012).

Raw Material Batch 100 g? Oxide Wit%
Al(OH)3 8.61 AlLO; 559
HsBOs3 0.56 B20s 13.79
Na;B407-10H,0 37.16 Na,O 13.36
CaCOs3 0.94 CaO 0.52
CeO, 0.12 CeO, 0.12
Cr,03-1.5H,0 0.30 Cr03 0.25
Fe(OH)s 20.54 Fe,0s  16.12
La(OH)3 0.11 Lazos 0.09
Li.COs 3.87 Li,O 1.56
Mg(OH), 0.24 MgO  0.16
MnO; 3.98 MnO,  3.98
NaOH 0.81

Na,COs 4.04

Ni(OH), 0.59 NiO 047
FePO4-2H,0 1.71 P20s 0.78
PbO 0.63 PbO 0.63
Na,SiOs 8.03 SiO; 41.02
Na;SO4 0.39 SO; 0.22
SiO; 37.33

SrCOs 0.28 SrO 0.20
Zn0O 0.03 Zn0O 0.03
Zr(OH),-0.654H,0 157 zro, 113
NaNO; 0.01

NaNOs 0.45

H,C,04:2H,0 0.06

Total 132.36 Total 100.00

Table 3.2.2. Source of iron in the nominal HLW-NG-Fe2 simulated glass composition

with iron hydroxide Fe(OH)s and iron oxalate FeC204-2H>0, HLW-NG-Fe2-II

) ) HLW-NG-Fe2 HLW-NG-Fe2-11
Raw Material Oxide wt%*
Batch 100 g* glass Batch 100 g glass
Fe(OH)s Fe,Os 20.54 0 16.08
FeC,04-2H,0 Fe 03 0 34.58 16.08

* Including 0.73 wt% from FePO2-2H-0.
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Additionally the use of reductants has been widely-explored in the LAW feeds,

particularly the use of sucrose to promote early denitration to reduce foaming (Matlack,

Muller, et al. 2011), however, evidence suggests that in HLW feeds that are low in

nitrates, alternative reductants may be more applicable (Kruger et al. 2013; Ryan 1995).

For this reason, a series of alternative reductants have been studied in the HLW-NG-Fe2

batch, at 3 wt% addition to the batch, with examination of the melting and foaming

behaviour.

Table 3.2.3. Raw materials and reductants used for each of the feeds studied and the

associated carbon content g** of compound.

Feed Name Reductant Carbon Source Carbon content g!
compound

HLW-NG-Fe2 None 0
HLW-NG-Fe2-11 Fe?* raw material (FeC,04-2H,0) 0.32
HLW-NG-Fe2-S Sucrose (C12H22011) 0.42
HLW-NG-Fe2-G Graphite (C) 1.0
HLW-NG-Fe2-C Coke (93 % C) 0.93
HLW-NG-Fe2-F Formic Acid (CH205) 0.26
HLW-NG-Fe2-H C10H16N20s 0.43
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3.3 Sample Preparation

In order to examine the cold cap behaviour, a variety of laboratory-based analysis
techniques for sample formulation and observation were employed, which are described
in this section. Since in-situ analysis of the cold cap is difficult to obtain, the following
sample preparation techniques were designed to simulate different aspects of cold cap
behaviour and structure.

Glass samples are used to represent the bottom of the cold cap and the final wasteform
product, SoM samples represent the different layers of the cold cap corresponding to
quenching temperatures, fast-dried slurry solid samples (FDSS) represent the top
portion of the cold cap and the initial dehydration reactions and laboratory scale melter
(LSM) samples are quenched full cold cap samples which are representative of the
entire system. In Table 3.3.1, the sample types are shown for each of the feeds used in
the study, where HLW-NG-Fe2-11 represents the HLW-NG-Fe2 feed batched with
FeC204-2H,0 instead of Fe(OH)s, and HLW-NG-Fe2-R represents the HLW-NG-Fe2
feeds batched with the reductants outlined in section 2.8.2. Example sample types are
shown in Figure 3.3.1.

Table 3.3.1. A summary of sample types for each composition used in the study.

Sample Type Feed compositions

Glass Samples HLW-NG-Fe2, HLW-NG-Fe2-1l1, HLW-NG-Fe2-R
SoM Samples HLW-NG-Fe2, HLW-NG-Fe2-11, HLW-NG-Fe2-R
FDSS Samples HLW-NG-Fe2, HLW-NG-Fe2-11

LSM Sample HLW-NG-Fe2-11
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Figure 3.3.1. Sample types explored in this study. a) slurry feed, b) SoM samples, c)

glass samples, d) fast-dried slurry solids and €) Laboratory Scale Melter sample.

3.3.1 Batching and Feed Preparation

For preparation of the Hanford analogues slurry feed, raw materials were weighed on a
2 d.p. scale and all raw materials used had a purity >99 %. The iron hydroxide source
was an iron hydroxide slurry with 13 wt% Fe(OH)s, the silica source was <75 pum
crushed quartz. Chemicals were mixed with deionised water and stirred continuously
during batching in a glass beaker, as shown in Figure 3.3.1 (a). Each feed was batched
with ~2 L of water. The target glass yield was 400 g L™ for the HLW-NG-Fe2-Il, and
290 g L for the HLW-NG-Fe2 feed and derivative HLW-NG-Fe2-R feeds, due to the
rheology of the iron hydroxide slurry. Once batched, some of the feed was dried in an
oven at 105 °C for 24 hours and then milled for analysis and for use in the SoM study.
The remainder of the slurry was stored in a plastic container for FDSS samples and the

LSM run.
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3.3.2 Glass Samples

All feeds were batched at Pacific Northwest National Laboratory, USA (PNNL), as
described in section 3.3.1. HLW-NG-Fe2 and HLW-NG-Fe2-1I glasses were formed at
PNNL by melting in electric furnaces. HLW-NG-Fe2-R feeds were mixed with the
reductants in slurry form, dried, and melted in air in electric furnaces at Sheffield
Hallam University, UK (SHU). A comparison of the melting conditions used at the two
laboratories are given in Table 3.3.2. Apart from the furnace and potential differences in
the furnace atmospheres, the only difference between the melting conditions is the use
of platinum (PNNL) or alumina (SHU) crucibles. To ensure that results were consistent,
both the HLW-NG-Fe2 and HLW-NG-Fe2-11 batches were also melted at SHU in
alumina crucibles and the glasses were compared for structure, with those melted in
platinum crucibles, by Raman spectroscopy. The results of this study are given in
section 3.6.2.1. All glasses were poured into steel moulds in the shape of rings, Figure
3.3.1 (c) or rectangular blocks, depending on the shape required for analysis. Some of
each glass sample was milled to a fine powder for analysis, in a Retsch vibratory disc
mill RS200 at 700 rpm in a hardened steel sample holder.

Table 3.3.2. Melting conditions for glasses made at Pacific Northwest National

Laboratory (PNNL) and Sheffield Hallam University (SHU).

Laboratory Crucible Melt Temp Ramp Rate Dwell  Annealing

(°C) (°C minY)  (hours) (hours)
SHU Alumina 1150 10 1 0
PNNL Platinum 1150 10 1 0

The ramp rate of 10 °C min? was chosen for heating the batches based on previous
work on the effect of heating rate on foaming in nuclear waste feeds (Lee, Hrma,
Pokorny, Traverso, et al. 2019), as higher melting rates cause higher foam porosity. The

choice not to dwell or anneal the Hanford analogue melts was made so as to avoid any
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further loss of volatile components from the complex compositions, and represent only
the bottom of the cold cap and not the final glass product which will undergo a certain

residence time in the WTP melter (Bickford, Hrma, and Bowan 1990).

3.3.3 Stages of Melting Samples

Quenched Stages of Melting (SoM) samples, Figure 3.3.1 (b), represent different
temperatures regions within, and therefore different layers of, the cold cap (Pokorny et
al. 2015; Guillen et al. 2020; Deng et al. 2018). They are used in this work to analyse
the crystalline phases present and the redox states of multivalent species in the different
layers of the cold cap. The results of these tests were used to indicate the reactions
occurring, as well as the amount of glass forming melt at different layers, and to qualify
the general structure and morphology of the cold cap. Quench temperatures of 600, 700,
800, 900, 1000, 1100 and 1150 °C were used for the HLW-NG-Fe2 and HLW-NG-Fe2-
Il feeds, and 600, 800, 1000 and 1150 °C for the HLW-NG-Fe2-R feeds. These
temperatures are representative of the onset of foaming through to the fully molten glass
(Dixon et al. 2015b).

To form the samples 20 g of dried, milled, feed were placed in small alumina crucibles
and ramped at 10 °C min ! in an electric furnace to the desired temperatures, at which
they were held for 10 minutes before quenching. Samples were then carefully removed

from the crucibles and part of each sample was milled for analysis.

3.3.4 Fast-Dried Slurry Solid Samples

Fast-Dried Slurry Solid (FDSS) samples, Figure 3.3.1 (d), represent the top portion of
the cold cap. These samples reach temperatures of 200-300 °C so they represent both
the dehydration and the beginning of some reactions in the reaction layer. For the most
part FDSSs remain in the open porosity region, although excessive foaming has been
observed in some samples suggesting some melt has connected (McCarthy et al. 2018;

Hujova et al. 2017).
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Figure 3.3.2. Demonstration of creating an FDSS sample in an aluminium foil wrapped

alumina mould on a hotplate with incoming feed from above.

To generate the samples the feed slurry was pumped through 3.1 mm Tygon tubing at a
variable rate between 2-10 mi/min onto an aluminium foil-lined alumina mould, placed
on a 650 W hotplate, shown in Figure 3.3.2. The hotplate temperature did not exceed
300 °C. Feeding duration varied from 60-80 minutes to get a sufficient sample covering
the area of the 10 cm diameter mould with a height of ~1 in. Once feeding was stopped
the hotplate remained on to boil off remaining water. The mould was then removed
from the hotplate and allowed to cool to room temperature on a copper quench block.
The dried sample was then removed from the foil. The process is described in great
detail in Hujova et al. (2018) (Hujova, Klouzek, et al. 2018). One of the main purposes
of generating an FDSS, particularly in the present study, is to demonstrate the ability to
feed the waste slurry through the pumping system, which is then used to feed into the
LSM. Feeds with minimal feeding issues or blockages are suitable for the LSM (D. S.

Kim et al. 2012).
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3.3.5 Laboratory Scale Melter Samples

Laboratory Scale Melter (LSM) samples, Figure 3.3.1 (e), are the most representative
samples we were able to access at the laboratory scale, without in situ observation
(Guillen, Abboud, and Pokorny 2019). The diagram in Figure 3.3.3 compares the scales
of different melters used to represent the WTP LAW melter (Dixon et al. 2022). The
LSM used in this study is 10 cm in diameter, the Continuous Laboratory Scale Melter
(CLSM) in the diagram is ~13 cm in diameter (D. S. Kim et al. 2012; R. A. Peterson et
al. 2017). The WTP LAW melter has a 10 m? surface area, and the WTP HLW melter

has a 3.75 m? surface area (Ramsay et al. 2011).
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Figure 3.3.3. Comparison of scale of laboratory scale melters, research scale melters and

the WTP LAW melter, with a surface area of 10 m? (Dixon et al. 2022).

For an LSM run, 200 g of the desired composition is melted in the bottom of the
crucible to form the melt pool. Continuously stirred slurry feed is pumped at 7-10 mL
min, through 3.1 mm Tygon ® tubing, into the top of the melter system, landing on top
of the melt pool. Variable height of the crucible, shown in Figure 3.3.4, allows control
of the temperature gradient in the feed-to-glass transition region, so a cold cap layer can

form on top of the melt pool. Feeding usually occurs for 1-2 hours to generate a
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sufficient cold cap sample. During the run thermocouples record the temperature of the
plenum and glass melt every 20 s. The thermocouple readings are monitored regularly
to ensure the melt is around 1150 °C and the plenum temperature remains consistent,
signalling sufficient cold cap coverage. Once feeding is stopped the tubes are removed,
and the entire crucible removed from the melter and quenched immediately on a copper
block. Once cooled the top of the crucible without any sample is removed and the

remaining portion is the encased cold cap sample (D. S. Kim et al. 2012).
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Figure 3.3.4. Schematic of the LSM (Dixon et al. 2015b).

Quenching of the cold cap may affect some of the bubble morphology and internal
structure, however, the bulk structure will remain the same and it is unlikely that many
major reactions will occur during cooling. The Laboratory Scale Melter at PNNL (D. S.
Kim et al. 2012) was used to create LSM samples of the modified Hanford analogue
HLW-NG-Fe2-11 feed. Analysis of the temperature regions in the LSM sample is not
feasible directly from the sample which is why supplementary analysis such as SoM
samples and FDSS samples with defined temperature histories have been developed

(Dixon et al. 2015b).
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3.4 Glass Characterisation Technigues

The final glass product is not the main focus of this aspect of the research, and all of the
simulant waste glasses undergo extensive testing for chemical durability, mechanical
stability, radiation stability and thermal stability at PNNL and other laboratories in the
US (G. L. Smith et al. 2001; Kruger et al. 2008). The focus of this work is the melting
behaviour of the waste feeds and understanding characterising the cold cap. However,
all of the glasses generated were analysed using thermal analysis by DTA; any
crystalline phases by XRD; elemental composition by X-ray Fluorescence spectroscopy
(XRF) and ICP-MS; to ensure consistency between the glasses created and the quality
assessed glasses that will be generated at the Hanford site. Density measurements were
taken to calculate the crystal volume in the glasses, and further heat-treated glass

samples for quality assurance purposes introduced in Chapter 2, section 2.3.3.

3.4.1 X-Ray Fluorescence Spectroscopy

X-ray fluorescence spectroscopy (XRF) is a non-destructive technique, providing
information on the elemental composition of a sample. Incident X-rays on the surface of
a sample will excite electrons from inner orbitals of the elements present (Beckhoff et
al. 2006; Brouwer 2010). When these electrons return to their ground state, the
wavelength of the X-ray emitted is characteristic of the element it is emitted from, due
to the unique energy differences between the excited and ground state. Collection of
these X-rays can give quantitative elemental information on the sample (Beckhoff et al.
2006). The simplicity of the process allows for the analysis of many different types of
samples using different sample preparation techniques (Potts 1987; Merdanovica 2009;

West et al. 2012).
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Incoming photon
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Figure 3.4.1. Production of characteristic radiation from (Brouwer 2010)

Due to the high X-ray energies required to remove electrons from inner orbitals of light
elements, the spectrometer used for this work can generally only detect elements as light
as fluorine (Kikongi, Salvas, and Gosselin 2017; Kregsamer et al. 1999). Oxygen
cannot be detected, therefore, for oxide glass samples the constituents detected are
assumed to be oxides and analysed using the Glass OXI program developed for this
purpose (Giles, Hurley, and Webster 1995a). For non-glass samples the PANalytical
SuperQ 1Q+ software was used to identify elements.

The technique is surface sensitive due to the low penetration depth of the incoming X-
rays, so sample preparation is critical to ensuring the measured surface is representative
of the entire sample. All glass samples in this study were analysed using the
PANalytical MagiX PRO XRF spectrometer. Samples were prepared as fused beads.
Fused beads were made by incorporating 1 g of powdered sample into dissolved lithium
borate, Li>B2>0- doped with 0.5 wt% Lil anti-cracking agent (Merdanovica 2009; Bell et
al. 2020). Li, B and O all have atomic masses lower than F so they will not be detected.
The combination was mixed by rocking motions during melting in a 5 % Au- 95 % Pt
crucible during melting in a Claisse LeNeo fused bead maker. The mixture was held at
to 1065 °C for 6 minutes, to ensure the temperature was stable and then mixed for 11

mins, before pouring into a 5 % Au- 95 % Pt disc-shaped mould to air cool.
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3.4.2 ICP-MS

Since B and Li cannot be detected by XRF, glass samples were also subject to
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) at Sheffield Assay Office to
quantify these elements. ICP-MS can detect ppm levels of elements in samples
depending on the matrix. The technique is more accurate than XRF due to the lack of
chemical interference in the inert plasma substance analysed (Mirti et al. 2009; Jenner et
al. 1990; Corzo et al. 2018).

For inductively coupled plasma (ICP) techniques, liquid samples are most economical
for nebulization (Ammann 2007). Liquid is pumped into a nebuliser to form a fine
aerosol, and the finest aerosol droplets are transported into the ICP torch, Figure 3.4.2.
An intense magnetic field in the plasma torch on a tangential flow of argon gas ionises
the gas. The gas is then seeded with a source of electrons from a high-voltage spark to
form a high-temperature plasma discharge. The ions produced are then directed towards

the mass spectrometer (Thomas 1978).
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Figure 3.4.2. Instrumental components of an ICP-MS system (Thomas 1978).

Extraction was conducted on three trials of 500 mg of each powdered glass sample
using an acid mixture of 4HNOs + 3HF + 2HCI + 2H,0 using an Anton Paar

microwave digestion system. Following digestion, 2 samples were diluted to 50 ml and
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the other was spiked with a known quantity of Li and B. The spiked sample was used to
calculate the recovery factor for the sample. All samples were then measured using ICP-
MS on a Perkin EImer ® Nexion-1000 ICP-MS. The concentrations were determined by
subtracting acid blanks and the correction factor from the spiked sample.

The mass spectrometer has the ability to detect ppm levels of species, based on the mass
to charge ratio of the ions. Calibration of the instrument with known gaseous species

allows for quantification of the elements in the gas.

3.4.3 Density

Density measurements were taken using the Archimedes method (hydrostatic weighing)
on calibrated scales. Measurements of samples weight were taken in air and in deionised
water. The density of water at 22 °C is 0.998 g cm. The volume of the sample, Vs, is
derived from the mass of water displaced, My, and the density of the water, pw by,
M,
v, = My, (16)
Pw
Then the density of the sample pa is equal to the mass in air Ma divided by the Vs,

M, a7

pa:?g

Additionally, the molar volume of a glass, Vm, can be calculated from the density by

Where Mn is the molar mass of the total composition. Density measurements are used to

compare the levels of crystallinity in the glass samples with heat treated samples.
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3.5 Foaming and Melting Behaviour

3.5.1 Feed Expansion Tests

The aim of the Feed Expansion Test (FET) test is to determine the amount of foaming
during melting of a feed, and the dynamics of foam growth and collapse to be applied to
mathematical models of the cold cap (Hrma et al. 2010, 2018). Pressed pellets were
prepared for the HLW-NG-Fe2, HLW-NG-Fe2-11 and HLW-NG-Fe2-R feeds, at 13 mm
in diameter and 1.5 g of batch. The pellets were held under 10 MPa pressure for 180 s.
These pellets were then heated in an electric furnace with a viewport up to 1150 °C, and
images were taken with a camera at certain intervals, increasing in frequency when the
volume expansion began. Images were then processed in Photoshop ® for the area of
each pellet in the 2-D image, and the volume extrapolated assuming rotational
symmetry. The volumes of the pellets were then normalised to the initial volume to

provide FET curves. Averages of 3 FETs were taken for each of the feeds.

3.5.2 Evolved Gas Analysis

Evolved gas analysis (EGA) measures the quantity of gases evolving from a sample in a
given temperature range, by simultaneous gas chromatography and mass spectrometry,
described in section 3.4.2. The release rates of evolved gases were measured using a gas
chromatograph and Agilent 6890/5973N mass spectrometric detector, at the Laboratory
of Inorganic Materials, University of Chemistry and Technology, Prague. The
equipment was connected to a silica tube inside a furnace containing each sample. The

furnace heated the sample to 1150 °C at 10 K min™* under He, flowing at 50 ml min™.,

3.5.3 Thermal Analysis

Differential thermal analysis (DTA) was used in the analysis of the batch to glass
process to determine the temperatures of key glass-forming reactions. By measuring the

temperature difference between a sample and a reference material during controlled
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heating, exothermic and endothermic reactions occurring during heating present
themselves on a plot of temperature difference against time (or control temperature)
(Bhadeshia 2002). Endothermic reactions, absorbing heat, present themselves as troughs
on a DTA curve, while exothermic reactions, giving off heat, present as peaks, as shown
in the example DTA curve in Figure 3.5.1. For example, melting requires heat input,
therefore reactions associated with the melting of raw materials would present as an
endothermic peak on a DTA curve (Boettinger et al. 2006).
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Figure 3.5.1. TG/DTA study on the oxidation of nickel concentrate (Yu and Utigard

2012).

Thermogravimetric Analysis (TGA) measures the mass loss of the sample compared to
the reference sample during heating, and the derivative of this curve gives the evolution
of gases at each temperature. In combination with the Evolved Gas Analysis these data
were used to evaluate the total loss of mass from the feeds during melting, and the

temperatures at which gases evolved.

Simultaneous TGA/DTA was performed on a TA Instruments SDT 650 DSC/TGA. For
each run, calibrations of the alumina sample pans were performed, as well as a reference

sample with a similar amount of Al powder to the sample of interest to be applied as a
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buoyancy correction. Powdered feed samples were heated from 30 — 1150 °C and held
at 1150 °C for 10 minutes. Processing of the spectra was performed in the TRIOS ®

software.

For determination of the glass transition temperature, Tq, of each of the final glasses.
DTA was performed on ~30 mg of powdered glass sample heated at a ramp rate of 5 °C
mint up to 520 °C (50 °C higher than the expected Ty onset) then cooled to 200 °C,
before a second ramp to 1150 °C, similar to the standard test method for assignment of
the glass transition temperature by DSC (ASTM E1356-08 2014). Data processing to
find Ty was performed in the TRIOS ® software, using the same procedure described in

the ASTM standard (ASTM E1356-08 2014).
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3.6 Structural Analysis

3.6.1 X-ray powder diffraction

X-ray powder diffraction (XRD) is a technique that identifies crystalline phases by the

interplanar, d, spacings in the lattice by manipulating Bragg’s Law:

2dsinf = nA (29)

Incident monochromatic X-rays, of known wavelength, 1, are diffracted by the sample
and the constructive interference caused by X-rays that are in phase with the d-spacings
are detected by a detector scanning through a range of possible angles, 26, as shown in

Figure 3.6.1.

28

B
Figure 3.6.1. Schematic of Bragg's law showing incident X-rays interacting with the

crystal lattice (Chatterjee 2001).

Using the PANalytical X’Pert Pro X-Ray Powder Diffractometer an incident beam of
X-rays from a 40 kV and 40 mA, copper anode X-ray tube, of wavelengths A =
1.540560 (Cu Kal) A and 1.544390 (Cu Ko2) A, were incident on each sample. Finely
ground samples were placed in circular disk sample holders in a sample changer,
samples were rotated at 15 rpm to improve coverage of the sample and, therefore,
improve the powder average. A mask was inserted between 5 and 20 mm depending on
the size of the sample and divergence slits were inserted to optimise the peak resolution.

Anti-scatter slits were also inserted to lower the background on the XRD data.
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The diffractometer scanned between 5 ° and 80 ° 20 giving the distribution of the
characteristic angles. The pattern generated is a combination of diffraction patterns for
all of the crystalline phases in a sample and any amorphous phase is given by a broad
“hump” region due to random scattering of X-rays. Crystalline phases were identified
using the International Centre for Diffraction Data (ICDD) (Gates-Rector and Blanton
2019) in the HighScore Plus analysis software (Degen et al. 2014). The samples were
mixed with 5 wt% Si SRM:640c powder to compare the intensity of the Si diffraction
pattern with the phases identified, allowing for quantification of the crystalline phases
present as well as the remaining amorphous phase fraction (De La Torre, Brugue, and
Aranda 2001)

3.6.1.1 Refinement of XRD patterns

Rietveld refinement (Rietveld 1969) is a method of least squares refinement of a
calculated powder diffraction from a model crystal structure by comparison with
observed powder diffraction data. Refined structural parameters include atomic
coordinates, atomic site occupancies, and atomic displacement (temperature) factors,
background parameters and peak shapes. Lattice parameters can also be refined by the
method. In multiphase samples, comparisons of the refined scale factors for each phase
can be used to determine phase proportions (Rietveld 1969; Young 1993).

The Rietveld refinement function, in the HighScore Plus analysis software (Degen et al.
2014), was used to refine the modelled diffraction patterns for each of the phases
identified in the samples. ICDD references for the starting models used for each of the
1150 °C samples for which the patterns were refined, and the final lattice parameters are
given in Appendix A Table 11. An example of the peak refinement is shown in Figure
3.6.2 showing the refined peak fit and residual. For each sample the global parameters
for the background and shift in the pattern were refined, which are determined by the

bulk sample properties. Where peak positions were well modelled, allowing for
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determination of the unit cell parameters, the peak shapes were refined, which are a
function of the domain size, stress/strain and defects, as well as the instrument geometry
(Mccusker et al. 1999). A complete structural model was not achieved for the samples,
refinement of the site occupancies values was hindered by the presence of a minimum
of 2 phases in each sample along with amorphous component. Precise Rietveld
refinement of the site occupancies for the crystalline phases identified was unattainable.
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Figure 3.6.2. Refinement a diffraction pattern of a glass-ceramic sample containing Si
powder standard. A phase identified as Fe-bearing spinel was fitted to the diffraction

pattern, the residual of the fit is shown in the lower image.

3.6.2 Raman Spectroscopy

Raman spectroscopy exploits the phenomenon “Stokes-Raman Scattering” which gives
the change in energy between an excited state of a molecule and its original state
(Raman 1929). A laser light incident on the sample excites the vibrating molecules.
When they return to their original state, the photon emitted may have a different energy

than the original,
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AE = h(vy — 1) (20)

where 2 and 1 are the initial and scattered frequency respectively, and h is Planck’s
constant. If the frequency does not change the photon is emitted in with the same energy
(elastic scattering). This is Rayleigh scattering, and occurs for most of the photons
incident on the sample. However, those that do change in frequency (inelastic
scattering) are scattered in all directions, they either have more or less energy than the
original photon, corresponding to Anti-Stokes Raman scattering and Stokes Raman
scattering, respectively, as shown in Figure 3.6.3. This modified spectrum represents the
frequencies of the vibrational or rotational transitions of the molecules, which are

specific to the individual bond and its vibrational modes (Chalmers & Dent, 1997).
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Figure 3.6.3. Energy level diagram clarifying the difference between Anti-Stokes
Raman Scattering, Rayleigh Scattering and Stokes-Raman Scattering (Almieda &
Santos, 2015).

The molecular polarizability is governed by the cloud of electrons, the dipole moment
induced by an incident electric field (monochromatic laser), is a product of the

molecule’s polarizability and the strength of the electric field:
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u=aEr (21)

where u is the induced dipole moment and « is the molecular polarizability. When the
molecules are displaced by this dipole moment and released, they perform
superimposed vibrations of their normal modes. Each normal mode of a molecule has
its own vibrational frequency. Once a spectrum of these vibrational frequencies is
collected, the position of individual bands and the overall shape of the spectrum gives
information on the molecules within the sample, their normal modes and the strength
and size of the bonds between them (Almieda & Santos, 2015).

Raman spectroscopy is a non-destructive technique and samples are prepared as disks
with a flat surface for analysis. For analysis of structural changes during melting,
polished SoM samples, and glass samples for all HLW-NG-Fe2 and derivative feeds,
were analysed with a Renishaw InVia Raman Spectrometer with a CCD detector, using
a 532 nm laser at 10 mW power and X10 objective lens. Multiple Raman spectra were
collected for each sample between 100 and 3000 cm™* with up to 200 accumulations and
an exposure time of 5-20 s. All spectra underwent a baseline correction, a 5" order
polynomial fluorescence correction, and a temperature and frequency dependent
scattering intensity correction as described in (Neuville and Mysen 1996).

3.6.2.1 Sample validation

Point Raman spectra were collected on multiple areas of each of the samples in the SoM
study. This was important to capture a wider sample size in the inhomogeneous,
partially crystalline samples, quenched at 600, 800 and 1000 °C. Averages of the
multiple scans are displayed in this chapter for comparison between samples. This is
still a limited sample size compared to methods of bulk characterisation such as XRD.
An example of the variety between points in a sample is shown in the HLW-NG-Fe2-S

1000 °C spectra collected in Figure 3.6.4.
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Figure 3.6.4. Four Raman spectra collated from different regions on the HLW-NG-Fe2-

S sample quenched at 1000 °C.

The HLW-NG-Fe2 and HLW-NG-Fe2-Il original SoM study was performed in
platinum crucibles, while the HLW-NG-Fe2-R SoM samples were melted in alumina
crucibles. Raman spectra were collected on remelted HLW-NG-Fe2 and HLW-NG-Fe2-
Il samples in alumina crucibles to ensure they were structurally consistent with those
melted in platinum, Figure 3.6.5. It was determined that any minor spectral differences
between the samples was negligible compared to difference in spectra between multiple

scans of the same sample.
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Figure 3.6.5. Raman spectra for HLW-NG-Fe2 and HLW-NG-Fe2-11 samples melted in

Pt and Al>Os crucibles.
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3.6.3 X-Ray Absorption Near Edge Spectroscopy (XANES)

3.6.3.1 X-ray Absorption Spectroscopy
X-ray Absorption Spectroscopy (XAS) studies the local structures of materials by

examining energy shifts in core and valance electrons of individual elements in a
compound (Belli et al. 1980; Chalmin, Farges, and Brown 2009). When incoming X-ray
energy is equal to or greater than the binding energy of an electron the X-ray can be
absorbed, and an electron liberated form the core of an atom. The relaxation of an
electron into the hole created emits a characteristic photon, equal in energy to that of the
energy difference between the two transition states. The spectra collected from the
emission of these photons is the fluorescence XAS spectra (Turner 2017), the intensity
of the X-rays transmitted through the sample, after interaction with the sample, creates
the transmission XAS spectra (Henderson, De Groot, and Moulton 2014). The intensity
of the transmitted electrons is given by Beer-Lambert’s Law of X-ray intensity (Kelkar,

Boushey, and Okos 2015):

It _ (22)

L~ °

Where It is the intensity of the beam after transmission through the sample at distance
X, lo is incident X-ray energy. Rearranging for the absorption coefficient, x, for X-ray
energy, E, is given by,

When the incident X-ray energy is equal to the binding energy of the core electron,
there is a sharp rise in absorption, creating the absorption edge (Turner 2017).
Transmission spectra are highly sensitive to the thickness of a sample, due to the

attenuation length of less than 1 pum, and require a high concentration of absorber atoms.

Fluorescence spectra are often collected for samples with a low concentration of the
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absorber atoms (Henderson, De Groot, and Moulton 2014; Mastelaro and Zanotto
2018).

The Extended X-ray Absorption Fine Structure (EXAFS) portion of the absorption
spectra, Figure 3.6.6, contains information on the final state of the generated
photoelectron, and any neighbouring atoms will distort the outgoing spherical wave
pattern of energies created (Mastelaro and Zanotto 2018), providing information on the
local structure of the number and type of neighbouring atoms. The XANES region,
Figure 3.6.6, contains the pre-edge and the main absorption edge. In transition metal

absorbers these features contain information on the valance of the absorber atoms.
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Figure 3.6.6. Example XAS of Cr K-edge (Turner 2017).

3.6.3.2 Synchrotron Radiation

Synchrotron X-ray sources are used for XAS due to the high X-ray flux and tunable
energies required to probe specific elements (Luo and Zhang 2010). Synchrotron
radiation is the name given to the electromagnetic radiation emitted by charged particles
moving at relativistic velocities in a curved trajectory (Elder, Langmuir, and Pollock

1948; Ternov, Mikhailin, and Khalilov 1985). Synchrotron radiation is produced in
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large accelerators, now called synchrotrons (Ternov, Mikhailin, and Khalilov 1985;
Margaritondo 2017). In a modern synchrotron, electrons (or positrons) are produced and
enter a linear accelerator, they are then circulated through a booster ring to increase the
acceleration up to the order of GeV using bending magnets, and subsequently
accelerated in the storage ring, held in a vacuum (Kulipanov 2007; Wille 1991;
Wiedemann 2015, 815-17). A planar diagram of a typical third generation synchrotron

is shown in Figure 3.6.7.

# Beamlines

Booster

Storage ring

Figure 3.6.7. Schematic view of a synchrotron radiation facility (Balerna and Mobilio
2015).

Beamlines are situated at certain points on the storage ring, shown in Figure 3.6.7.,
exploiting the focussed path of the intense beam of deflected synchrotron radiation
(Attwood, Halbach, and Kim 1985). This provides directional, tunable, high-flux X-ray
sources for a wide range of analytical techniques including XRF, X-ray microscopy,
XRD and XAS experiments and many more (Mao et al. 1988; Mino et al. 2018;

Beckhoff et al. 2006; Cotte et al. 2010; Fiori et al. 2004). High-flux synchrotron
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radiation makes it possible to explore elements in the X-ray Near Edge Absorption
Spectroscopy region discussed in section 3.6.3.

3.6.3.3 Beamlines

The BM28 XMaS beamline is situated on a 6 GeV bending magnet on the ESRF third
generation synchrotron source (Giuli et al. 2011; Luo and Zhang 2010; Mino et al.
2018). The beamline energy can be tuned within the range of 3 — 15 keV, the maximum
achievable flux for a beam energy of 10 keV and beam dimensions 0.8 x 0.3 mm is ~5 X
10 2 photons s (S. D. Brown et al. 2001). The optical and experimental hutch at the
BM28 XMasS beamline is shown schematically in Figure 3.6.8. A double-crystal Si
(111) monochromator is situated 24.5 m from the source point. The rhodium coated
toroidal mirror, curved to a radius of 5.5 km focusses the beam to a small tunable spot

on the sample (S. D. Brown et al. 2001).
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Figure 3.6.8. XMaS BM28 beamline optics hutch and experimental hutch.
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The B18 Core XAS beamline is situated on a 3 GeV bending magnet on the Diamond
Light Source third generation synchrotron source (Mino et al. 2018). The energy range
of the beamline is 2.1 — 35 keV. The flux is on the order of 10! photons s (Dent et al.
2009). A Si(111) double crystal monochromator and a Si(311) double crystal
monochromator allow for the low energy and high energy ranges to be reached,
respectively. Beam focusing is achieved using a focussing mirror configuration
consisting of toroidal mirrors with 38 mm radius, a 1.2 m chromium and platinum
coated flat bent silicon collimator, and a monolithic chromium and platinum coated
double toroidal mirror (Diaz-Moreno et al. 2018). The B18 beamline is a high-
throughput beamline with continuous scanning and fast acquisition of the full energy
range (Dent et al. 2009; Diaz-Moreno et al. 2018).

3.6.3.4 Experimental set up

HLW-NG-Fe2, HLW-NG-Fe2-1I, HLW-NG-Fe2-S and HLW-NG-Fe2-G feeds were
measured on the BM28 XMasS beamline at the European Synchrotron Radiation Facility
(ESRF) in France (S. D. Brown et al. 2001), and the HLW-NG-Fe2-C, H and F feeds
were collected at the B18 XAS beamline at the Diamond Light Source in the UK (Dent
et al. 2009). Pressed pellets, 10 mm diameter and ~0.5 mm thick, were prepared of
powdered glass samples mixed with cellulose acetate, at appropriate ratios to maximise
the signal of the element. K-edge spectra of Fe, Cr, Mn and Ni were collected as well as
Lin-edge Ce.

All spectra were collected in simultaneous fluorescence and transmission mode. Energy
was selected using the Si (111) monochromator. Only Fe was present in the sample in
sufficient quantities to attain useful transmission data. Spectra were collected ~150 eV
before the absorption edge and up to 250 eV beyond the absorption edge. Energy
calibration was performed for each sample element of interest using Fe, Mn, Cr, Ce and

Ni foil. Resolutions of 0.15 eV over the pre-edge features was attainable at the BM28
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beamline at ESRF and steps of 2 eV were used before and after the edge. At the B18
beamline at Diamond, 0.3 eV steps were available for the entire spectra. Up to 5 repeat
measurements were performed at the BM28 beamline at ESRF and up to 20 repeat
measurements were attainable at the B18 beamline at Diamond, due to the high
throughput rate, improving signal to noise. Reference materials for each likely oxidation
state were measured at each beamline, Cr20s, Na:Cr207, Fe20s, FeO, NiO, Mn-foil,
MnO, MnO;, Mn;03, CeO, Cez(C204)3, for iron further reference materials, Fe3Oa,
berlinite, grandidierite and aegirine were measured for different iron coordination.
3.6.3.5 Analysis of collected spectra

For all spectra collected, processing was performed in Athena ® (0.9.26) (Ravel and
Newville 2005). Processing of each scan included a deglitching, background
corrections, normalisation, alignment with the standards, and merging of multiple scans,
in that order. The integrated self-absorption correction was applied to the fluorescence
spectra of the Fe edges.

The Fe K-edge XANES spectra provides information on the /s — 3d (pre-edge), 1s —
4s (shoulder), and Is — 4p (edge crest) transitions (Berry et al. 2003; Wilke et al.
2001). The energy separation between the Is — 3d transition (pre-edge) and the
absorption edge is the key determinant for the ratio of Fe®" to Fe?* in a sample: the
lower the energy of the pre-edge the more Fe?* in the sample (Berry et al. 2003; Wilke
et al. 2001). Transitions for tetrahedrally coordinated Fe are more intense than for
octahedrally coordinated Fe (Berry et al. 2003). For processing of Fe K-edge data,
spectra were calibrated using the standard materials and known edge positions. The pre-
edge feature was fitted to a tangent and then deconvoluted with the minimum number of
Gaussian components to achieve a R? > 0.95.

Deconvolution of the pre-edge was performed in OriginPro ® graphing software. An

example of the pre-edge peak deconvolution is shown in Figure 3.6.9 for the HLW-NG-
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Fe2-S 600 °C sample, and for the HLW-NG-Fe2-S series in Figure 3.6.10. First, a

tangent was subtracted from the baseline to the absorption edge, and then multiple

peaks were fitted beneath the tangent subtracted data (the minimum number of peaks

was used to achieve an R? value of 0.95 or greater). The pre-edge fits were plotted and

compared with the standards for oxidation state and coordination (Wilke et al. 2001).
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Subtracted Data
----- Background Tangent
Original Data

- = =Peak 1
- — — Peak 2
Cumulative Peak Fit

1 v I N 1 v I v I v 1
7108 7110 7112 7114 7116 7118
Energy (eV)

Figure 3.6.9. Example pre-edge fitting for HLW-NG-Fe2-S 600 °C sample.
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Figure 3.6.10. (left) Fe K-edge XANES for HLW-NG-Fe2-S quenched at 600, 800,

1000 and 1150 °C. (right) Fitted pre-edges for HLW-NG-Fe2-S spectra.
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The manganese valence state was determined by the position of the absorption edge, as
near edge features can be shielded by the nuclear charge of valence electrons (Chalmin,
Farges, and Brown 2009). For processing of Mn K-edge data, spectra were calibrated by
calibrating the standards to the referenced literature and then shifting each spectrum by
the same energy. The absorption edge in Mn spectra shifts linearly with the oxidation
state (Chalmin, Farges, and Brown 2009; McKeown et al. 2003). The first inflection
point in each of the spectra was plotted against the first inflection point of each of the
standards and the known oxidation state.

For processing of Ce Ly and Cr K edges, spectra were calibrated by calibrating the
standards to the referenced literature and shifting each spectrum by the same amount.
The linear combination fitting (LCF) function in Athena ® (Cui et al. 2014; Ma et al.
2015) was used to fit each of the standards to each spectra to determine the proportion
of the elements in each oxidation state. An example LCF for a Cr K-edge spectra is

shown in Figure 3.6.11 using standard data.

——HLW-NG-Fe2-8 600 °C|
——LCF

= ——K,Cr,0; ('Cr*)

Cr,0; (VCr')

Normalised Absorption

T v T T T T T T T
5980 6000 6020 6040 6060
Energy (eV)

Figure 3.6.11. Example linear combination fitting of the Cr K-edge in the HLW-NG-

Fe2-S 600 °C sample with the 'VCr®" and "VCr* reference spectra.

165



The Ni K-edge spectra all contained high levels of noise due to the low amount of Ni
present in the feed. Little XANES work has been published on the Ni K-edge in glasses
and glass-ceramic materials (Tirez et al. 2011; Kuzmin, Purans, and Rodionov 1997;
Galoisy et al. 2001). Throughout melting and between the different reductants, the Ni
oxidation state, Ni?*, and coordination did not appear to change, but with limited
resolution it is difficult to be certain. For this reason, the Ni K-edge data were not

further processed.

3.6.4 °'Fe Mdssbauer Spectroscopy

>Fe Mossbauer spectroscopy is a technique used to probe the local structure and
environment of Fe in a solid matrix. An in-depth quantum mechanical approach to
understanding the theory and development of >’Fe Mdssbauer spectroscopy is provided
in the literature (Tuthill et al. 1967; Fultz 2012; Johnson, Ridout, and Cranshaw 1963).
The key features of the theory are outlined in this section, particularly focussing on
those that allow for appropriate sample selection and preparation and interpretation of
the data collected.

The Mossbauer effect is the recoil-free emission and resonant absorption of y-rays in a
solid matrix (Kurkjian 1970; Bearden 1963; Fultz 2012; Wertheim 1964). It can be
performed with numerous isotopes (Fultz 2012; Kurkjian 1970), but for this study we
will focus on >’Fe Mdssbauer spectroscopy. In principle, an isolated, free atom, emitting
a y-ray recoils with kinetic energy:

Ey’ (24)

R=_—2_
2Mc?

Where Eo, is the energy of the transition within the nucleus and M is the mass of the
nucleus. (Wertheim 1964). This recoil energy is much smaller than the y-ray energy, so
in a free atom the energy of the nuclear transition is > R and no resonant absorption

occurs (Kurkjian 1970). However, in a solid matrix, the essentially recoil-free state,
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resonant absorption can occur, by taking into account the macroscopic mass of the
entire crystal rather than the singular atom (Kurkjian 1970; Wertheim 1964; Solomatova
2017). The recoil-free resonant absorption of y-rays in >’Fe Mdsshauer spectroscopy
gives rise to detection of hyperfine interactions, caused by interactions between the
electrons and the nucleus of the absorber atom.

In practise, a beam of y-rays generated by a vibrating source is incident on a solid
sample, and the intensity of the beam transmitted through the sample is measured by a
detector (I. W. Donald 2015). The vibrating source gives rise to Doppler shifting
effects. At velocities that correspond to the resonant energy levels of the samples
material some of the y-rays are absorbed giving rise to a drop in the measured intensity
and therefore a change in the spectrum (I. W. Donald 2015). An unstable *’Co atom is
used as a y-ray emitter in °’Fe Mdossbauer spectroscopy. The *'Co nucleus absorbs and
inner-shell electron, forming an ®'Fe nucleus in its first excited state, and emits a 122-
keV y-ray. The excited °’Fe nucleus decays with a half-life of ~141 s by the emission of
a 14.41 keV y-ray (Fultz 2012; Kurkjian 1970).

A Madssbauer spectrum is obtained by counting the number of y-ray photons passing
through a sample as a function of the y-ray energy, at energies where the resonant

absorption occurs, there are dips in the Mdssbauer spectrum (Fultz 2012).
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Figure 3.6.12. Generic set-up for transmission *’Fe Mdsshauer spectrometer (Stevens,

Travis, and DeVoe 1972).

The velocity of the vibrating source atom determines the range of energies that can be
observed (Fultz 2012; Kurkjian 1970). Five measurable quantities are available from
S"Fe Mosshauer spectroscopy, the recoil free fraction, f, and three hyperfine interactions,
the isomer shift (or centre shift), CS, the quadrupole splitting (QS), the hyperfine
magnetic splitting H and the Linewidth, I" (Fultz 2012).

For analysis of the structure and redox state of the iron during melting, samples heated
to 600 °C, 800 °C, 1000 °C and 1150 °C for each of the feeds were powdered for room
temperature °’Fe Mossbauer spectroscopy. 14.4 keV y-rays from decay of 25 mCi *’Co
source in Rh matrix oscillated at constant acceleration and were absorbed by the sample.
°"Fe Mossbauer spectra were collected in the velocity range of £12 mm s relative to a-
Fe. Signal to noise was improved with collection times of up to two weeks. Recoil
software was used to fit Lorentzian doublets and sextets to the data. The assumption

was made that the recoil-free fraction ratio f(Fe*/Fe?*)=1.0.
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3.7 Morphological Analysis

3.7.1 Scanning Electron Microscopy/Electron Dispersive X-ray Spectroscopy

Scanning electron microscopy (SEM) provides high resolution images of surface
microstructure. Coupled with Electron Dispersive X-ray Spectroscopy, the technique
can map both morphological and elemental changes on the surface of a sample.
Electrons are used as a probe in SEM and EDX. They are generated by inducing a
voltage across a tungsten tip. Electrons are then accelerated down a column towards the
sample and focussed by lenses, all within a vacuum chamber. The electrons interact
with the sample in a 3D interaction volume, shown in Figure 3.7.1, which includes
electrons from inelastic collisions with K-orbital electrons in the sample (secondary
electrons), elastic collisions with the atoms just below the surface (backscattered

electrons) and X-rays from excited atoms further into the sample.
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Figure 3.7.1. Interaction volume within a sample for secondary and backscattered

electrons and X-rays in SEM analysis (Hafner & Hafner, 2007).

Secondary electrons (SEs) give topological detail of the surface of the sample, and are

detected by a positive biased faraday cage to the side of the sample. The intensity of
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backscattered electrons (BSE) is dependent on the atomic number of the atoms within
the sample, therefore can be used to give elemental and phase information. BSEs are
collected by a detector around the lens. The intensity of electrons is processed to give a
greyscale image for SEs or BSEs, giving different perspectives of the same area of the
sample.

In order to get an accurate surface analysis, the samples were prepared by mounting in
Conductive Cold Mount epoxy resin and hardener for 24 hours, inside a cylindrical
mould. The cylinders were removed and the samples ground using SiC grinding paper,
from grit size 400 to 2500, until the sample surface was entirely flat. The surface was
then polished down to 1-micron with CeO2 polish. The sample was attached to an
aluminium stub with Agar silver paint, from the sample to the base, to ensure
conduction of electrons to the base. It was then coated with carbon up to a maximum of
26 nm thick, to ensure conductivity. The FEI Quanta 3D FEG/FIB ESEM was used for
analysis of glass samples, SoM samples and the LSM sample. EDX provides collection,
and spatial resolution of elemental data (Falk 2004; Maleki et al. 2017).

In the interaction volume, an incident electron of the correct energy ejects a 1s shell
electron from the atom, causing a 2p shell electron to drop into its place and release a
characteristic X-ray photon of the element. Characteristic X-rays from within the
sample are collected by the single silicon detector, and then spatially resolved to a
produce quantitative elemental analysis at different regions of the sample. Both point
elemental analysis and the collection of elemental maps were employed on the samples

in this study, analysed in the Aztec software platform.

3.7.2 X-Ray CT

X-ray CT is based on Beer-Lambert’s Law of X-ray intensity, as discussed in section
3.6.3.1, when passing through an object (Kelkar, Boushey, and Okos 2015). The total
spectrum attenuation, x, for X-ray energy, E, is given by:
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Zk
p=pa_+pBp (25)
k
Where p is density, pa’i—i is the photoelectric absorption term, o is the photoelectric

constant and Z is the atomic number of the absorption term and fp is the Compton
Scattering term. By mapping the X-ray densities transmitted through the sample in 2D
images slices throughout an axis of the sample a 3D model of the sample can be
reproduced in greyscale. This is useful for “seeing inside” LSM samples, investigating
bubble sizes and morphologies and observing different densities of material in the feed-
to-glass transition.

A section of the HLW-NG-Fe2-11 LSM sample was carefully broken apart from the rest,
to produce a suitably sized sample for X-ray CT that contains all layers of the cold cap
within the sample. The sample represents about ¥ of the entire sample, it is assumed
that the sample generally has rotational symmetry about the vertical axis. A whole LSM
sample had a diameter of 10 cm and a height ~ 3-4 cm.

X-ray CT was performed at the Henry Royce Institute (HRI) University of Manchester,
UK. Samples, inside a plastic box with foam supporting the sample, were loaded into
the Nikon Xtek XTH225kV X-ray CT, with a maximum power of 225 W, and Varian
4030, 14-bit, 2300 x 3200 detector. Both the plastic and foam had very low X-ray
attenuations and therefore did not appear in any of the scans. X-ray CT scans were taken
with a minimum pixel size of 0.027 mm? throughout the sample, at a X-ray power of

190 kV and 105 pA.

3.7.3 Image Analysis

Analysis of the X-ray CT images was performed for the HLW-NG-Fe2-Il portioned
sample. For each sample a stack of 2D X-ray images were provided that form the 3D

image. For each of the stacks of images a global scale was applied using the Scale
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function in ImageJ ®, allowing quantification of volumes and areas using direct values.
Various noise filters were used on the images leading to some smaller bubbles being
excluded as they could not be segregated from the noise in the image. Best efforts were
made to remove noise without compromising the bubble count. The limit of detection
on bubbles was also limited by the size of 1 voxel (a 3D pixel) which was 27 um?.
Thresholding of the images allowed segregation of the gas and condensed phase. The
condensed phase in the LSM images were combinations of feed, glass and the
intermediate feed-to-glass transition. Segregation was difficult due to the various
densities causing a continuum of contrasts in the condensed phase. Less dense areas of
the condensed phase, particularly where there was mostly feed present, had overlapping
contrast with some of the bubbles. In order to compare the results between samples the
same greyscale threshold was used throughout, carefully balancing the small bubble
count and noise contributions. Bubble count and size per scan image was collected via
the measure and analyse function, giving a distribution of the bubbles in 2D in the area
of each image. The final macro used is given in Appendix A, ML1.

From the stack of 2D images, the “Measure and Analyse” function in ImagelJ generated
data on the bubble count and shape for each image. From this, distributions and
morphology of bubbles can be described as a function of depth in the cold cap. All of
the steps described were automated by ImageJ so the entire stacks of images could be
processed in the same way, free from user bias. Once bubbles were isolated, a 3D
reconstruction of just the bubbles was generated. This allowed for measurements of

bubble volumes and positions in 3D space.
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3.8 Glass Product Testing

As described in Chapter 2, section 2.3.3, candidate glasses for the WTPs are subject to
stringent contract limits to ensure that the waste glass compositions are suitable for
processing in the melters and the final glass products are suitable for long-term
immobilisation of the radioactive waste. The following sections describe two of the tests
performed on the final glasses to ensure they meet the standards outlined in section
2.3.3, the standard test methods were followed where practical. The other tests
performed in this work was analysis of the redox states of iron in the final glasses,
performed using °'Fe Mdgsshauer spectroscopy, described in section 3.6.4, and the
measurement of glass transition temperature, Tq, values of the glasses by DTA,

described in section 3.5.3, for an indication of the glass viscosity.

3.8.1 Product Consistency Test-B

The Product Consistency Test-B (PCT-B) method, as defined by the ASTM (ASTM
C1285-21 2021), is employed to assess the chemical durability of nuclear waste glasses
and glass ceramics. The test involves static leaching of glass powders over the course of
a 7-day test at 90 °C. The protocol involved powdered glass samples, sieved between
100 and 200 mesh (0.15 mm to 0.075 mm), washed and dried. Triplicates of each
sample were placed in DI water, at a ratio of 10 ml to 1 g of sample, resulting in a
surface area to volume ratio of 2000 m™. The samples were sealed in TFE-fluorocarbon
vessels, in an oven at 90 + 2 °C for 7 days + 2 %. 3 “blank” samples containing only DI
water were also placed in the oven at the same time. Measurements of liquid mass,
sample mass and pH were taken before and after the 7-day test. Once removed from the
oven, the remaining leachate samples, after the pH measurement, were filtered, and 10
ml of the leachate was sampled and acidified with 1 % HNOs for analysis by ICP-OES,
to determine the concentration of Al, B, Ca, Cr, Fe, Li, Mg, Mn, Na, Ni, P, Pb, S, Si, Sr,

and Zr.
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Elemental concentration in the leachate samples were collected on a SPECTROGREEN
ICP-OES, similarly to ICP-MS described in section 3.4.2. However, instead of utilizing
MS on the ions created by the ICP, the spectral emission of the excited ions returning to
ground state is measured by optical emission spectroscopy, in a typical spectral range of

165-1800 nm (Tyler 2001). The typical set-up of the OES is shown in Figure 3.8.1.

Detector
' I Exit slit

Grating (
ICP

source @ I

Figure 3.8.1. Typical sequential ICP-OES (Tyler 2001).

The SPECTROGREEN ICP-OES instrument was calibrated using a blank (1 % nitric
acid), and 5 and 10 ppm standards of the elements Al, B, Cr, Fe, Li, Mn, Ni, Pb, Si, Sr
and Zr, and 12.5 and 25 ppm standards of the elements Ca, Mg, Na, P and S. The
plasma power of the instrument was 1150 W with a coolant flow of 13 L min™. The
auxiliary flow and nebuliser flow were both 0.8 L min* with a sample flow rate of 2 ml
min.

The ICP-OES values for the leachate samples were corrected for the blank samples, and
the test response was determined to be the values which were greater than 3 standard
deviations from the blank sample values for each element. The normalised release of the
elements were calculated by averaging the concentrations of the elements in the leachate
solutions measured by ICP-OES and normalising them to the measured quantities of the
element in the glasses measured by XRF, section 3.4.1, or ICP-MS, section 3.4.2, (for B

and Li).
174



3.8.2 Heat Treatment

To determine whether the samples were within the crystal tolerance limit of <1 vol% at
950 °C (Matlack et al. 2012; Kruger et al. 2009; Matlack, Kot, et al. 2015), 10 g of each
of HLW-NG-Fe2, HLW-NG-Fe2-1I and R glasses were subject heated to 950 °C at 10
°C min? in an electric furnace and held for 24 hours. Samples were removed at
temperature and left to cool. Density measurements were taken for each of the samples,
as in section 3.4.3 and then portions of the samples were milled for determination of
phase percentage in wt% by XRD, as in section 3.6.1. Using the wt% of crystalline

phase in the sample, Mc, and the density of the phase, p., both determined by

refinement of the XRD patterns the vol% of crystallinity, V¢, was determined by:

% (26)
Pc

VC ==

This was verified by comparing the density of the heat-treated sample to the un-heat-
treated glass sample, to compare the volume change due to increased crystallinity. For
selected samples, SEM/EDX, section 3.7.1, was also performed to investigate the

morphology and elemental composition of the crystals formed.
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4 Comparison of Raw Materials in High-Iron

High-Level Waste Feeds

4.1 Overview

In studying the evolution of oxidation states during melting in the HLW-AI-19 feed
with Fe?* iron oxalate dihydrate, (FeC204-2H,0) and Fe** iron hydroxide (Fe(OH)s)
raw materials, there was a significant reduction in the O evolved at high temperatures
measured by Evolved Gas Analysis (EGA), contributing to a reduction in the secondary
foam (Guillen et al. 2020). The HLW-AI-19 feed is a “regular” foaming feed without a
significant secondary foaming peak, so the overall reduction in foaming does not have a
substantial impact on the processability (Lee, Hrma, Pokorny, Klouzek, et al. 2019).
The high-iron HLW-NG-Fe2 waste feed foams up to 10 times its original volume based
on previous Feed Expansion Tests (FETSs), which is anomalous for a HLW feed. This
chapter describes the study proposed to test the hypothesis that using the reduced raw
material for iron would have a more significant impact on the Oz evolution, foaming
behaviour and processability of the HLW-NG-Fe2 feed compared with the HLW-AI-19

feed studied previously, due to the higher iron content.
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4.2 Sample Properties

HLW-NG-Fe2 and HLW-NG-Fe2-11 feed slurries were batched as described in the
research methods, section 3.3.1, on a 2 d.p. scale at the Pacific Northwest National
Laboratory, the raw materials for iron in the two feeds, Table 3.2.2, were calculated
such that the final Fe>O3 content in the glass was equal.

Glass samples were created by heating the slurry feed in platinum crucibles in an
electric furnace up to 1150 °C, at a rate of 10 °C min™. The melt dwelled for 1 hour
before being poured and annealed at 500 °C for 3 hours. SOM samples were produced
by the same procedure, with each sample quenched at 600, 700, 800, 900, 1000, 1100,
and 1150 °C, and not annealed. Compositions of the final glasses were measured using

XRF and ICP-OES to ensure they were consistent with the nominal composition.

4.2.1 Glass compositions

The glass compositions are compared in Table 4.2.1 to the target composition using
XRF and ICP-MS for LiO and B»0s. Samples were prepared as fused beads as
described in the research methods, section 3.4.1. Nominal values were used for the
Ce0,, ZnO and La0s3 as these were not available in the OXI program used (Giles,
Hurley, and Webster 1995b). Consistency between the two analysed glasses is
satisfactory. Deviation from the target composition is most prominent in the reduction
of the Na2O, which is likely due to the detection limits of the instrument rather than
volatilisation during melting since there is little volatilisation of Li or B by ICP-OES.
MgO is not detected in the HLW-NG-Fe2-11 glass, the current explanation for this is the
detection limits of lighter elements and errors associated with low-Z elements. The SOs
has not been retained in either of the glasses within the limits of detection of XRF; its
evolution may arise during either sample melting, or XRF sample preparation (Bell et

al. 2020), or both.
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Table 4.2.1. Analysed compositions of HLW-NG-Fe2 and HLW-NG-Fe2-11 glasses by

XRF and ICP-OES compared with the nominal composition.

_ Nominal HLW-NG-Fe2 HLW-NG-Fe2-I1
Oxide (Wt%) (Wt%) (Wt%)
SiO2  41.02 41.2(2) 41.1(2)
Na.O 13.36 10.1(2) 11.1(2)
B.Os 13.79 15.49* 14.46*
Li2O  1.56 1.18* 1.38*
MgO 0.16 0.36(2) 0.00(2)
Fe.O; 16.12 17.94(3) 17.86(3)
Al,0s 5.59 6.58(1) 6.03(1)
CaO 0.52 0.61(1) 0.60(1)
Zr0; 113 0.94(03) 1.18(03)
SrO  0.20 0.16(01) 0.16(01)
SOs  0.22 0.00 0.00
P.Os 0.78 0.60(3) 0.65(3)
MnO, 3.98 3.20(1) 3.63(1)
PbO  0.63 0.66(05) 0.73(05)
NiO  0.47 0.45(04) 0.54(04)
Cr,0s 0.25 0.25(1) 0.29(1)
CeO; 0.12 0.12** 0.12**
ZnO  0.03 0.03** 0.03**
La,0s 0.09 0.09** 0.09**
Sum  100.00 100.00 100.00

* ICP-OES negligible errors

** Nominal values where values were not available in the OXI program used
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4.3 Foaming and Gas Evolution

4.3.1 Feed Expansion Tests

Feed expansion tests (FETs) indicated the amount a particular feed will foam during
melting. The pressed pellets used in this test have limited applicability to the material
inside a cold cap (Marcial, Pokorny, et al. 2021; Pokorny, Kruger, and Hrma 2014),
however parameters derived from FETs can be used to predict the melting rate of feeds
with good correlation (Pokorny, Kruger, and Hrma 2014; Jin et al. 2018; Pokorny and
Hrma 2011; Marcial et al. 2014a; Hrma et al. 2018).

During melting in the observation furnace, photographs were taken at 100 °C intervals
initially, and then at 10 °C intervals once the pellets began to change shape, the timing
of the images is given in Figure 4.3.1. Averages of three feed expansion tests were
taken for each feed. Example photographs taken of each feed during melting are shown

in Figure 4.3.3.
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Figure 4.3.1. Timing and temperatures of photographs of pellets ramped at 10 °C min™.
Photographs taken every 100 °C initially, then more frequently when volume changes

began to occur.
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Figure 4.3.2. Feed expansion test images of HLW-NG-Fe2 showing initial expansion of
the feed pellet between 500 and 700 °C, followed by collapse of the foam up to melt

temperature. Some large bubbles seem to emerge between 850 and 870 °C after the

initial collapse.
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Figure 4.3.3. Feed expansion test images of HLW-NG-Fe2-11 showing initial expansion

of the feed pellet between 600 and 700 °C followed by steady collapse of the foam.
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Figure 4.3.4. Normalised volume expansion to the volume of glass, V/Vg, during
melting of a pellet of the HLW-NG-Fe2 feed with iron hydroxide (black) and iron
oxalate dihydrate (red) raw materials showing reduction of peak and overall foaming in

the HLW-NG-Fe2-11 feed.

As experienced in previous FET experiments with HLW-NG-Fe2, the maximum
volume expansion is ~10 times the original pellet volume (Lee, Hrma, Pokorny,
Klouzek, et al. 2019; Guillen et al. 2020). There is a 50 £ 2 % reduction in maximum
volume expansion using FeC»04.2H.0. From calculations of the FET curves,
parameters used in the Melt Rate Correlation Equation can be devised. The temperature
at foam collapse, Trs, is one of the parameters used. There is no difference in the values
of Trs, between the two samples during melting, so if the melt viscosity and heat
transfer were equated, there would be no significant difference in melting rate between

the two feeds, by:

j=¢ (nﬂ)_a (1 +u—B)B(T ~ Tep)AH 1
0 T]R Uo MO FB . (27)

195



Table 4.3.1. Foaming behaviour in the HLW-NG-Fe2 and HLW-NG-Fe2-1l feeds
during melting from FETSs.

HLW-NG-Fe2 HLW-NG-Fe2-11

Normalised Maximum Foam Volume 10021 5.0+0.2
Temperature foam onset (°C) 600 + 10 700 = 10
Temperature foam collapse* (°C) 774 +10 775+ 10

*Measured at peak foam height.

4.3.2 Gas Evolution

The total gas evolved in each feed, obtained from the derivative of the mass loss from
TGA, Figure 4.3.5 shows a 62.9 + 2.8 % increase during melting in the HLW-NG-Fe2-
Il feed compared with the original, and no significant gas evolution above ~600 °C,
suggesting a small relative amount of gas evolution contributes a large amount to the
foaming observed in Figure 4.3.4. The main dehydration of raw materials in both feeds
is observed as an endothermic reaction at ~300 °C, with a smaller peak release of
physical water at 100-200 °C. The second large peak in the 400-600 °C temperature
range in the HLW-NG-Fe2-Il feed is likely exothermic organic reactions with the
excess carbon in the feed. Beyond this temperature the steep drop in DTA suggests the
sample is melting which requires a significant heat input. The main difference in the
spectra passed 600 °C is the sharp endothermic reactions in the HLW-NG-Fe2 feed that
are barely present in the HLW-NG-Fe2-11 feed. Further structural studies were required
to understand this difference in melting behaviour. Evolved gas analyses of the two
feeds, shown in Figure 4.3.6 and Figure 4.3.7, by EGA the CO and CO; evolution
continues beyond 600 °C, potentially because of the difference in atmosphere of the two
experiments. The HLW-NG-Fe2-11 shows a 451 + 65 % increase in total CO; evolution
during melting of the HLW-NG-Fe2-11 feed compared to HLW-NG-Fe2 feed and

substantial CO evolution, at 35.2 g kg™ of glass, compared to 10.8 mg kg™ of glass in
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the HLW-NG-Fe2 feed. Peak evolution of both CO and CO, occurs before the foam
onset temperature of 600 °C in the HLW-NG-Fe2-11 feed.
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Figure 4.3.5. Gas evolution by 1% derivative of the TGA mass loss curve (red), showing
and increase in total gas evolution for the HLW-NG-Fe2-11 feed. DTA (black) for the
HLW-NG-Fe2 and HLW-NG-Fe2-11 feeds showing distinctive endothermic peaks in the

HLW-NG-Fe2 feed between 700 and 900 °C are not present in the HLW-NG-Fe2 feed.
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Figure 4.3.6. EGA of Oz, NO, CO and SO (left axis) and COz (right axis) for the HLW-

NG-Fe2 feed. Gases evolved above 600 °C are primarily O», SO and residual COa.
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Figure 4.3.7. EGA of NO, CO, CO, Oz and SO, for the HLW-NG-Fe2-11 feed. There is

800

1000

no SO2 or Oz evolution above ~600 °C, only residual COx.

There is suppression of Oz and SOz evolution in the HLW-NG-Fe2-11 feed compared to
the 5.12 g kg of glass evolved during melting of the HLW-NG-Fe2. O evolution in
the HLW-NG-Fe2 feed is recorded in spikes that may correspond to the sharp changes

observed in the DTA data. The O evolution continues in the HLW-NG-Fe2 feed up to

the glass melting temperature, 1150 °C.

Table 4.3.2. Total evolved gases during melting of the HLW-NG-Fe2 and HLW-NG-

Fe2-11 feeds by integration of the EGA curves.

1200

Gas Evolution of CO,, CO (mg kg™! (glass) K™

Total evolved gas (mg kg* glass)

Gases HLW-NG-Fe2 HLW-NG-Fe2-11
CO2 40240 181340

CO 10 35180

O, 5120 0

SO2 150 0

NO 1030 320
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4.4 Structure of the feeds during melting

44.1 XRD

The phase assemblage of the samples produced during the SoM study, between foam
onset and melting temperatures (600-1150 °C), were analysed by XRD with phase
identification and refinement for estimation of the relative abundances of the crystalline
phase and the amorphous phase content. Figure 4.4.1 shows the XRD patterns for the
SoM samples of each feed, quenched between 600 and 1150 °C, and Figure 4.4.2 shows
the quantity of each of the phases identified these samples, as well as the amorphous

phase fraction.
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Figure 4.4.1. Comparison of XRD patterns for HLW-NG-Fe2 (black) and HLW-NG-
Fe2-11 (red) SoM samples quenched at 600, 700, 800, 900, 1000, 1100 and 1150 °C.
Peaks identified belonging to Fe.O3, Haematite (H) ICDD; 04-015-7029, SiO2, Quartz

(Q) ICDD; 01-070-3755, and Fe3z04, Magnetite (S) ICDD; 04-009-8433.

All of the diffraction patterns show evidence of crystallinity. The amorphous “hump”

begins to protrude clearly at around 1000 °C where at least some of the amorphous
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silica structure of the glass has formed, it further increases in size with temperature,
reflected in the identified phase proportions, Figure 4.4.2. All quantitified phases are

given in Appendix B, Table 1.
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Figure 4.4.2. Comparison of quantity of phases present during melting by refinement of
XRD patterns in (a) HLW-NG-Fe2 and (b) HLW-NG-Fe2-11. Quartz ICDD: 01-070-
3755, Haematite ICDD: 04-015-7029, ICDD: 04-007-2132. “Spinel” incorporates cubic
spinels based on the magnetite system, FesOs. The only significant difference between

the two feeds can be seen in the form of iron during melting.

Total amorphous quantity and quartz dissolution is similar in both feeds and compares
with the previous measurements (Marcial, Klouzek, et al. 2021). At 1150 °C the quartz
and haematite have completely dissolved in both feeds. Haematite, present from 600 °C
to 1100 °C in the HLW-NG-Fe2 feed, indicates that the decomposition of the Fe(OH)3

raw material has been completed below 600 °C. In the HLW-NG-Fe2-I1 samples there
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are no crystalline Fe-containing phases present at 600 °C. At 700 °C there is a
significant amount of spinel phase formed and less haematite and more magnetite are
present in the HLW-NG-Fe2-11 samples from 800-1150 °C.

All of the spinel structures identified are Fd3m cubic spinels in the magnetite series
(Sickafus, Wills, and Grimes 1999), in the typical structure AB2O4, discussed in 2.2.5,
(Andrzejewski et al. 2014; Garcia-Mufioz et al. 2020). At 1150 °C both glasses
contained phases identified as Magnetite (FesO4) with lattice constants (a = b = c) of
8.401(4) A for the HLW-NG-Fe2 glass and 8.389(2) A for the HLW-NG-Fe2-11 glass,
by refinement of the peak shapes and positions using the Rietveld refinement function
in HighScore Plus. These are close to the referenced lattice constants for FezO. at 8.394
A (Brik, Suchocki, and Kaminska 2014). The slight difference in the lattice parameters
leaves uncertainty around whether other elements such as Cr, Ni or Mn may be present

as solid solutions with Fe within these compounds.

4.4.2 SEM/EDX

Electron dispersive X-ray spectroscopy of the glass samples shows presence of Fe, Mn,
Cr and Ni in the spinel crystals in both 1150 °C samples, Figure 4.4.3 and Figure 4.4.4.
A qualitative estimate of the proportion of each element in the spinels was calculated for
an average of the spectra of 5-10 point scans on the spinels. The background glass phase
was subtracted from the average composition detected in the spinels, to account for the
amorphous phase in the interaction volume, discussed in Chapter 3, section 3.7.1. A
scaled average composition of 5-10 point scans of homogenous glass phase was
subtracted from the average composition. The scale factor used was determined by the

difference in Si, Al and Na detected between the spinels and the glass phase.
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Figure 4.4.3. Backscattered electron image (top) and elemental maps of the spinel
crystals in HLW-NG-Fe2 quenched at 1150 °C, showing presence of Mn, Ni and Cr, as

well as Fe within the spinels.
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Figure 4.4.4. Backscattered electron image (top) and elemental maps of the spinel
crystals in HLW-NG-Fe2-II quenched at 1150 °C, showing presence of Mn, Ni and Cr,

as well as Fe within the spinels.
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The results of the proportions of Fe, Mn, Ni, Cr and O detected in the spinels are
tabulated in Table 4.4.1, In the HLW-NG-Fe2 sample the average Fe is around 48 wt%,
from the information in section 2.2.5, it is therefore expected that the Fe is mostly on
the 3+ site, and the 2+ site has a combination of Ni2* and Mn?*. Cr?* is unlikely, so this
may sit on some of the Fe3* sites. There is a lower quantity of Cr and higher quantity of
Mn and Ni in the spinels in the HLW-NG-Fe2-I11 glass, which suggests a greater ratio of
Fe3* to Fe?" filled sites, than in the HLW-NG-Fe2 spinels, and less Fe is incorporated
into the spinels total.

Table 4.4.1. Spinel composition determined by average point scans by EDX.

Element HLW-NG-Fe2 1150 °C HLW-NG-Fe2-11 1150 °C

wt% mol% wt% mol%
O 22.0+3.0 495+6.8 22.7+1.38 50.7x4.0
Fe 47.7+5.6 30.8+3.6 441+6.9 28.2+4.4
Cr 85+£19 59+13 5712 3.9+£08
Mn 8511 55+£0.8 108+1.6 7.0+£1.0
Ni 134+21 82+13 16.7+4.0 10125

4.4.3 Raman Spectroscopy

Raman spectroscopy was performed on each of the SoM samples as described in section
3.6.2. Full deconvolution of the spectra would be very difficult, given the number of
components and the presence of both amorphous and crystalline phases, indicators of
bonding within the borosilicate glass network are obtained from the profile of the
Raman spectra for feeds heated to 1000 °C and above.

Consistent with the XRD data, (Figure 4.4.1 and Figure 4.4.2), the wide Raman Si-O
(Al-O, Fe-O) Q-species region, between ~800 and 1200 cm™ (Parkinson et al. 2008;
Yadav and Singh 2015), shows the emergence of the amorphous phase as the

temperature increases, as well as bands due to the (boro)silicate network between 350
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and 600 cm™ and ~1200 to 1500 cm™ expected for borosilicate glasses (Parkinson et al.

2008; Yadav and Singh 2015). Identifiable modes are tabulated in Table 4.4.2.
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Figure 4.4.5. Raman spectra of the HLW-NG-Fe2 feed during melting at 600, 700, 800,
900, 1000, 1100 and 1150 °C, showing the dissolution of sharp crystalline materials and

emergence of the Q" species region with increasing temperature.
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Figure 4.4.6. Raman spectra of the HLW-NG-Fe2-Il feed during melting at 600, 700,
800, 900, 1000, 1100 and 1150 °C, showing the emergence of the borosilicate glass

network with an intense band at 610 cm™, which remains present in the 1150 °C sample.
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Table 4.4.2. Raman bands common to borosilicate structures and crystalline and

amorphous iron-bearing structures identified in the HLW-NG-Fe2 -11 spectra.

Raman Shift Raman modes

(cm™)

226, 292 Haematite (Krolop et al. 2019; de Faria and Lopes 2007)

350-600 Borosilicate structures: reedmerginerite [BSizOg]". SiO4 modes: O-Si-O
bending, mixed stretching and bending modes of Si-O-Si (Yadav and
Singh 2015)

610 danburite [B,Si,Os]? -like ring structures
(Cochain and Neuville 2008; Cochain et al. 2012)

970 IVEe3*-0 stretching (Cochain et al. 2012)

800-1200 Si-O, Al-0 and Fe-O Q" species (Parkinson et al. 2008; Yadav and Singh
2015)

1200-1400 BO,0-BOs3 units (Osipov, Osipova, and Eremyashev 2013)

1320 Haematite (Krolop et al. 2019; de Faria and Lopes 2007)

1550 0O-0 bond in molecular oxygen (Chen et al. 2016).

Between 900 °C and 1150 °C the most significant difference between the two feeds is
the narrow Raman band at 610 cm™. The Raman difference spectra for the 1150 °C
HLW-NG-Fe2-I1 glass compared with the 1150 °C HLW-NG-Fe2 glass, shown in
Figure 4.4.7, displays the large difference between the two samples in this spectral
region, and also more minor shifts in the convoluted bands in the ~800-1200 cm™ (Si-O

Q") region and some changes at higher Raman shifts of ~1200-1500 cm™™.

Crystalline magnetite exhibits its main, narrow band at ~670 cm™ (Slavov et al. 2010;
Li and Huan 2000; Jubb and Allen 2010; Testa-Anta et al. 2019), with other bands
much less intense. However, the spinel contents are not significantly different between
the two samples, by XRD, section 4.4.1, yet the intensity of the Raman band at 610 cm™
is substantially different, suggesting other origins. The studies, discussed in Chapter 2,
section 2.2.3, attribute this band to danburite-like ring structures (Testa-Anta et al.

2019; Cochain and Neuville 2008; Cochain et al. 2012). These structures tend to
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increase with reduction of Fe®* in the glass (Cochain and Neuville 2008; Cochain et al.
2012), the Na* cations will preferentially charge-compensate Fe®* in tetrahedral

coordination (Barth and Feltz 1989; Yun and Bray 1978).
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Figure 4.4.7. Raman Difference spectrum for HLW-NG-Fe2-11 compared with HLW-

NG-Fe2. The main difference between the two glass samples is in the 610 cm™ band.

To investigate further, the HLW-NG-Fe2-II sample was remelted at 1150 °C for 24
hours to determine whether the behaviour of the ~610 cm™ Raman band was transient or
remained after longer melting times. Figure 4.4.8 shows a comparison between the
Raman spectra of the original HLW-NG-Fe2-1I glass melted at 1150 °C for one hour,
and the remelted glass at 1150 °C for 24 hours. Some decrease in the intensity of the
610 cm™ peak is observed, which may suggest that some form of relaxation or
equilibration may be taking place and the glass. Within the typical melter residence time
of the JHCM, 65 hours (Bickford et al. 1990; Hrma, Schill, and Nemec 2001; Nelson
2010), such equilibrations may occur (Schreiber et al. 1986), but further research is

required to elucidate the behaviour of this Raman band and its origin.
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Figure 4.4.8. Raman spectra of the HLW-NG-Fe2 glass, and the HLW-NG-Fe2-II
glasses melted for 1 hour and 24 hours, showing reduction in the 610 cm™ peak in the

24 h sample equilibrating towards the HLW-NG-Fe2 sample.

4.4.4 Mossbauer Spectroscopy

SoM samples quenched at 600, 800, 1000 and 1150 °C for each feed were powdered for
room temperature >’Fe Massbauer spectroscopy, as described in 3.6.4. For the original
HLW-NG-Fe2 feed the iron in the sample heated to 600 °C is mostly present in
crystalline magnetic phases, with sextets corresponding to a-Fe;Os (Oh, Cook, and
Townsend 1998) and spinel structures (Darby Dyar et al. 2006; Bonnenfant et al. 1982;
Deshkar et al. 2019), consistent with the results of XRD. The content of paramagnetic
phase, with a relative spectral area of 9 + 2 %, in the HLW-NG-Fe2 feed at 600 °C, has
centre shift (CS) and quadrupole splitting (QS) values of 0.33 and 1.12, consistent with
tetrahedrally coordinated Fe3* (Darby Dyar et al. 2006; Bonnenfant et al. 1982; Deshkar
et al. 2019) which may reside within the amorphous phase shown to be present (Figure
4.4.1 and Figure 4.4.2).

As temperature increases, the relative abundance of paramagnetic phase increases
(consistent with increasing amorphous content), Figure 4.4.9, and a second doublet

emerges with CS and QS parameters of 0.27 + 0.02 mm s and 0.79 + 0.02 mm s™,
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respectively, also consistent with tetrahedral Fe** (Darby Dyar et al. 2006; Deshkar et
al. 2019; Darby Dyar 1985; K. Sharma et al. 2009), while the sextets arising from the
crystalline phases decrease in intensity, up to 1150 °C.

For the reduced feed HLW-NG-Fe2-11 at 600 °C, the iron in the sample can be fitted by
3 Lorentzian paramagnetic doublets. Two of these doublets are consistent with
octahedral Fe** in the amorphous phase, while the third is associated with tetrahedral
Fe?*. Fe?" ions are octahedrally coordinated in FeC,04 at room temperature, a doublet is
expected with an CS ~ 1.12 mm s* and QS ~ 1.72 mm s* (Smrcka et al. 2016;
D’Antonio et al. 2009). The Fe?* doublet presented here has CS ~ 0.89 + 0.02 mm s
and QS ~ 2.59 + 0.02 mm s, suggesting that the Fe?* ions are tetrahedrally coordinated.
The distortion in the geometry affecting QS; and the CS is more representative of
unstable FeO (Fultz 2012; Shrotri et al. 1986).

At 800 °C crystalline haematite and spinel phases are present (Figure 4.4.1 and Figure
4.4.2). Haematite has a higher relative abundance at 800 °C than it does in the 800 °C
HLW-NG-Fe2 spectra, however, at 1000 °C the haematite in the HLW-NG-Fe2-11
sample has decreased more significantly, reflecting the relative abundances of the

phases determined by XRD (Figure 4.4.1 and Figure 4.4.2).
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Figure 4.4.9. Room temperature *’Fe Mdssbauer spectra for SoM samples at 600, 800,
1000 and 1150 °C fitted with Lorentzian functions for the HLW-NG-Fe2 and HLW-
NG-Fe2-II feeds. CS relative to a-Fe. Fe** magnetic structures in the 600 °C HLW-NG-
Fe2 sample and paramagnetic Fe?* and Fe®" in the 600 °C HLW-NG-Fe2-1l sample
converge to almost entirely paramagnetic Fe** in the final 1150 °C samples with some

remaining sextets attributed to Fe-bearing spinel.
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Table 4.4.3. °"Fe Mossbauer spectra hyperfine splitting parameters of SoM samples at
800, 1000 and 1150 °C for HLW-NG-Fe2 (NG-Fe2) and HLW-NG-Fe2-11 (NG-Fe2-11).

CS relative to o-Fe. CS+0.02 mm s?, QS+ 0.02mms?*, H+ 05T, Area + 2 %.

Feed Temperature °C  Component cS Qs ] Area
(mms?)  (mms?t) (T) (%)
NG-Fe2 600 Doublet 1 0.33 1.12 9.1
Sextet 1 0.37 516 53.0
Sextet 2 0.36 49.7 26.0
Sextet 3 0.35 46.4 119
NG-Fe2-11 600 Doublet 1 0.38 0.66 38.8
Doublet 2 0.38 1.09 53.8
Doublet 3 0.89 2.59 7.4
NG-Fe2 800 Doublet 1 0.25 0.95 25.8
Sextet 1 0.37 60.0 593
Sextet 2 0.40 445 15.0
NG-Fe2-11 800 Doublet 1 0.25 1.03 334
Sextet 1 0.37 50.8 430
Sextet 2 0.32 454 236
NG-Fe2 1000 Doublet 1 0.27 1.25 34.3
Doublet 2 0.27 0.79 23.0
Sextet 1 0.38 511 265
Sextet 2 0.33 476 16.1
NG-Fe2-11 1000 Doublet 1 0.28 1.29 37.3
Doublet 2 0.28 0.80 30.0
Sextet 1 0.39 51.0 850
Sextet 2 0.33 476 242
NG-Fe2 1150 Doublet 1 0.26 0.78 39.0
Doublet 2 0.27 1.33 41.0
Sextet 1 0.41 474  20.0
NG-Fe2-11 1150 Doublet 1 0.25 0.79 354
Doublet 2 0.27 1.30 48.2
Sextet 1 0.41 477 164

At 1150 °C the paramagnetic phases in each sample are consistent with tetrahedrally

coordinated Fe** in the bulk amorphous glass (Darby Dyar et al. 2006; Nishida 1994).
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The remaining sextets fitted to spectra for both samples are almost identical. Both have
CS and QS that are similar to values for the two sites of Fe30s, which has an A-site at
CS=0.32mmstand H=49.5T, and a B site at CS =0.66 mm s and H = 45.6 T (Oh,
Cook, and Townsend 1998; Gorski and Scherer 2010; Ahmadzadeh, Scrimshire,
Bingham, and Goel 2018; Deshkar et al. 2019; Winsett et al. 2019; Petrova et al. 2019).
In the spectra shown in Figure 4.4.9, the sextet indicates that at least some Fe®" occupies
the B site in the spinel, from the literature in section 2.2.5. The relative amounts of
spinel to paramagnetic phase, is extremely low (Figure 4.4.1 and Figure 4.4.2), which
limits the resolution of the spinel sextet in the Mdssbauer spectra.

After 24 hours of melting of the HLW-NG-Fe2 sample, Figure 4.4.10, there is an
increase in the proportion of the doublet with the higher QS ~1.3 + 0.02 mm s¥,
suggesting some equilibration towards the HLW-NG-Fe2 sample. However, further
xVBF fits of the HLW-NG-Fe2-11 24-hour melt spectra and the and HLW-NG-Fe2
spectra, there is no significant difference in partitioning of the iron in the total
paramagnetic phase, with CS = 0.26 + 0.02 and QS = 1.06 £ 0.02 in the HLW-NG-Fe2-
Il sample compared with CS = 0.27 £ 0.02 and QS = 1.07 £ 0.02 in the 24-hour melt
sample. This suggests that the partitioning observed in the Lorentzian doublets is almost
certainly statistical. There total paramagnetic Fe decreases in the 24 hour sample to 72 £
2 %, compared to 84 + 2 % in the 1-hour melt sample, coupled with an increase in the
relative abundance of the magnetic spinel phase, for which two sextets are now resolved
with magnetic field strength, H, values corresponding to Magnetite (Fe304) (Oh, Cook,
and Townsend 1998). There is no suggestion that the structure of Fe in the HLW-NG-
Fe2-11 glass phase approaches the structure in the HLW-NG-Fe2 glass with 24 hours
melting time, as the Raman would suggest, the main structural change with melting time

is the increase in the relative abundance of magnetic phase.
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Figure 4.4.10. Room temperature °’Fe Mdsshauer spectrum for HLW-NG-Fe2-11 glass
sample heated to 1150 °C for 24 hours fitted with Lorentzian functions. CS relative to a-
Fe. ldentified paramagnetic doublets are Fe®" iron and the sextets are iron-bearing

spinel.

Table 4.4.4. Hyperfine fitting parameters for >’Fe Mdssbauer spectra of the HLW-NG-
Fe2-1I glass sample heated to 1150 °C for 24 hours. CS relative to a-Fe. CS = 0.02 mm

s QS+0.02mmst, H+05T, Area+2 %.

Feed Temperature  Component CS QS H Area
(mms?)  (mms?) (T) (%)

NG-Fe2-11 1150 °C Doublet 1 0.27 0.82 32.6
24-hour

Doublet 2 0.27 1.31 39.0
melt

Sextet 1 0.35 47.8 19.4

Sextet 2 0.38 43.4 9.0
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4.5 Laboratory-scale melter study

45.1 Feed properties

Fast-dried slurry solid (FDSS) samples were generated, as described in Chapter 3,
section 3.3.4, for both the HLW-NG-Fe2 and HLW-NG-Fe2-11 feeds. Images of the
samples, showing the distinct difference in colour and material properties are given in
Figure 4.5.1. The purpose of generating these samples was to test the feeding behaviour
through the Tygon tubing used in the Laboratory Scale Melter (LSM) system. As
described in Chapter 3, section 3.3.1., the HLW-NG-Fe2 feed had a significantly
different rheology to the HLW-NG-Fe2-11 feed, meaning more water needed to be
added to the HLW-NG-Fe2 feed to allow the feed to flow. During the run for the HLW-
NG-Fe2 sample there were multiple occasions where the tubing was blocked by the
highly viscous feed. The HLW-NG-Fe2-11 sample experienced no feeding issues

throughout the creation of the sample.

Figure 4.5.1. Fast-dried slurry solid samples of the HLW-NG-Fe2 feed (left) and HLW-

NG-Fe2-11 feed (right) showing the difference in colour and texture of the two feeds.

452 LSMRun

The process of creating the laboratory scale melter sample is described in Chapter 3
section 3.3.5. The HLW-NG-Fe2-I11 feed was used to produce an LSM sample, based on
the FDSS tests of feed properties (D. S. Kim et al. 2012), section 4.5.1. The stirred feed

was fed into the top of the LSM, on top of 200 g of pre-melted HLW-NG-Fe2-11 glass,
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for ~1 hour at an average rate of 9 mL min™. Thermocouples recorded the temperature
of the melt and plenum every 20 s during feeding to ensure that the melt temperature
stayed at ~1150 °C, while the plenum temperature indicated cold cap coverage. A graph
of the thermocouple readings during the run is given in Appendix B, Figure 1. Feeding
was halted after a sufficient cold cap was generated. After a further 25 minutes of
dwelling the entire melter vessel removed from the furnace and quenched immediately
in air. Once cooled the sample was removed from the silica crucible and divided into
two sections, shown in Figure 4.5.2, for analysis by SEM/EDX (section 4.5.3) and X-

Ray CT (section 4.5.4).

Figure 4.5.2. Image of the final HLW-NG-Fe2-11 LSM sample broken from the crucible

showing the porous dried feed, small bubbles and large cavities and the glass melt

encased in the fused silica vessel.

453 SEM/EDX

A portion of the LSM sample was cut apart and ground to 1 mm grain size using SiC,
and then polished to 1 um using diamond paste. SEM/EDX was performed on three key
regions of the sample: (1) top porous feed region (2) middle feed-to-glass transition
region (3) lower glass region. SEM images were taken in backscattered and secondary
electron modes at an electron voltage of 20 kV. The secondary electron images are
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compared in Figure 4.5.3, with the SoM samples for morphology and structure of the
glasses. The 1000 °C SoM sample, Figure 4.5.3, | has a similar morphology to the top
of the LSM sample, Figure 4.5.3 (a), where there are a significant number of bubbles in
a partially glassy matrix. The 1150 °C sample, Figure 4.5.3 (f), showing some
crystalline inclusions on a mostly glassy matrix, is most similar to the bottom of the
LSM sample, Figure 4.5.3 (c). We approximate the image taken of the middle feed-to-
glass region reached within the temperature range 800-1000 °C where the glassy matrix
has formed and there are few bubbles remaining, but still large undissolved particles,
such as the haematite and quartz phases found in section 4.4.1. The 800 °C sample is
largely inhomogeneous, and the bulk structure of the melt does not appear to have
formed. A section of the LSM sample that had reached this temperature would likely

have been too easily removed during the sample preparation, Chapter 3, section 3.7.1.

Figure 4.5.3. Secondary electron images of the top (a), middle (b) and bottom (c) of the
HLW-NG-Fe2-11 LSM sample, and the 800 °C (d), 1000 °C (e) and 1150 °C (f) HLW-
NG-Fe2 SoM samples. Region (a) on the LSM sample correlates most to (e) the 1000
°C sample, with scattered bubbles in an inhomogeneous matrix, the bottom glass and

sample (f) both appear mostly homogenous.

EDX maps of spinels present in the lower portion, section (c) in the micrographs in

Figure 4.5.3, of the LSM sample, are shown in Figure 4.5.4. Similar to those in the 1150
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°C sample, they contain Fe, Ni, Mn and Cr. EDX maps of the top feed region (a) and

middle feed-to-glass region (b) are in Appendix D, Figure 1-2.

Figure 4.5.4. EDX mapping of the bottom glass region (c) of the HLW-NG-Fe2-11 LSM
sample showing a number of spinel crystals containing Fe, Mn, Cr and Ni in an

otherwise amorphous glassy matrix.

454 X-ray CT

X-ray CT was performed on a portion of the HLW-NG-Fe2-11 LSM sample, and image
slices were analysed in ImageJ. Of the sub-stack of 1329 image slices processed from
the X-ray CT, a montage of every 37 images is shown in Figure 4.5.5, starting at the top
feed region of the LSM sample through to the glass at the bottom. The protocol for the

image processing is described in Chapter 3, section 3.7.3.

217



Figure 4.5.5. Montage of X-ray Tomography images of the HLW-NG-Fe2-1 LSM
sample, from the top porous feed region in the top left image, through the feed-to-glass
transition. Showing the different densities of the feed and glass, and emergence of large
and smaller bubbles. The bottom right image shows the homogenous glass in the bottom

of the silica crucible.

The closed porosity through the height of the sample, shown in Figure 4.5.6, resembles
the HLW-NG-Fe2-11 feed volume expansion curve in Figure 4.3.4. There is a sharp
peak of maximum porosity followed by a plateau of high porosity and a similar

exponential-like decay to 0 porosity at the bottom of the sample. As discussed in the
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research methods, Chapter 3, section 3.7.3, there is a balance during segmentation of the
images in the middle feed-to-glass where there is a combination of dense glass (the
brighter section of the images) and less dense feed region (the mid-range contrast) in
Figure 4.5.5. In these images some of the smallest bubbles in the glass were segmented
out of the final processed image so as to not overestimate the porosity by counting some
darker areas of the feed region. The values presented are conservative for the total
number of bubbles, particularly biased against the smallest bubbles.

Figure 4.5.7 shows that a small number of large bubbles do not necessarily contribute
significantly to the porosity, Figure 4.5.5. The relatively small bubbles in the lower
section of the sample are numerous enough to contribute to significant porosity between
10 and 5 cm down through the height of the sample. Similarly, in previous X-ray CT of
a pellet expansion test of the HLW-AI-19 melter feed, the volume of the segmented
bubbles did not account for the total measured porosity of the sample, those smaller
bubbles that could not be segmented accounted for approximately half of the porosity at
maximum foam temperature (Luksic et al. 2021).

The decrease in consistency of the circularity of the bubbles with height through the
cold cap aligns with the models of bubbles rising through a liquid, those near surface
and within the feed layer will deform due to the change in viscosity of the surrounding

melt (Amaya-Bower and Lee 2010; Abboud and Guillen 2016).
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Figure 4.5.6. Closed porosity of the LSM sample by image analysis of X-ray
Tomography, in ImageJ, showing large peak porosity followed by sustained lower

porosity further down in the sample.
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Figure 4.5.7. Average bubble size (black) and circularity (red) through slices of the
LSM sample by X-ray Tomography showing large bubbles at the surface of the sample

as well as in the centre. Those at the sample surface are least circular.

220



4.6 Summary

4.6.1 Foaming and gas evolution

Using a reduced raw material for iron in the HLW-NG-Fe2 feed reduced the foaming
during melting to 50 + 10.8 % of the original. The reduction in foaming agrees with
previous studies of carbon addition and change of raw materials during vitrification,
discussed in the literature review, sections 2.5.3 and 2.6.2. The difference in the volume
of primary foam, in Figure 4.3.4, is due to evolving more CO and CO; at lower
temperatures before the glass melt was viscous, by TGA and EGA, section 4.3.2. In the
HLW-NG-Fe2 feed the earlier connection of a viscous melt means that a larger quantity
of gases are trapped, forming bubbles and causing the much larger expansion.
Based on the thermal analysis results, section 4.3.2, in combination with the structural
analysis, section 4.4, we here propose potential decomposition pathways for the iron-
bearing raw materials in each of the feeds. It is likely that both raw materials dehydrate
by ~350 °C, shown in Figure 4.3.5, by the reactions
FeC204-2H,0 — FeC204 + 2H,0 (28)
2Fe(OH)3 — Fe203 + 3H0 (29)
XRD patterns of HLW-NG-Fe2 during melting in Figure 4.4.2 show that by 600 °C
both Fe>O3 and iron containing spinel structures have formed, as observed previously
with this feed (Guillen et al. 2020), and they increase in relative abundance at
temperatures up to 800 °C. At temperatures above 800 °C the Fe-containing crystals
dissolve into the melt, leaving traces of spinel crystals at 1150 °C, by the reaction,
3Fe203 — 2Fe304 + % O2 (30)
There are two potential pathways for FeC204 to decompose proposed in the literature,
Chapter 2, section 2.6.3 (LoOpez, Tirado, and Pérez Vicente 2013; Carles et al. 1999;

Ogasawara and Koga 2014).
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FeC204 — FeO + CO + CO; (31)

CO+%OT+C02 (32)

1
2FeO + > 02 — Fe203 (33)
3FeC204 — Fe304 + 4CO + 2CO2 (34)

Increased evolution of CO and CO: is consistent with either or both of these reactions.
The suppression of O, evolution, measured by EGA, also supports the consumption of
O2 in the first reaction Equations (31), (32) and (33). From XRD (Figure 4.4.1 and
Figure 4.4.2), spinel crystals form at 700 °C and then haematite forms at 800 °C. This
would suggest that the reaction in Equation (34) occurs, and that some spinel oxidises to
form haematite, Fe>Os, by 800 °C. While there is no change in the redox state of the
paramagnetic Fe with melting in the HLW-NG-Fe2 feed, by °'Fe Maossbauer
spectroscopy, section 4.4.4, O, will be evolved during the formation of FesO4, and the
redox state of other multivalent species in this feed has not been assessed, which could
account for generation of some O». Oz evolution is entirely suppressed in the HLW-NG-

Fe2-1I feed above 800 °C due to consumption of O2 in reactions with CO and FeO.

4.6.2 Structure of the feeds during melting

The form of iron during melting may play a key role in melting reactions and foam
evolution in these feeds. The Raman spectroscopy, section 4.4.3, and XRD, section
4.4.1, show the Fe(OH)s iron raw material has decomposed to a mixture of haematite,
Fe>Os, and iron-bearing spinel, by 600 °C. The ratio of haematite to spinel phase
decreases with increasing temperature. The structural study of the HLW-NG-Fe2-1I
samples support decomposition of the remaining FeC,04 to unstable FeO, and Fe** in
the paramagnetic phase, by °’Fe Mdssbauer spectroscopy, section 4.4.4, followed by the
formation of crystalline Fe>Os, in section 4.4.4 and the XRD in section 4.4.1. The same

behaviour was observed in the decomposition of FeC204 in air (Smrcka et al. 2016).
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Fes04 is present in greater quantities throughout melting in the HLW-NG-Fe2-11 feed,
by XRD, section 4.4.1, compared with the original HLW-NG-Fe2 feed, showing a lack
of oxygen available.

With increasing temperature, the reduction in crystalline components by XRD, section
4.4.1 and magnetic iron phases by °’Fe Mossbauer, section 4.4.4, are consistent with the
amorphization of the melt and dissolution of crystalline raw materials and intermediate
phases. The Raman spectra also show the dissolution of crystalline raw materials and
amorphization of the melt, by the emergence of the Q" species region and other
borosilicate modes, Figure 4.4.5 and Figure 4.4.6. By XRD there is no significant
difference in the melting rate of the silica or in the proportion of the amorphous phase,
however the Raman suggests that the recognisable borosilicate structures form at 900 °C
in the HLW-NG-Fe2 and not until 1000 °C in the -1l samples.

At melt temperature the two glasses are structurally similar but not identical: the
difference in the structure is only observed in the 610 cm™ band in Raman spectroscopy,
attributed to danburite-like ring structures, potentially dependent on the form of iron.
Neither of the final glasses contain Fe?* iron, within the detection limits of 5’Fe
Mdossbauer spectroscopy and approximately equal quantities of spinel phase were

present in the final glass by °"Fe Mdsshauer spectroscopy and XRD.

4.6.3 Laboratory Scale Melter sample

The Laboratory Scale Melter run for the HLW-NG-Fe2-11 feed produced a sufficient
LSM sample, which was examined by SEM/EDX and X-ray CT. SEM/EDX compared
the sample to the SoM samples of the same feed between 800 and 1150 °C, with some
agreement in morphology between 1000 and 1150 °C. Analysed X-ray tomography
images through the height of the sample correlated with the foaming curve by the feed

volume expansion tests.
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The feed volume expansion tests employed in this study were designed to represent a
single particle of feed travelling vertically downwards through the cold cap (Lee, Hrma,
Pokorny, et al. 2017; Hrma and Pokorny 2016). Secondary gases evolve from the feed
pellet; however, they are not trapped beneath a primary foam layer as they would be
within the cold cap inside a melter. This limitation of the experiment may cause
underestimation of the significance of secondary foaming to overall foaming and heat
transfer. The high porosity due to small bubbles observed, beyond the maximum foam
region in the X-Ray-CT of the LSM sample, Figure 4.5.6 and Figure 4.5.7 support this
being the case. Understanding the morphology of foaming of the cold cap helps to
model the heat transfer to the reacting feed.

Evaluating the use of a reduced iron raw material is more academic than practical, since
the iron source comes directly from the waste tank rather than being added as a glass
former (G. L. Smith et al. 2001). It is not possible to change the initial iron raw
material, and impractical to change the initial oxidation state. However, the value in
comparing the two feeds with the alternative raw materials is in addressing the aim of
understanding the mechanisms of foam production, providing an important contribution

to the ongoing research into developing cold cap models.
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5 Alternative Reductants — Foaming and Gas

Evolution

5.1 Overview

Additives to feeds present a more accessible and more developed method to reduce
foaming, than a change of raw material, as discussed in Chapter 4. Sucrose is the
baseline reductant at the Hanford site, based on balancing the C/N ratios in high-nitrate
feeds from experience at the Defense Waste Processing Facility (DWPF), SC, and
Hanford Low-Activity Waste feed research (Lee, Hrma, Klouzek, et al. 2017; Hujova,
Pokorny, et al. 2018; Appel et al. 2019). In the early evaluation of alternative reductants
on the Hanford site waste glasses, particularly using carboxylic acids, the effect on
redox behaviour of mixed multivalent species feeds was not well understood (Seymour
1995). Seymour, in 1995, suggested that fine tuning of the interrelationship of the
complex redox chemistry of the cold cap and melt pool should be pursued (Seymour
1995). In Low-Activity (LAW) feeds ratios up to C:N = 1.2 have seen large reductions
in foaming (Appel et al. 2019; Hrma, Marcial, et al. 2011; Hrma et al. 2010). However,
nitrates are not the key issue in High-Level (HLW) feeds. As discussed in section 2.6,
the original HLW-NG-Fe2 feed less than 0.5 wt% nitrates, without significant quantities
of nitrates in the feed, the models used to determine the amount of sugar to add to high-
nitrate LAW feeds needs to be modified for HLW feeds high in multivalent species
such as Fe, and further testing is required to better define the relationship between
different sources of carbon and melting behaviour (Kruger, Matlack, Pegg, et al. 2012).
As discussed in the previous chapter, Chapter 4, high-temperature evolution of O, may

contribute more to foam behaviour in the HLW-NG-Fe2 feed, than in low-multivalent
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species LAW feeds. Redox manipulation of the feeds becomes important in this case
(Bickford 1986; Pinet, Hugon, and Mure 2014).

In Chapter 2, section 2.8, alternative reductants from both the industrial glass melting
industry and previous waste vitrification programs are discussed. The reductants in
Table 3.2.3: sucrose, graphite, coke, formic acid and HEDTA, were selected based on
this review of the literature, to provide a range of reductants to explore foaming
behaviour and redox manipulation in the HLW-NG-Fe2 feed. The HLW-NG-Fe2 feeds
with added carbon-based reductants, are discussed collectively as the HLW-NG-Fe2-R
feeds. The coke used in the study is ~93.3 wt% C according to XRF, with 3.1 wt% O,
1.1 wt% Si, 0.8 wt% Al, 0.6 wt% Fe, 0.4 wt% S, 0.3 wt% Ca, 0.1 wt% Mg and 0.1 wt%

Ti, with trace amounts of P, Na, Cl, Ba, Sr, Mn, Cr, Ru and Ni.
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5.2 Graphite Study

To determine the wt% addition to the feeds, a series of HLW-NG-Fe2 glasses were
melted with 0.5, 1, 2, 3, 4, 5, and 6 wt% graphite addition to the feed, and XRD was
performed to determine the extent of crystallinity, and whether any metallic phases
formed which must be avoided (Appel et al. 2019; Jantzen et al. 2003; Jantzen 2011).
Graphite, having the highest carbon content per gram of compound, was used as the

“worst case” scenario as it was expected to most strongly reduce the melt.
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Figure 5.2.1. XRD patterns of the HLW-NG-Fe2 glass with varying levels of graphite
added to the feed. An Fe3O4 spinel is identified in all samples (S) and the main peak for
Fe in this region (Fe) emerges for the 5 and 6 wt% samples.

At 0-4 wt%, a similar level of crystallinity is observed, and the peaks are identified as
Fes04, which has been observed previously in the HLW-NG-Fe2 glass (Matlack et al.
2012; Guillen et al. 2020; Matlack, Kot, et al. 2015). At 5 and 6 wt% graphite addition,
the main peak emerges in this angular range for metallic Fe (ICDD Powder Diffraction
File ref. 6-696), at 44.674 ° 26 (Gates-Rector and Blanton 2019). To avoid the chance of
precipitating any metallic Fe in the glasses, 3 wt% addition was chosen for all

reductants for the remainder of the study.
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5.3 Feed VVolume Expansion

Feed expansion tests in Figure 5.3.1 show the range of foaming behaviours of the 6
different feeds. The maximum foam volume is compared with the carbon content per
gram of compound in Figure 5.3.2, showing an approximately linear relationship with
R% = 0.903. Coke and graphite are most effective in reducing the maximum foam

volume, as well as the integrated foam volume over the temperature range, given in

Table 5.3.1.
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Figure 5.3.1. Normalised volume of pellets during Feed Expansion Test with different
reductant and raw material feeds showing the evolution of primary foaming and foam
collapse for the HLW-NG-Fe2-R feeds. Both primary and secondary foaming are

considerably supressed in the HLW-NG-Fe2-G and -C feeds.

As discussed in Chapter 4, section 4.3.1 the temperature of foam collapse, Trg, is a

parameter used in the melt rate correlation equation (Hrma et al. 2018). The implication
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of a lower Trg in isolation is an increased melting rate. The temperature of Trs is
disputed, as it is likely that those feeds where foaming is significant at higher
temperatures, after the collapse of the primary foam peak, will have a reduction in

melting rate. This is discussed in Chapter 2, section 2.4.3.
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Figure 5.3.2. Normalised maximum foam volume of HLW-NG-Fe2 and HLW-NG-Fe2-

R feeds with carbon content of reductant g*. A linear fit of the data with a R? = 0.903.

Table 5.3.1. Foaming behaviour of feeds during melting from FETSs.

Normalised Normalised Temperatur  Temperature
Maximum Total P P
Foam Integrated e of foi‘m of foalmo
Volume Foam Volume onset (°C) collapse™ (°C)
HLW-NG-Fe2 10.0+21 3725+ 23 674.3+10.1 774.0+10.6
HLW-NG-Fe2-S 76+17 3561 +19 673.7 £8.3 834.0+8.5
HLW-NG-Fe2-G 49+0.7 2385+ 11 642.0+ 1.6 762.3+1.2
HLW-NG-Fe2-C 46+0.3 2739+ 10 679.7 £0.9 780.0+14
HLW-NG-Fe2-F 94+17 3918 + 21 661.3+1.9 781.3+19
HLW-NG-Fe2-H 7.9+0.7 3722+ 20 679.7 £ 0.9 880.3+0.5

*Measured at peak foam height.
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5.4 Thermal Analysis

5.4.1 Thermogravimetric Analysis

Sucrose, graphite, coke and HEDTA raw materials were subject to TGA to determine
the temperatures of mass-loss events. Derivatives of the TGA for those reductants and
the HLW-NG-Fe2 and HLW-NG-Fe2-R feeds are shown in Figure 5.4.1. No
measurements were taken on formic acid due to potential damage to the equipment.

Most gas evolution, therefore, decomposition, of the sucrose and HEDTA samples
occurs prior to 500 °C. No literature was available on the decomposition of formic acid,
however based on the behaviour of sucrose and HEDTA, we assume the decomposition
to be in the 200-600 °C temperature range. Minimal gas evolution from coke or graphite

was detected within the temperature range measured.
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Figure 5.4.1. Derivative of the TGA (DTG) of some of the reductants (top) and feeds

with added reductants (bottom) between room temperature and 1150 °C. Sucrose and
HEDTA decompose between 200 and 500 °C, where coke does not decompose in the

temperature range measured and graphite only begins to react in the feed ~1050 °C.
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In the HLW-NG-Fe2 feed with the added reductants, the bottom graph in Figure 5.4.1,
gas evolution peaks in the range 200-600 °C are similar for the HLW-NG-Fe2 and
HLW-NG-Fe-2-G and C feeds. Variation in behaviour prior to 600 °C in the HLW-NG-
Fe2-S and H feeds can be attributed to reactions involving the reductants added based
on the results in the above graph in Figure 5.4.1, and HLW-NG-Fe2-F behaves
similarly. The HLW-NG-Fe2-G feed has a mass-loss above 1000 °C, where graphite has

begun to take effect earlier in the glass melt atmosphere, than when isolated.

5.4.2 Differential Thermal Analysis

The DTA prior to foaming onset, from room temperature up to 600 °C is shown in
Figure 5.4.2, and the DTA during foaming up to melt temperature is shown in Figure
5.4.3. Prior to the onset of foam, Figure 5.4.2, there are a number of low-temperature
endothermic decomposition reactions between ~50 and 350 °C, most of these reactions
show the same heat flow profiles with temperature. Endothermic peaks in unique to the
HLW-NG-Fe2-S feed, ~ 200 °C, and HLW-NG-Fe2-F feed ~250 °C, are likely reactions
involving the reductant. A small, endothermic peak corresponding to glass transition
temperature is visible in this region at just less than 600 °C, representing the connection
and amorphization of the main glass-forming melt. Foaming initiates just beyond this
temperature as there is a connected melt. Smaller reactions below to Tq in some of the
feeds likely represents melting of some of the earlier glass formic eutectics.

Beyond 600 °C, the increasingly negative heat flow is representative of melting of the
bulk material, with different melt temperatures, Tm, for different raw materials (Ray et
al. 2005). The exothermic reactions in this temperature region, discussed in Chapter 4,
section 4.3.2, are reactions with organics in the feed, and exothermic crystallisation
peaks. There are also small endothermic peaks in the HLW-NG-Fe2-G, -C and -H
curves along with the HLW-NG-Fe2 curve, also discussed in Chapter 4, section 4.3.2,

and attributed to redox changes during melting.
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Figure 5.4.2. DTA of the HLW-NG-Fe2 and HLW-NG-Fe2-R feeds from room

temperature to 600 °C, showing endothermic dehydration reactions up to 350 °C and

connection of the glass-forming melt between 550 and 600 °C.
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Figure 5.4.3. DTA of the HLW-NG-Fe2 and HLW-NG-Fe2-R feeds from 600 to 1150

°C showing the enthalpy of melting for each of the feeds. Endothermic peaks indicating

high-temperature reactions, 700-900 °C, are absent in the HLW-NG-Fe2-S and -G

feeds.
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The heat flux during melting, 4H, in the MRC equation, can be explored using DTA.
Enthalpy was measured by integrating the DTA curve between room temperature and
the temperature of foam onset, as in (Lee, Hrma, Pokorny, Klouzek, et al. 2019; Hrma
et al. 2018), to provide the enthalpy of the reacting feed for the 4H term in the MRC,
which takes the form (Hrma et al. 2018):

AH = AHy, + AHg + c,AT (35)

where, 4Hyw, is the enthalpy due to physical water evaporation in the feed slurry, 4Hg, is
the enthalpy due to the reacting feed, and cp47, is the sensible heat for average heat
capacity, ¢, = 1.1 J g* K* (Lee, Hrma, Pokorny, et al. 2017; Lee, Hrma, Pokorny,
Klouzek, et al. 2019). For AT = 1000 °C, AHs = 1.1 kJ g** K. 4Hw is determined by the
free water mass in the feeds per mass of glass, wg, and the enthalpy of water
evaporation, 4He = 2.256 J kg™*. Due to issues with the viscosity of the Fe(OH)s slurry
when batching the HLW-NG-Fe2 feed, and therefore subsequent HLW-NG-Fe2-R
feeds, discussed in Chapter 3, section 3.3.1, there is a much higher water content in
these feeds than batched previously. The outcome of this is a higher 4H,, value than
previously reported for HLW-NG-Fe2 (Hrma et al. 2018; Lee, Hrma, Pokorny,

Klouzek, et al. 2019).

Table 5.4.1. Enthalpy of reacting feed by DTA.

Feed AHR (kJ g}) WG AHy (kJgY)  4H (kJgh)
HLW-NG-Fe2 0.44 4.55 10.26 11.80
HLW-NG-Fe2-S 0.41 4.55 10.35 11.86
HLW-NG-Fe2-G 0.40 4.55 10.35 11.85
HLW-NG-Fe2-C 0.45 4.55 10.35 11.89
HLW-NG-Fe2-F 0.44 4.55 10.35 11.89
HLW-NG-Fe2-H 0.43 4.55 10.35 11.88
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5.5 Gas Evolution

5.5.1 Gas balance Calculations

From the raw batch materials, stoichiometric calculations of the volatiles expected to

evolve for each batch were calculated. For the initial calculations, it was assumed that

the feed had oxygen available for each of the reactions containing carbon:

C+0,—COy
CO+% 02 — COa.

For nitrate and nitrite reactions, the following was assumed:

NaNO2; — %2 Naz0 + %2 NO + %2 NO2
NaNOs — %2 Na20 + %2 NO + %2 NO2 + 2 Os.

For each of the reductants, the following reactions were assumed:

C12H22011 (Sucrose) + 602, — 12CO2 + 11H,0
C (Graphite) + O2 — CO2
0.93C (Coke) + 0.930, — 0.93CO;
CH0- (Formic Acid) + %2 O, — CO2 + H.0O

C10H18N207 + 12072 — 10CO2 + 9H20 + 2NO.

(36)

(37)

(38)

(39)

(40)
(41)
(42)
(43)

(44)

Using the total mass of each component evolving, the expected off-gas for the HLW-

NG-Fe2 feed and the HLW-NG-Fe2-R feeds are given in Table 5.5.1. The variety of

atmospheres used to in the gas evolution measurements described in the following

sections make it difficult to determine exact quantities of evolved and consumed gases.

However, these calculations give an indication of the total volume of evolved gases

expected by each feed.
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Table 5.5.1. Calculated evolved gases based on stoichiometric calculations of the HLW-

NG-Fe2 feed, and HLW-NG-Fe2-R feeds.

Feed Theoretical Evolved Gases (mg kg™ glass)

CO: Cco O SO, H.O NO; NO
HLW-NG-Fe2 45377 0 772.65 0 273594 1254 818
HLW-NG-Fe2-11 252400 0 -55673 0 263497 1254 818
HLW-NG-Fe2-S 84052 0 -13430 0 285499 1247 813
HLW-NG-Fe2-G 189923 0 -104625 0 270974 1247 813
HLW-NG-Fe2-C 168176 0 -97246.1 0 270974 1247 813
HLW-NG-Fe2-F 82777 0 -12966 0 286462 1247 813
HLW-NG-Fe2-H 209652 0 -286630 0 358993 1247 2373

552 EGA

Evolved gas analysis by gas chromatography was used to quantify the off-gas from the
feeds during melting, Figure 5.5.1-5. Most of the CO2 evolution occurs prior to the
onset of foaming, ~ 640 - 680 °C by Table 5.3.1. Earlier evolution of CO. occurs in the
HLW-NG-Fe2-S, -F and -H feeds, predicted by the early mass loss events in TGA in
Figure 5.4.1. Residual CO: is trapped within the foam. At ~ 760 — 880 °C spikes of CO>
evolution, particularly evident in the HLW-NG-Fe2-F feed, show release of CO:
trapped in bubbles. Significant evolution of CO> continues up to ~1050 °C in the HLW-
NG-Fe2-G and -C feeds where we expect carbon to begin reacting based on the TGA
results in Figure 5.4.1.

The HLW-NG-Fe2-H feed has a large CO evolution, Figure 5.5.2, beginning after most
of the CO; evolution, showing by ~700 °C there is insufficient oxygen to evolve large
quantities of CO.. For the HLW-NG-Fe2-G and -C feeds there are significant quantities
of CO evolved at high temperature, 1000 — 1150 °C, where it is proposed that the

reductant sources are beginning to react, this is occurs beyond the final release of CO..
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Figure 5.5.1. CO; evolution from the feeds by gas chromatography. The main CO. peak
evolution is similar for all feeds, however HLW-NG-Fe2-G and -C have sustained CO-

evolution up to ~1100 °C.
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Figure 5.5.2. CO evolution from the feeds by gas chromatography. CO is evolved at
temperatures above foam collapse in the HLW-NG-Fe2-H, -G and -C feeds, evolution

in the -G and -C feeds is up to melting temperature.
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Figure 5.5.3. NO evolution from the feeds by gas chromatography, showing earlier

evolution of NO in the HLW-NG-Fe2-S and -F feeds.

No SO evolution was detected in the HLW-NG-Fe2-H feed. The HLW-NG-Fe2-S and
-F feeds release SO; at a similar rate to the HLW-NG-Fe2 feed, however in the HLW-
NG-Fe2-F feed the SO> begins to evolve at lower temperature therefore accumulating
higher total evolution. The HLW-NG-Fe2-C and -G feeds evolve the most SO, with a
distinct lower temperature peak ~ 800 °C and a second large peak in the HLW-NG-Fe2-

G feed ~1000 °C.
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Figure 5.5.4. SO, evolution from the feeds by gas chromatography, showing much

greater overall evolution in the HLW-NG-Fe2-G and -C feeds.
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The small spikes in Oz evolution from the HLW-NG-Fe2-G and -C feeds are considered

indistinguishable from background, otherwise O is suppressed in all HLW-NG-Fe2-R

feeds. The total quantity of each gas evolved is given in Table 5.5.2.
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Figure 5.5.5. Oz evolution from the feeds by gas chromatography showing suppression

of O, evolution in all of the HLW-NG-Fe2-R feeds.

Table 5.5.2. Evolved gases by EGA for the HLW-NG-Fe2 and HLW-NG-Fe2-R feeds.

Feed Evolved Gases by EGA (mg kg* glass)
CO2 Cco O SO2 NO
HLW-NG-Fe2 46300 13 6633 200 1200
HLW-NG-Fe2-S 76900 1000 0 100 200
HLW-NG-Fe2-G 75600 22400 0 600 1300
HLW-NG-Fe2-C 67900 15400 0 500 1100
HLW-NG-Fe2-F 72400 2900 0 300 300
HLW-NG-Fe2-H 86600 52700 0 0 200

5.5.3 Gas Balance

The release of SO, from Table 5.5.2, was used in the following calculations of O,

where in Table 5.5.1, it was assumed that all SOs is retained in the melt. This is

corrected for the O evolution from:

SO3 — SO2 + %2 02
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in Table 5.5.3. This offers little consolation for the highly negative O. evolution
predicted from the batch gases.

Table 5.5.3. Evolution of Oz by evolved SO> measured by EGA.

SO, evolution Calculated O> from SO; evolution

(mg kg glass) (mg kg glass)
HLW-NG-Fe2 200 50
HLW-NG-Fe2-S 100 30
HLW-NG-Fe2-G 600 150
HLW-NG-Fe2-C 500 130
HLW-NG-Fe2-F 300 70
HLW-NG-Fe2-H 0 0

NO evolved from the HLW-NG-Fe2 feed is greater than predicted based on equations
(38) and (39). The proposed decomposition of NaNO, or NaNOs is inaccurate. It is
likely, that the NO2 evolution is lower than predicted. Based on the results in Figure
5.5.3, it is assumed in Table 5.5.4, that the remaining N batched in the feeds evolves as
NO2. This concept was also applied to the CO2/CO evolution in based on the measured
values of CO. and CO by EGA.

Table 5.5.4. Expected NO; evolution based on measured NO evolved by EGA.

Calculated Calculated NO evolved Recalculated _
Feed NO: from NO from by EGA NO» O difference
batch gases batch gasles o o (mg kg’
. mg kg’ m ) mg kg mg kg
(mg kg™ glass) (gI%\ssg) (ggss% (gI%ssg gl%ssg)]
HLW-NG-Fe2 1254 818 890 1144 19
HLW-NG-Fe2-S 1247 813 119 2325 -187
HLW-NG-Fe2-G 1247 813 980 1005 42
HLW-NG-Fe2-C 1247 813 834 1229 3
HLW-NG-Fe2-F 1247 813 214 2179 -162
HLW-NG-Fe2-H 1247 2373 170 2247 -174

Table 5.5.5. Expected O> evolution based on measured CO and CO> evolved.

Calculated Calculated
Feed CO; from CO from C(;Z eé/gl'\al\ed CS eég\fd O. difference
batch gases batch gases y y
(mgkgtglass) (mgkgtglass) (mgkg?tglass) (mgkg!glass) (mgkg?!glass)
HLW-NG-Fe2 45400 0 46300 0 0
HLW-NG-Fe2-S 84100 0 76900 1000 600
HLW-NG-Fe2-G 189900 0 75600 22400 12800
HLW-NG-Fe2-C 168200 0 67900 15400 8800
HLW-NG-Fe2-F 82800 0 72400 2900 1700
HLW-NG-Fe2-H 209700 0 86600 52700 30000
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5.6 Melt Rate Correlation

The melt rate correlation equation, discussed in detail in Chapter 2, section 2.4.3, takes

the following form:

. Nmo) @ ug\P 1

From the results in this section from FETs, Table 5.3.1, and thermal analysis, Table
5.4.1, the feed-dependent parameters for the MRC have been derived, apart from the
viscosity at melt temperature. The viscosity is the parameter for which the model is
most sensitive, and therefore most effects the melting rate of the feed (Lee, Hrma,
Pokorny, Klouzek, et al. 2019). In the absence of measured viscosity, it is assumed that
the same viscosity for all feeds, and the previously measured value used for HLW-NG-
Fe2, nmo = 3.04, also using value for forced bubbling ug = 4.94 as previously (Lee,
Hrma, Pokorny, Klouzek, et al. 2019). Tuo = 1150 °C for all feeds. The estimated
heating rates based on these parameters is given in Table 5.6.1. These are much lower
than j = 19.1 g m? s measured previously: the influencing factor in this is the water
content of the feed slurry (Lee, Hrma, Pokorny, Klouzek, et al. 2019). There is a slight
increase in melting rate using formic acid, and a large decrease using coke. These are
influenced by the foam collapse temperature, Trs as the enthalpy of the reacting feed is
similar for HLW-NG-Fe2-F and -C.

Table 5.6.1. Expected melting rate from the measured parameters for the MRC.

Feed AH (kJ gt Tes (°C) Q(kWm? j(gm?st) j(kgm?day?)
HLW-NG-Fe2 11.80 7740+106 90.65+1.24 8.40x0.11 726 £6
HLW-NG-Fe2-S 11.86 834.0+85 76.19x0.78 7.02+0.07 6071
HLW-NG-Fe2-G 11.85 762.3+1.2 9354+0.15 8.36+0.01 7221
HLW-NG-Fe2-C 11.89 780.0+14 89.20£0.16 5.98+0.01 5161
HLW-NG-Fe2-F 11.89 781.3+19 88.96+0.22 8.60+0.01 7431
HLW-NG-Fe2-H 11.88 880.3+£05 65.10+£0.04 8.21+0.01 7101
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5.7 Summary

5.7.1 Foaming behaviour

The order of normalised maximum volume expansion (V/Vy) for the HLW-NG-Fe2 and
HLW-NG-Fe2-R feeds, by feed expansion tests, was as follows:
Original (10.0£2.1) > Formic Acid (9.4+1.7) > HEDTA (7.9£0.7) > Sucrose (7.6£1.7)
> Graphite (4.9£0.7) > Coke (4.6%0.3).

For HLW-NG-Fe2, HLW-NG-Fe2-S, -H, and -F, the order of maximum foam reduction
correlates with the carbon content per gram of reductant added. The maximum foam
volume only accounts for the primary foaming and the effect on secondary foaming is
of most interest to this project. For both graphite and coke additions to the HLW-NG-
Fe2 feed, there is a great effect on the overall foam volume expansion, including the
secondary foam region between ~800 and 1150 °C.

The main contributions to this secondary foaming behaviour, based on EGA, are
residual CO and CO2. The explanation for the sustained effects of these reductants at
high temperature can be found in the TGA of the reductants Figure 5.4.1. Sucrose and
HEDTA are shown to decompose between 100 and 500 °C and in the TGA of the feeds
they appear to interact with the components of the feeds in the same temperature region,
i.e., prior to the onset of primary foam. They have the effect of the early elimination of
nitrates (Bickford, Hrma, and Bowan 1990; Ryan 1995) which precludes any efficient
high-temperature reduction of multivalent species (P. A. Smith, Vienna, and Merz
1996). Graphite and coke do not show any significant decomposition in isolation in the
temperature range from 0 to 1150 °C. When in the feeds, the graphite feed has some

evidence of decomposition above 1000 °C, while the coke does not.
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5.7.2 Balance of Oxygen

The total O, balance, from the batched raw-materials in the feeds, and taking into
account the evolution of SOz, CO over COz, and NO over NO2, provides a strongly
negative value for O> for all HLW-NG-Fe2-R feeds, Table 5.7.1. This is supported by
zero Oz evolution from these feeds by EGA, section 5.5. HLW-NG-Fe2 has increased in
final expected O, however, not enough to account for over double the amount detected
by EGA. O evolved in the HLW-NG-Fe2 feed must come from trapped air in the dried
feed prior to melting, or reduction of multivalent species in the feed releasing O.. For
the HLW-NG-Fe2-R feeds the O balance is less negative once the reactions of other
batch gases are taken into account, but still negative, such that it must be assumed that
there has been a substantial reduction in the multivalent species in the feeds during
melting. This is particularly the case for HLW-NG-Fe2-H where negative oxygen
balance is an order of magnitude greater than the other HLW-NG-Fe2-R species.

In the O2 balance calculated for the high-alumina waste feed with different alumina raw
materials, (Lee, Hrma, Klouzek, et al. 2017), there was more O released by EGA than
predicted by the O balance. They concluded that the redox state of iron was the largest
results of this balance of Oz, and in that study the contribution to O, evolution by
formation of spinel from haematite was considered negligible. In the following Chapters
6 and 7, all possible contributions are taken into account.

Table 5.7.1. Comparison of evolved O2 with expected O based on batched feed raw

materials and evolution of O by reactions with SOy, NOx and COx measured by EGA.

O:2 balance initial Oz balance final 02 evolved by EGA
(mg kg glass) (mg kg? glass) (mg kg? glass)
HLW-NG-Fe2 772.65 841.65 6633
HLW-NG-Fe2-S -13430 -12987 0
HLW-NG-Fe2-G -104625 -91633 0
HLW-NG-Fe2-C -96562.3 -88629.3 0
HLW-NG-Fe2-F -12966 -11358 0
HLW-NG-Fe2-H -286630 -256456 0
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5.7.3 Melting Rate

By DTA, the enthalpy change of melting in the feeds, while not quantified, Figure 5.4.3,
is greatest in the HLW-NG-Fe2-H feed followed by -C and -S. Otherwise by DTA, the
main melting reactions are at similar temperatures, apart from some reactions between
700 and 900 °C, attributed to redox reactions in Chapter 4, section 4.3.2. Based on the
MRC calculations, section 5.6, the effect of the reductants on the melting rate of the
feeds (kg m day™?) is as follows:
Coke (516+1) < Sucrose (607+1) < HEDTA (710+£1) < Graphite (722+1)
< Original (726 % 6) < Formic Acid (743£1)

Without viscosity data for the feeds at melting temperature, these values may not
represent the feed melting rate, since viscosity is the most influential parameter (Hrma
et al. 2018; Lee, Hrma, Pokorny, Klouzek, et al. 2019). However, with the values that
are available using the present techniques, t(he addition of formic acid slightly improves

the melting rate, while the other additives have a negative effect.
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6 Alternative Reductants: Structural changes

during melting

6.1 Overview

The structural changes during melting underpin the gas evolving reactions and melting
rate of waste feeds. To study the evolution of structure during melting, SOM samples
were prepared by heating dried feed to 600, 800, 1000, and 1150 °C and quenching
them at temperature for snapshots of the melting behaviour vertically in the cold cap,
this is described in detail in Chapter 3, section 3.3.3. The temperature range was chosen
to represent the foaming temperatures, as shown in Chapter 5 section 5.3. The reactions
of waste feeds prior to 700 °C have been explored previously (Xu et al. 2015). The
dissolution of silica is a key indicator of the viscosity of the glass-forming melt; the
more silica dissolved in the melt the higher the expected viscosity (Marcial et al. 20144;
Hujova, Pokorny, et al. 2018; Bacon and Hasapis 1959).

In this chapter we explore the glass-forming reactions in the 600-1150 °C temperature
range using XRD for phase identification and proportions, to determine the dissolution
of phases during melting and the form of Fe and other multivalent species. Raman
spectroscopy of each of the SoM samples provides information on the structure of the
melt, particularly in the bonding of major glass-formers: SiO2 and B2O3. The form of
Fe, and the other multivalent species are explored, Fe by >’Fe Mdssbauer in this chapter,

and then Fe, Cr, Mn, Ce and Ni by XANES in the following chapter, Chapter 7.
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6.2 XRD and phase evolution during melting

The phases formed between the key temperatures of interest, 600 — 1150 °C, were
identified using HighScore Plus to search the ICDD Powder Diffraction File Database.
Phases were then fit to the spectra using the Rietveld refinement functions as described
in section 3.6.1. At 600 °C there are a number of unidentified intermediate phases
formed in the HLW-NG-Fe2-G, C and F samples, making full Rietveld refinement of
the patterns, and quantification of phases impossible. The other remaining phases are
quartz (SiOz), haematite (Fe20s3), and spinel (AB204), these peaks are labelled in Figure
6.2.1 along with the Si peaks used to determine the phase proportions, Figure 6.2.2.
With increase in quench temperature, in all feeds, there is broadening of crystalline
peaks and the emergence of an amorphous hump region, which we expect with the
amorphization of the melt (Yalmali et al. 2007; Rehman et al. 2021). Dissolution rate of
silica is similar amongst all of the feeds, Figure 6.2.2.

The rate of Fe2Os dissolution is slowest in the HLW-NG-Fe2 feed, all other feeds show
less than 5 wt% at 1000 °C. By 1000 °C there is no Fe.O3 detected in the HLW-NG-
Fe2-G, C and -H feeds, but a significant increase in spinel phase in the HLW-NG-Fe2-C
feed. In the final glasses, the spinel phases remain prevalent. There is also some
indication of remaining SiO2 and Fe>Os in the HLW-NG-Fe2-S, -C and -F feeds. There
are only enough peaks to confirm the presence of 3.6 + 0.2 wt% Fe203 in the HLW-NG-
Fe2-S pattern and 0.24 + 0.02 wt% in the HLW-NG-Fe2-F pattern. HLW-NG-Fe2-C
has the highest amount of spinel in the final glass, whereas HLW-NG-Fe2-F has only
slightly more than HLW-NG-Fe2. As with the spinels identified in Chapter 4, section
4.4.1., the elements on each of the spinel sites cannot be accurately determined by this
method and there is likely a mixture of spinel structures in each sample containing Fe,

Mn, Cr, Ni and O.
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Figure 6.2.1. XRD patterns for HLW-NG-Fe2-S, G, C, F and H 600, 800 1000 and 1150
°C showing quartz (Q) and haematite (H) phases present up to 1150 °C in the HLW-
NG-Fe2-S and -F samples compared to the HLW-NG-Fe2-G and -H samples were there

is little to no remaining quartz or haematite at 1000 °C. Spinels (S) are present in all

feeds up to 1150 °C.
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Figure 6.2.2. Quantity of phases determined by semi-quantitative analysis of refined
phases identified in XRD patterns, compared with 5 wt% Si powder as an internal
standard, for each of the feeds studied at 600, 800 1000 and 1150 °C. Quartz dissolution
and amorphization of the melt occur at similar temperatures in all feeds, the feeds vary

in the form of iron with temperature: the ratio of haematite to spinel.
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6.3 Raman Spectroscopy

6.3.1 600-1000 °C

Raman spectra collected for the HLW-NG-Fe2-R SoM samples quenched at 600, 800
and 1000 °C are compared with the equivalent HLW-NG-Fe2 and -1l samples from
section 4.4.3 in Figure 6.3.1. Noise is highest in inhomogeneous samples, where merged
spectra were significantly different, this has the greatest effect on the 600 °C samples.
As discussed in section 4.4.3, the emergence of the broad Si-O (Al-O, Fe-O) Q"-species
region between 800 and 1200 cm™ (Parkinson et al. 2008; Yadav and Singh 2015),
indicates amorphous melt formation. For the feeds studied, these features, along with
the characteristic bands of the borosilicate network, between 350 and 600 cm™ and 1200
— 1500 cm (Parkinson et al. 2008; Yadav and Singh 2015), are apparent by 1000 °C in
the HLW-NG-Fe2, HLW-NG-Fe2-F and -H feeds, where in the other feeds they become
apparent only by 1150 °C.

In the 600 °C samples the broadest peak, and most intense in all but the HLW-NG-Fe2-
G feeds, is between 1200 and 1400 cm™, attributed to; the haematite band centred
around 1320 cm™, in Table 4.4.2 (Krolop et al. 2019; de Faria and Lopes 2007). This
band broadens and reduces in intensity, coupled with an increase in intensity of the Si-
O, Fe-0O, AI-O Q" region (Parkinson et al. 2008; Yadav and Singh 2015; Neuville and
Mysen 1996), at different temperatures in each sample. Haematite bands are not present
in the HLW-NG-Fe2-11 sample at 600 °C, where haematite has not formed by XRD
phase identification in Chapter 4, section 4.4.1. However, correlating to the XRD, it has
fully formed by 800 °C. There is a sharp band dominating the HLW-NG-Fe2-G 800 °C
sample at 1600 cm™ which is a merged spectrum of multiple regions, this suggests that

the majority of this sample is crystalline, at least at the surface measured.
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Figure 6.3.1. Raman spectra for HLW-NG-Fe2, HLW-NG-Fe2-1l and HLW-NG-Fe2-R
feeds of samples quenched at 600 °C (top), 800 °C (bottom left) and 1000 °C (bottom
right). Raman mode assignments are labelled H = haematite, B = borate/borosilicate
structures, Q = Q" species and O = O — O in molecular oxygen. The spectra show the
evolution from sharp crystalline peaks and haematite bands to the emergence of

borosilicate structures, notably the 610 cm™ band and the Q" species region.

Broad bands in the 500 — 700 cm™ region, which we attributed in Chapter 4, Table
4.4.2, to borate and borosilicate structures (Parkinson et al. 2008; Yadav and Singh
2015) develop by 1000 °C in all samples. The sharper band in this region is the
emergence of the 610 cm™ band which we suggested in Chapter 4, section 4.4.3, was
due to danburite-like ring structures (Testa-Anta et al. 2019; Cochain and Neuville
2008; Cochain et al. 2012). This band is prevalent in the HLW-NG-Fe2-11, -C, -G and -

H samples at 1000 °C.
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6.3.2 Final glasses

In all glasses Figure 6.3.2, the broad Si-O (Al-O, Fe-O) Q"-species region is centred
around 970 cm (Parkinson et al. 2008; Yadav and Singh 2015; Neuville and Mysen
1996). A 970 cm™ band can be attributed to the "VFe3*-O stretching (Cochain et al.
2012) as well as silica Q" structural units, and Si-O-Al interlinking (Yadav and Singh
2015; Parkinson et al. 2008; Neuville and Mysen 1996; Di Genova et al. 2017). Full
deconvolution of the spectra is complicated by the presence of Si, Fe and Al bonds in
this region (Neuville and Mysen 1996). An attempt is made to deconvolute the Raman
spectrum qualitatively, fitting 4 Gaussian peaks to the 800-1250 cm™ region, with limits
on the half-width to 30-80 cm™ and area > 100. Spectral deconvolution and fit
parameters are given in Appendix C, Figures 1-7 and Tables 1-7. Estimated proportions
of the Q" species for each of the HLW-NG-Fe2 series glasses is given in Table 6.3.1.
Based on the assumption, discussed in section 2.2.3, that 'VFe3* and VAI** ions form
[MO4]" network polyhedra, whereas V'Fe?* acts as a network modifier we can
qualitatively interpret a shift from the 1150 cm™ Q* band and the 970 cm™ Q*/Fe®* to
1065 cm™ Q3 and 925 cm™ Q2 bands as depolymerisation of the network, and potential
changes in Fe/Al coordination or oxidation state (Parkinson et al. 2008; Neuville and
Mysen 1996; Cochain and Neuville 2008). From the tabulated results, Table 6.3.1, the
HLW-NG-Fe2-F sample could be highly polymerised, followed by HLW-NG-Fe2-S
and HLW-NG-Fe2-11. HLW-NG-Fe2-C and HLW-NG-Fe2-G have a greater proportion
of Q? than HLW-NG-Fe2, but a similar level of the Q* and Q*/Fe band. HLW-NG-Fe2-
H is highly depolymerised with the majority of the region leaning towards Q2.

The low wavenumber region of the spectra, 200 — 800 cm™ was fitted with a main broad
peak centred ~480 cm™, and not deconvoluted further as it covers a range of borate and
borosilicate vibrational modes, Table 4.4.2. The significant difference in all of the

spectra in this region is in the intensity of the 610 cm™ peak, shown by the Raman
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difference spectra in Figure 6.3.3 (right). The positions and areas of each of the ~610
cm* peaks are given in Appendix C, Table 8. This peak is loosely attributed to a change
in the danburite-like ring structures in Chapter 4, section 4.4.3 based on literature of
iron-bearing borosilicate glasses, in Chapter 2, section 2.2.2.4 and 2.2.3 (Cochain et al.

2012; Cochain and Neuville 2008; Manara, Grandjean, and Neuville 2009a).
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Figure 6.3.2. Raman spectra of HLW-NG-Fe2, -l and -R 1150 °C samples. More
detailed Raman mode assignments are labelled including individual borate and silicate
modes. The 610 cm™ peak is the main difference between the spectra. There is no

defined shift in Q" species and other modes remain similar between the spectra.

Table 6.3.1. Relative proportions of Q" species by Raman spectral deconvolution.

Glass %Q? Q%/Fed %Q3 %Q*
(~925 cm™) (~970 cm™) (~1065 cm™) (1100 cm™)
HLW-NG-Fe2 22.6 32.1 40.5 4.8
HLW-NG-Fe2-1l 7.9 32.3 34.6 25.2
HLW-NG-Fe2-S 5.6 34.1 325 27.8
HLW-NG-Fe2-G 38.1 32.9 29.0 0.0
HLW-NG-Fe2-C 36.1 375 26.4 0.0
HLW-NG-Fe2-F 0.0 75.1 20.7 4.3
HLW-NG-Fe2-H 0 61.1 34.5 4.4
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Figure 6.3.3. Raman spectra (left) and difference spectra (right) between 200-800 cm™
showing the main difference in the spectra low wave-number region is the 610 cm™
peak which is most intense in the HLW-NG-Fe2-C spectra followed by -II, -S, -G and -

H. The feature is absent from the HLW-NG-Fe2 and -F spectra.

6.3.3 Graphite series

To further investigate the stipulation that this danburite-like ring structure changes with
the bonding of Fe to the borosilicate network, Raman spectroscopy was performed on
the samples from the study of increasing graphite addition from Chapter 5, section 5.2.
For these samples the graphite addition to the HLW-NG-Fe2 varied from 0.5-6 wt%,
Figure 6.3.4, providing a likely scenario where the more graphite added the more
reduced the Fe in the glass (Zhernovaya, Onishchuk, and Davydoglu 2007; Kruger,
Matlack, Pegg, et al. 2012). The variation in in the intensity of the ~610 cm™ Figure
6.3.4 peak correlates with the presence of spinel phases in the glass up to 4 wt%, as
shown by XRD, in Chapter 5, section 5.2. In the XRD, it is suspected that at 5 and 6
wit% graphite, the samples contain metallic Fe and significantly less spinel. The Raman
supports this being the case, if the presence of Fe?* increases the intensity of the
danburite-like peak at 610 cm™, then the 5 and 6 wt% samples, where the Fe?* is further

reduced to metal, the danburite-like peak would decrease once again.
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Figure 6.3.4. Raman spectra for HLW-NG-Fe2 and HLW-NG-Fe2-G for 0.5 — 6 wt%
Graphite collected on samples quenched at 1150 °C showing the increase in intensity of
the 610 cm™ band up to most intense at 4 wt% graphite addition, at 5 and 6 wt%

addition the band is no longer visible.
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6.4 >'Fe MOssbauer Spectroscopy

Fe Mossbauer spectroscopy has the capability to explore only Fe in the feeds and
separate out iron on the paramagnetic and magnetic sites. As explained in Chapter 3,
section 3.6.4 and Chapter 4, section 4.4.4, broader paramagnetic doublets are
representative of the glassy Fe phase and the sharp magnetic sextets represent the
magnetic crystalline phases. Throughout the feeds we see the paramagnetic doublets
increase in intensity with quench temperature, relative to the sextets, reflecting the
increase in amorphous phase content and decrease in crystalline iron components in the

XRD, section 6.2, and Raman spectroscopy, section 6.3.

6.4.1 HLW-NG-Fe2, -Sand -F

The spectra shown in Figure 6.4.1 are the HLW-NG-Fe2, HLW-NG-Fe2-S and -F feeds
quenched at 600-1150 °C. From 600-800 °C paramagnetic phases in these spectra are all
Fe3* based on the centre shift (CS) and quadrupole splitting (QS) values, detailed in
Table 6.4.1. At 600 °C and 800 °C only one paramagnetic phase is resolvable, however,
there are consistently a minimum of 2 resolvable sites resolved at 1000 and 1150 °C.
The two common sites between all three samples are tetrahedral paramagnetic Fe* sites
with a CS between 0.25-0.27 mm s and QS of 0.75-0.79 mm s and 1.05-1.38 mm s,
The CS values of these sites are all within the range of tetrahedral Fe3* (Darby Dyar
1985) each sample has a site with relatively lower and higher QS, indicating a site
where the electron cloud symmetry is distorted by local bonding, e.g. rather than Fe-O-
Fe there are Fe-O-M bonds where M is an atom with a different electronegativity
(Stevens, Travis, and DeVoe 1972). In the HLW-NG-Fe2-S sample at 1000 °C there is a
VEe2* phase contributing 2.4 + 2 % to the spectral area, which is only slightly above
error. There is no Fe?* phase detected in the 1150 °C sample.

Magnetically ordered dominant sextets at 600 and 800 °C belong to o-Fe2Os, with

smaller contributions from Fe-bearing spinels with Fe** on the B site, and Fe, Mn or Ni
265



likely on the A site (Oh, Cook, and Townsend 1998). The relative proportion of the
spinel phases increases with decrease in the a-Fe2Os, in line with the previous
discussion in Chapter 4, section 4.4.4, and the XRD section 6.2. In the final glass
samples, at 1150 °C 24.8 + 2 % of the Fe in the HLW-NG-Fe2-S sample, and 14 + 2 %
in the HLW-NG-Fe2-F sample, is in the a-Fe>Os phase. There is a small amount of

Fe»0s detected in the HLW-NG-Fe2-S sample correlating with the XRD, section 6.2.
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Figure 6.4.1. >Fe Mossbauer spectra of the HLW-NG-Fe2, HLW-NG-Fe2-S and -F
feeds quenched at 600, 800, 1000 and 1150 °C showing the evolution of the form of
iron during melting from magnetic to paramagnetic. Fe?* is observed in the HLW-NG-

Fe2-S sample at 1000 °C, but only Fe3* is resolvable at 1150 °C.
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Table 6.4.1. >Fe Mdssbauer fit parameters for HLW-NG-Fe2, HLW-NG-Fe2-S, and
HLW-NG-Fe2-F SoM samples. CS, relative to a-Fe, + 0.02 mm s*. QS, + 2 mm s}, H,

+05T, Area = 2 %.

CS A

Feed Temp (°C) Signal (mm s1) (mm s1) H(T) Area (%) ID
600 Doublet 1 0.33 1.12 9.1 IV Fe3*
Sextet 1 0.37 51.6 53.0 a-Fe,03
Sextet 2 0.36 49.7 26.0 (Fe,Ni)Fe204
Sextet 3 0.35 46.4 11.9 Fes04
N 800 Doublet 1 0.25 0.95 25.0 IV Fe3*
w Sextet 1 0.36 50.9 62.6 o-Fe,03
9 Sextet 2 0.41 44.3 12.4 (Fe,Mn)Fe,04
< 1000 Doublet 1 0.27 1.25 34.3 1V Fe¥*
| Doublet 2 0.27 0.79 23.0 1V Fe?*
L Sextet 1 0.38 51.1 26.5 0-Fe;03
Sextet 2 0.33 47.6 16.1 Fes04
1150 Doublet 1 0.26 0.78 39.0 IV Fe3*
Doublet 2 0.27 1.33 41.0 1V Fedt
Sextet 1 0.25 48.2 20.0 Fe;04
600 Doublet 1 0.27 1.01 7.5 IV Fe3*
Sextet 1 0.31 49.6 36.5 Fes04
Sextet 2 0.37 51.8 56.0 a-Fe,03
800 Doublet 1 0.26 1.08 19.5 IV Fe¥*
Sextet 1 0.37 52 42.1 o-Fe,03
Sextet 2 0.33 50.5 18 Fes04
"({I) Sextet 3 0.37 46.5 20.9 Fes0q4
e 1000 Doublet 1 0.27 0.88 22.0 IV Fe3*
) Doublet 2 0.25 1.38 17.0 IV Fe3*
z Doublet 3 0.99 1.87 2.4 VI Fe?
% Sextet 1 0.39 51.6 24.0 0-Fe;03
T Sextet 2 0.28 49.4 13.6 Fes04
Sextet 3 0.47 46.4 21.1 ~Fe30q4
1150 Doublet 1 0.26 1.05 60.3 1V Fedt
Doublet 2 0.25 0.79 22.0 IV Fe3*
Sextet 1 0.37 50.80 24.8 o-Fe,03
Sextet 2 0.29 48.12 6.0 Fes04
Sextet 3 0.39 45.35 9.3 Fes04
600 Doublet 1 0.22 0.85 7.37 IV Fe¥*
Sextet 1 0.37 51.6 56.4 o-Fe,0s3
Sextet 2 0.28 49.7 17.1 Fes04
Sextet 3 0.45 47.3 19.1 (Fe,Mn)Fe;04
w 800 Doublet 1 0.26 1.0 27.1 IV Fe3*
o Sextet 1 0.37 51.4 44.8 a-Fe;03
L Sextet 2 0.29 47.8 28.1 Fes04
2 1000 Doublet 1 0.27 0.75 19 IV Fe**
;‘ Doublet 2 0.27 1.22 40 1V Fe?t
- Sextet 1 0.38 51.1 21.8 o-Fe,03
T Sextet 2 0.3 47.8 19.6 FesOu
1150 Doublet 1 0.31 1.24 54 VI Fe3*
Doublet 2 0.3 0.75 27 VI Fe3*
Sextet 1 0.37 49.0 14 a-Fe,03
Sextet 2 0.42 45.3 4.6 Fes04
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6.42 HLW-NG-Fe2-G, -C and -H

"Fe Mossbauer spectra for the HLW-NG-Fe2-G, -C and -H SoM samples are grouped
in Figure 6.4.2. During melting of these three feeds, there is emergence of Fe?*
paramagnetic doublets. The Fe?" paramagnetic doublet, characterised by its higher CS
and QS (Darby Dyar 1985), is resolvable by 800 °C. Amorphous V'Fe?* acts as a
network modifier in the glasses, whereas crystalline V'Fe?* could be a component of Fe
on the B site of a spinel, for example. Glasses quenched at 1150 °C show significant
proportions of V'Fe?*, contributing 38.8 + 2, 21.3 + 2 and 11.8 + 2 % to the total spectral
area for the HLW-NG-Fe2-G, -C and -H glasses, respectively.

The transition from a-Fe2O3 dominating the magnetically ordered components to FezOs-
like spinels (Oh, Cook, and Townsend 1998), occurs by 800 °C in the HLW-NG-Fe2-G
and -H feeds, earlier than all of the other feeds, and 1000 °C in the HLW-NG-Fe2-C
feed. This order is in agreement with the XRD in section 6.2. All of the magnetic sextets

in the 1150 °C samples are attributed to spinel-type phases.
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Figure 6.4.2. °'Fe Mossbauer spectra of the HLW-NG-Fe2-G, HLW-NG-Fe2-C and -H
feeds quenched at 600, 800, 1000 and 1150 °C, showing the presence of Fe?* iron in all
of the feeds during melting resolvable by 800 °C. Magnetic components remain

prevalent up to 1150 °C indicating high levels of spinel present.
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Table 6.4.2. >'Fe Mdossbauer fit parameters for HLW-NG-Fe2-G and HLW-NG-Fe2-C.

CS, relative to a-Fe, + 0.02mm s, QS, +2mms?, H, £ 0.5 T, Area + 2 %.

CS A

Feed Temp (°C) Signal (mmsl)  (mmsY) H(T) Area (%) ID
600 °C Doublet 1 0.31 0.87 6.88 IV Fed*
Sextet 1 0.37 52 60.7 o-Fez03
Sextet 2 0.32 49.7 32.4 Fes04
800 °C Doublet 1 0.31 0.91 25 IV Fe3*
Doublet 2 0.65 2.56 3.7 VI Fe?*
o Sextet 1 0.37 52 23.5 o-Fe203
N Sextet 2 0.51 46.2 24.2 (Fe,Mn)Fe;0,
L Sextet 3 0.31 49.4 23.7 Fe3O4
(29 1000 °C Doublet 1 0.33 0.55 12 IV Fe?t
;‘ Doublet 2 1.01 2.12 39.1 VI Fe?*
2 Doublet 3 0.32 1.09 16 IV Fe3*
T Sextet 1 0.31 49.5 14.4 FesOs
Sextet 2 0.62 459 19.4 Fes0q4
1150 °C Doublet 1 0.31 0.92 34.9 IV Fe3*
Doublet 2 1.04 2.04 38.8 V| Fe?
Sextet 1 0.32 49.1 12.4 Fe;0q4
Sextet 2 0.61 455 13.9 Fes04
600 °C Doublet 1 0.3 0.81 6.74 IV Fed*
Sextet 1 0.37 52.1 57.7 o-Fez03
Sextet 2 0.3 50 35.6 Fes04
800 °C Doublet 1 0.92 1.92 1.77 IV Fe?
Doublet 2 0.24 1.04 23.4 IV Fe3*
Sextet 1 0.37 52 37.9 o-Fe,03
g Sextet 2 0.32 48.6 37 Fes0,
@ 1000 °C Doublet 1 0.25 1.4 6 IV Fe3*
L) Doublet 2 1 1.95 8.6 VI Fe?*
z Doublet 3 0.27 0.89 23 IV Fe¥*
= Sextet 1 0.29 49.5 27.3 Fes0q4
-T_-' Sextet 2 0.65 44.3 20.5 Fes0,
Sextet 3 0.55 48.5 13.7 Fes04
1150 °C Doublet 1 0.28 0.78 25.5 IV Fe3*
Doublet 2 0.27 1.27 14.9 IV Fe3*
Doublet 3 0.99 2.02 21.3 VI Fe?*
Sextet 1 0.3 48.8 19.2 Fes04
Sextet 2 0.61 45.44 19.1 Fes0q4
600 °C Doublet 1 0.25 1.04 9.2 IV Fe¥*
Sextet 1 0.37 52.0 49.9 o-Fex03
Sextet 2 0.32 49.6 23 Fes04
Sextet 3 0.63 45.7 17.9 Fes04
800 °C Doublet 1 0.34 0.59 12 IV Fe3*
Doublet 2 0.8 2.36 135 VI Fe?*
Doublet 3 0.34 1.05 9 IV Fe¥*
T Sextet 1 0.38 51.6 11.8 o-Fez03
R Sextet 2 0.32 48.9 28.8 FesOs
o Sextet 3 0.58 45.3 24.1 Fes04
z 1000 °C Doublet 1 0.27 1.21 21 IV Fe3*
= Doublet 2 0.27 0.69 19 IV Fe3*
E' Doublet 3 1.01 1.97 17.7 VI Fe?*
Sextet 1 0.31 49.3 20.1 Fes04
Sextet 2 0.53 46.2 22.4 (Fe,Mn)Fe;04
1150 °C Doublet 1 0.31 0.79 32 IV Fe3*
Doublet 2 0.31 1.27 27 IV Fe¥*
Doublet 3 1.04 2.0 11.8 VI Fe?*
Sextet 1 0.59 41.2 9.8 (Fe,Mn)Fe204
Sextet 2 0.34 49.0 19.2 Fe;0q4
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6.5 Summary

6.5.1 Structural changes during melting

From XRD, section 6.2, and Raman spectroscopy, section 6.3.1-2, the amorphization of
the remaining crystalline materials at 600 °C to almost entirely glass was observed in
each of the samples by 1150 °C. XRD suggests the rate of amorphization is slightly
slower in the HLW-NG-Fe2 and HLW-NG-Fe2-S feed, based on the rates of silica and
haematite dissolution, and the amorphous phase fraction. By Raman spectroscopy,
section 6.3.1, there is a more distinct difference between the amorphization of the feeds.
The emergence of the broad Si-O (Al-O, Fe-O) Q"-species region between 800 and
1200 cm (Parkinson et al. 2008; Yadav and Singh 2015), occurs by 1000 °C in the
HLW-NG-Fe2, HLW-NG-Fe2-F and -H feeds, and not until 1150 °C in the other feeds,
section 6.3.2. These differences may indicate different melting rates of the feeds. At
1150 °C there is remaining Fe.O3 in the HLW-NG-Fe2-S and -F glasses showing that
these feeds have not completely melted by 1150 °C. In the other glasses the transition
from Fe20s to iron-bearing spinel is observed during melting, by both XRD, section 6.2,

and °"Fe Mdssbauer, section 6.4, which precipitates out in the final glasses.

6.5.2 The form of iron during melting

The change of the form of iron during melting, is not only a useful indicator of the
melting rate of the feeds, but also impacts the total O, evolution in cases where a
proportion of the initially Fe3* raw material has reduced Fe?* in the paramagnetic melt
phase, or precipitated out as FesO4. Quantification of these phases changes is provided
by %"Fe Mossbauer spectroscopy, section 6.4, and XRD, section 6.2 and the net
contribution to O, evolution calculated.

For the HLW-NG-Fe2-R feeds, the rate of dissolution of Fe Oz varies significantly

during melting. The slowest rate of dissolution of Fe>;Oz in the HLW-NG-Fe2 feed is as
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predicted in the absence of additional reducing species (Karamanov et al. 2000). The
spinels in the final HLW-NG-Fe2-R glass samples, similar those the HLW-NG-Fe2 and
HLW-NG-Fe2-1l1 samples, they have a range of lattice parameters similar to that of
magnetite, Fe3O4, a = b = ¢ = 8.394, but are likely to also contain Mn, Cr and Ni.

By °’Fe Mdsshauer spectroscopy we observe a change in the redox state of iron in the
paramagnetic phase in the HLW-NG-Fe2-S, -G, -C and -H samples. In the HLW-NG-
Fe2-S sample the paramagnetic iron is reduced at 1000 °C and re-oxidises, in the other

samples there remains considerable Fe?* in the final glasses.

6.5.3 Contributions to O, evolution

Both reduction of iron in the paramagnetic phase and the formation of spinel structures
are considered here for their contribution to the O balance instigated in 5.5.3. The
contribution of the spinel formation was considered negligible in a previous O2 balance
in a HLW feed, from which there was ~1 wt% spinel in the final glass (Lee, Hrma,
Klouzek, et al. 2017). Spinels contribute up to 4.15 wt% of the HLW-NG-Fe2-R
samples, therefore the O, release could be appreciable. All spinels formed during
melting and in the final glasses were assumed to be FeszOs for simplification of the
calculation of the reaction:

3Fe203 — 2Fe304 + ¥ 02 (47)
This is the most common identified spinel in both *’Fe Mdssbauer and XRD, although
mass changes in the cations would influence the quantity of O» evolved. Estimations of
the O evolution from the feeds where spinel phases have formed from haematite, are
given in Table 6.5.1. The O evolution in the 1150 °C samples should be used at the net
O2 evolution contribution, and the intermediate samples as the temperatures at which O
Is evolved.
Table 6.5.1. Oz contributions from the formation of FesOs over Fe Oz measured by
XRD. The net O, evolution by the change in crystalline phase of iron is shown in bold.
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Feed Temperature O: contribution

°C mg kg glass Error
HLW-NG-Fe2 600 496.90 17.48
800 784.00 15.74
1000 625.73 34.97
1150 312.87 6.99
HLW-NG-Fe2-S 600 949.64 13.99
800 990.13 15.74
1000 905.47 10.49
1150 647.82 3.50
HLW-NG-Fe2-G 600 546.59 8.74
800 1142.88 10.49
1000 793.21 6.99
1150 642.30 3.50
HLW-NG-Fe2-C 600 938.60 174.84
800 870.50 13.99
1000 1803.58 8.74
1150 763.76 5.25
HLW-NG-Fe2-F 600 530.03 5.25
800 830.01 12.24
1000 395.68 5.25
1150 364.40 3.50
HLW-NG-Fe2-H 600 1065.58 13.99
800 1218.33 8.74
1000 909.15 6.99
1150 680.94 5.25

Table 6.5.2 provides the redox states of the Fe in the paramagnetic phase determined by
>"Fe Mossbauer spectroscopy. The redox ratios were determined by the proportion of Fe
in each of the two paramagnetic phases, assuming that the that the recoil-free fraction
ratio f(Fe3+/Fe2+)=1.0. This assumption may overestimate the Fe3+/FeT values (H. L.
Zhang et al. 2018). The intermediate stages give indications of the temperatures at
which the O2 is evolved by these structural changes, which are of interest for foam
evolution, discussed in Chapter 5, section 5.7.1.

From these calculations, it has been determined that the HLW-NG-Fe2-G feed has the
highest net O contribution based on the form of Fe in the melt. HLW-NG-Fe2, HLW-
NG-Fe2-S and -F feeds have no net change of redox state in the paramagnetic phase,
and therefore no net O2 contribution by this mechanism. By the change of Fe>Os to

FesO4, the HLW-NG-Fe2-C feed has the highest net contribution to Oz evolution,
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followed by HLW-NG-Fe2-S, G and H, and HLW-NG-Fe2-F evolves a similar amount

to the HLW-NG-Fe2 feed.

Table 6.5.2. Redox state in the amorphous phase in each sample measured by °’Fe

Maossbauer spectroscopy and estimated O2 evolution contribution from these redox

changes. The net Oz evolution by the change in redox state of iron is shown in bold.

Feed Temperature Redox Ratio Oz “evolution”
°C Fe*/Fer  Error mg kg* glass Error
HLW-NG-Fe2 600 1.00 0.020 0 0
800 1.00 0.020 0 0
1000 1.00 0.020 0 0
1150 1.00 0.020 0 0
HLW-NG-Fe2-S 600 1.00 0.020 0 0
800 1.00 0.020 0 0
1000 0.94 0.019 1000 20
1150 1.00 0.020 0 0
HLW-NG-Fe2-G 600 1.00 0.020 0 0
800 0.87 0.017 2407 48
1000 0.42 0.008 22707 454
1150 0.47 0.009 18078 362
HLW-NG-Fe2-C 600 1.00 0.020 0 0
800 0.93 0.019 1230 25
1000 0.77 0.015 4822 96
1150 0.65 0.013 8573 171
HLW-NG-Fe2-F 600 1.00 0.020 0 0
800 1.00 0.020 0 0
1000 1.00 0.020 0 0
1150 1.00 0.020 0 0
HLW-NG-Fe2-H 600 1.00 0.020 0 0
800 0.61 0.012 10453 209
1000 0.69 0.014 7195 144
1150 0.83 0.017 3252 65

These contributions to O evolution begin to explain the highly negative O balance for

the reductant added feeds discussed in Chapter 5. Further contributions involving other

redox-active multivalent species are explored by X-ray Absorption Near-Edge

spectroscopy in Chapter 7.
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7 Alternative Reductants: Redox behaviour of

multivalent species

7.1 Overview

In the previous chapter, Chapter 6, the structural changes during melting were explored
by XRD, Raman spectroscopy and °’Fe Mdssbauer spectroscopy. The structure of Fe
during melting is of particular importance in the HLW-NG-Fe2 feed, due to its high Fe
content dictating much of its variation in melting behaviour. However, the negative O2
balance, calculated in Chapter 5, section 5.5, likely affects the redox states of the all
multivalent species in the melt (Lee, Hrma, Klouzek, et al. 2017).

A previous 2020 X-ray Absorption Near-Edge Spectroscopy (XANES) study (Guillen
et al. 2020) study showed changes in the oxidation state of Fe and Mn in the HLW-NG-
Fe2 feed during melting by XANES. The levels of Fe?* increased with heat-treatment
temperature between 500-1150 °C with a final redox state Fe*'/Fer = 0.627, and Mn
reduced from MnO> to MnO in the temperature range 500-850 °C. The final redox state
of Fe in the HLW-NG-Fe2 feed is lower than we found in the previous chapter, Chapter
6, section 6.4.1 by "Fe Mossbauer spectroscopy.

A complete understanding of the redox changes in multivalent species during melting in
the study in this chapter will not just be useful to incorporate all possible sources of
oxygen into the O balance for this feed, but also to provide a matrix of glass melts,
with different reducing conditions, to explore redox changes, adding to the material
systems explored by Schreiber (Schreiber et al. 1986; Schreiber 1986; Schreiber and
Hockman 1987) and others since (Lee, Hrma, Klouzek, et al. 2017; Klouzek and
Rohanova 1999; Pinet, Hugon, and Mure 2014; McKeown et al. 2002; Gan et al. 2009),
discussed in Chapter 2 section 2.7.
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7.2 Expected redox behaviour

The electron redox potentials, E*w, Table 2.7.1, derived by Schreiber, by equation (13),
in Chapter 2, section 2.7.3, provide the order in which the multivalent species will
reduce (Schreiber and Balazs 1985; Schreiber et al. 1987). For the HLW-NG-Fe2, and
derivative glasses, the order is Cr®*/Cr¥* > Ce®/Ce* > Mn*/Mn?* > Fe3'/Fe?
(Schreiber and Balazs 1985; Mirhadi and Mehdikhani 2011b; Thiemsorn et al. 2008b;
Schreiber et al. 1984; Briickner 1985; Pinet et al. 2008). Cr®* to Cr®" has a reduction
potential of -0.04, making oxidation from the initial Cr®* raw material to Cr®* possible.
The potentials for reduction to metallic Fe and Ni are -1.27 and -1.06, respectively,
these are unlikely to occur unless the conditions are extremely reducing.

If the reactions stated above are completed, the total O> evolution is given in, Table
7.2.1. Approximately 30 % of the O evolution would come from a reduction of Mn** to
Mn?*, preceding reduction of Fe®*" to Fe?* (Schreiber and Balazs 1985). In Chapter 6,
section 6.4.1, there is no net change in the redox state of Fe in the HLW-NG-Fe2, -S
and -F samples. Therefore, investigation of Mn, and other multivalent species are

necessary to provide a complete O balance and understanding of structural changes.

Table 7.2.1. Theoretical O evolution if multivalent species were reduced g kg™ glass,
calculated by taking the contributions of each reduction reaction weighted by the
quantity of the oxidised species in the batch. While Fe contributes most to the

theoretical O; evolution, Mn is still a considerable quantity.

Multivalent O evolution (g kg? glass)
element
Species reduced to metal — Species reduced according to redox
highly reducing conditions  potentials — moderate reducing conditions
Total 43.92 23.49
Fe 32.31 16.16
Mn 10.92 7.28
Cr 0.53 0.00
Ni 0.51 0.00
Ce 0.17 0.06
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7.3 Fe K-edge X-ray Absorption Near-Edge Spectroscopy

Each merged, normalised Fe K-edge XANES spectra is shown for HLW-NG-Fe2 and -
R feeds at 600 — 1150 °C in Figure 7.3.1. Analysis of the pre-edge features, described in
Chapter 3, section 3.6.3.5, was used to compare the Fe oxidation state and coordination
with the >'Fe Mdssbauer spectroscopy, in section 6.4. The greater the energy separation
between the pre-edge and absorption edge, the higher the Fe?* content in the sample
(Berry et al. 2003; Wilke et al. 2001). Tetrahedrally coordinated Fe* and Fe?* generally

have higher intensity transitions than octahedrally coordinated (Berry et al. 2003).
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Figure 7.3.1. Fe K-edge XANES Spectra for HLW-NG-Fe2 and HLW-NG-Fe2-R

samples quenched at 600, 800, 1000 and 1150 °C.
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7.3.1 Fe Wilkes Diagram

Approximate oxidation state and coordination of each of the samples were identified by
plotting the centroid positions and integrated intensities of the pre-edge features on a
diagram developed by Wilke et al. (Wilke et al. 2004, 2001), Figure 7.3.2, along with
the positions of measured reference materials; wiistite (FeO), Fe,Os, FesOs, 'VFe?*
staurolite  (Fe1sMgo.7Cri4Alos04), VFe?* grandidierite ((Mg,Fe)Als(BO4)(Si04)0),
VIFe?* siderite (FeCOs), 'VFe®* berlinite (FePO4), and V'Fe®" aegirine (NaFeSizOs), for
comparison. The weighted average of each of the centroid position of each of the
contributing peaks was used to give an average Fe redox state in the sample (Wilke et
al. 2004, 2001).

Since the spectra contains information on all of the iron in the sample, these plots
display and average of all of the magnetic and paramagnetic iron in the samples. By
phase ID of the XRD patterns, in Chapter 6, section 6.2, multiple Fe containing phases
were identified for many of the SoM samples from 600 — 1000 °C. Thus, most samples
likely contain a mixture of crystalline and amorphous Fe, which causes overlapping
peaks in the pre-edge (Wilke et al. 2004; Farges et al. 2005). Error bars were generated
using the error on the values of position and intensity of the pre-edge peak in the peak
fitting function in OriginPro ®, combined with the uncertainty in eV from the step size
(0.15 eV for those performed at ESRF and 0.1 eV for those at Diamond Light Source).
The HLW-NG-Fe2 feed contains almost entirely Fe3* throughout the temperature range
by comparison with the standards on the Wilke diagram, Figure 7.3.2. Deviation from
the Fe* line may indicate a proportion of FesO4 or similar spinel in the sample which
we have identified using XRD, FesO4 contains 33 % Fe?*. With increasing temperature
there is a slight increase in the Fe?* content and a gradual change from octahedral to

tetrahedral coordination, consistent with previous measurements (Guillen et al. 2020).
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The sucrose feed is reduced at 1150 °C so it would have been expected to find some
reduced Fe in the >’Fe Mossbauer spectra of the sucrose at 1150 °C. The coordination
state of the iron in the sucrose feed appears to remain octahedral throughout. Graphite
appears to contain tetrahedral Fe®* at 600 °C which then becomes reduced and
octahedrally coordinated with temperature, reaching maximum quantities of Fe?" at

1000 °C before oxidising again slightly.
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Figure 7.3.2. Integrated intensity and centroid positions of Fe K-edge pre-edge peaks for
each of the HLW-NG-Fe2 and -R feeds and the measured standards labelled. The
position of the datapoints indicate that most of the samples are V'Fe** or high in Fe;Os,
those that contain considerable amounts of Fe?* are -G at 800 and 1150 °C, -H from 800

- 1150 °C and -S at 800 °C.

Iron in the coke-reduced sample remains octahedrally Fe®" coordinated at all
temperatures apart from 1000 °C which contains a considerable amount of Fe?*, which
is in contrast to the high proportion of Fe?* observed in the glass °’Fe Mdssbauer
spectra. According to XANES, the formic acid reduced sample has more Fe?* in the

final glass than the glass produced from the coke feed, and a similar amount to graphite.
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The coordination Fe in both coke and formic acid feed samples does not change
considerably with temperature. HEDTA appears reduced at 800-1150 °C, which is
consistent with the 1150 °C Mossbauer. At 1000 and 1150 °C there is also an increase in
tetrahedrally coordinated Fe.

Heamatite and magnetite were identified in the samples by XRD, Chapter 6, section 6.2.
The pre-edge position for magnetite should theoretically show a mixture of tetrahedral
and octahedral Fe* and octahedral Fe?*, although the measured standard lies close to
tetrahedral Fe3* (Wilke et al. 2001). Haematite has a characteristically intense shoulder
between the main pre-edge peak and the absorption edge ~7116 eV, relating to the 1s —
4s transition (Berry et al. 2003; Magnien et al. 2004), although multiple contributing
peaks have previously been fitted to this shoulder (Wilke et al. 2001). For the data
collected, this means that the centroid position is shifted to a higher energy when
haematite is present in the sample, and this shoulder emerges, for example in the 600 °C
and 800 °C HLW-NG-Fe2-S samples displayed in Figure 3.6.10. The exact states of
each of the forms of iron in the samples is not precisely determined by this

deconvolution of pre-edge peaks.

7.3.2 Comparison with Mdssbhauer

Pre-edge positions and intensities are effected by both the crystalline and amorphous
phases in the sample, so the average centroid position and integrated intensity values are
an average of the entire material. The >"Fe Mossbauer spectroscopy, Chapter 6, section
6.4, gives a more accurate representation of the oxidation states and coordination of the
individual iron sites. Table 7.3.1 compares the oxidation states as determined by
XANES and *'Fe Mgsshauer spectroscopy.

The differences are most apparent in the HLW-NG-Fe2-S 1150 °C, HLW-NG-Fe2-C
1000 °C, and all of the HLW-NG-Fe2-F and -H samples. By XRD these samples all
have a considerable amount of spinel and/or haematite present. Taking the HLW-NG-
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Fe2-C 1000 °C sample as an example, there is twice the amount of spinel phase present
than any of the other feeds.

Table 7.3.1. Table of comparison of the °’Fe Mdssbauer and Fe K-edge XANES redox
state predictions.

Sample Fe Oxidation State (Fe®*/Fer) Difference
Fe K-edge
5"Fe Mossbhauer XANES
HLW-NG-Fe2 600 °C 1.00 1.00 0.00
HLW-NG-Fe2 800 °C 1.00 0.98 0.02
HLW-NG-Fe2 1000 °C 1.00 0.96 0.04
HLW-NG-Fe2 1150 °C 1.00 0.90 0.10
HLW-NG-Fe2-S 600 °C 1.00 1.00 0.00
HLW-NG-Fe2-S 800 °C 1.00 0.96 0.04
HLW-NG-Fe2-S 1000 °C 0.94 0.90 0.04
HLW-NG-Fe2-S 1150 °C 1.00 0.63 0.37
HLW-NG-Fe2-G 600 °C 1.00 0.99 0.01
HLW-NG-Fe2-G 800 °C 0.87 0.91 -0.04
HLW-NG-Fe2-G 1000 °C 0.42 0.48 -0.06
HLW-NG-Fe2-G 1150 °C 0.47 0.64 -0.17
HLW-NG-Fe2-C 600 °C 1.00 1.00 0.00
HLW-NG-Fe2-C 800 °C 0.93 0.85 0.08
HLW-NG-Fe2-C 1000 °C 0.77 0.27 0.50
HLW-NG-Fe2-C 1150 °C 0.65 0.63 0.02
HLW-NG-Fe2-F 600 °C 1.00 0.60 0.40
HLW-NG-Fe2-F 800 °C 1.00 0.54 0.46
HLW-NG-Fe2-F 1000 °C 1.00 0.32 0.68
HLW-NG-Fe2-F 1150 °C 1.00 0.17 0.83
HLW-NG-Fe2-H 600 °C 1.00 0.30 0.70
HLW-NG-Fe2-H 800 °C 0.61 0.01 0.60
HLW-NG-Fe2-H 1000 °C 0.69 -0.01 0.70
HLW-NG-Fe2-H 1150 °C 0.83 0.07 0.76
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7.4 Mn K-edge X-ray Absorption Near-Edge Spectroscopy

For processing of Mn K-edge spectra, multiple scans (up to 20) for each sample were
corrected for outliers, merged and normalised in Athena ® processing software. The
merged and normalised spectra were calibrated by calibrating the absorption edge
position of the measured standards, Mn-foil, MnO, Mn2O3 and MnO; to literature
values (McKeown et al. 2003; Belli et al. 1980) and applying any shift in eV to the rest
of the collected data. Each calibrated spectrum is shown for each of the feeds at each

temperature in Figure 7.4.1.

7.4.1 Linear fits of data

Qualitatively the absorption edge in Mn spectra shifts linearly with oxidation state; this
method has been used to obtain a quantitative estimate of Mn oxidation state in previous
studies (Abuin et al. 2013; McKeown et al. 2003; Scheinost et al. 2001; Guillen et al.
2020). The first inflection point of each of the Mn K-edge spectra was plotted against a
linear fit of the first inflection point of each of the standards and their known oxidation
states (Figueroa et al. 2005; Guillen et al. 2020). The fit was used to approximate an
average Mn oxidation state. Error bars are the uncertainty in the eV value due to the
step size used since minimal processing was required to generate the datapoints.

All of the feeds were batched with MnO, (Mn*"). The feeds quenched at 600 °C all
contain approximately Mn**, with only HLW-NG-Fe2-H showing a percentage of lower
oxidation state. All but HLW-NG-Fe2-H samples at 600 °C lie some distance above the
edge position for the Mn** standard. The Mn®" oxidation state is unstable in aqueous
solutions, particularly at elevated temperatures (X. Zhang et al. 2017; lyel, Oktem, and
Akmaz 2014), and oxidation to Mn®" and Mn’" is also unlikely at this temperature, with

the added carbon to the feeds.
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Figure 7.4.1. Mn K-edge XANES Spectra for HLW-NG-Fe2 and HLW-NG-Fe2-R

samples quenched at 600, 800, 1000 and 1150 °C.

Increased heat-treatment temperature had the effect of reducing MnO2, to MnO in the
final glass. For HLW-NG-Fe2-G, -C and -H the main reduction occurred between 800
and 1000 °C. Whereas the HLW-NG-Fe2, HLW-NG-Fe2-S and -F feeds reduced most
significantly between 1000 and 1150 °C. All of the final glasses are below the Mn?*
standard in edge position, which would indicate that they contain a proportion of
metallic-Mn. However, they are a similar distance to those above Mn*" at 600 °C, and

there is no indication of metallic precipitation by XRD, Chapter 6, section 6.2. It is
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therefore more likely that the errors are greater in the oxidation states than the error bars

shown, and in fact there is solely MnO in the glass product.
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Figure 7.4.2. Mn K-edge positions plotted as a linear function of the reference standards

and associated oxidation states for each of the HLW-NG-Fe2 and HLW-NG-Fe2-R

samples at 600, 800, 1000 and 1150 °C. Mn reduces from Mn* to Mn?" with

temperature, reduction is at higher temperature in the HLW-NG-Fe2, -S and -F feeds.
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7.5 Cr K-edge X-ray Absorption Near-Edge Spectroscopy

Multiple scans of the Cr K-edge (up to 20) for each sample were collected, corrected for

outliers, merged and normalised in Athena ® processing software. The spectra were

processed as described in Chapter 3, section 3.6.3.5. Each calibrated spectrum is shown

for the feeds at each temperature in Figure 7.5.1, along with the measured standards.
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Figure 7.5.1. Cr K-edge XANES Spectra for the HLW-NG-Fe2 and HLW-NG-Fe2-R

samples quenched at 600, 800, 1000 and 1150 °C, with the reference standards for Cr3*

(Cr203) and Cr®* (NaCr.0a). The sharp pre-edge feature reduces with melt temperature.
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7.5.1 Linear Combination Fitting results

Results of the proportion of each redox state in the sample, determined by the LCF of
Cr®* and Cr®" standards, are shown in Figure 7.5.2. Connecting lines between the
sample quench temperatures are a guide for the eye, there is no collected data for the
intermediate temperatures. Error bars were generated using the residual of the LCF
combined with the uncertainty in eV due to the step size.

As shown in the example LCF fit in Figure 7.5.2 beyond the absorption edge, the LCF
was not a suitable method to apply to the data. However, by focussing on the XANES
region, particularly the pre-edge peak characteristic of 1s — 3d transitions in Cr®* and
weak in Cr®* (Berry and O’Neill 2004). The fitting function was able to determine the
relative amounts of Cr®* and Cr® in each sample, based on the relative height of this
peak to the absorption edge (Villain et al. 2007). All fits had a reduced %? values < 0.02,

showing the suitability of the LCF for this purpose.
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Figure 7.5.2. Cr K-edge positions plotted as a linear function of the standards and
associated oxidation states for the samples at 600 - 1150 °C. Oxidation of Cr3* to Cr®* is
observed between 600 and 800 °C in the HLW-NG-Fe2, -S and -F samples, followed by

reduction. Reoxidation may have occurred in the HLW-NG-Fe2-G sample at 1150 °C.
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A proportion of the batched Cr3* in the HLW-NG-Fe2 feed oxidises to Cré* by 600 °C,
then further at 800 and 1000 °C up to a maximum of ~60 % Cr®". At 1150 °C the
chromium is reduced back down to entirely Cr*. A less prominent occurrence of this
oxidation at 800 °C can be observed in the HLW-NG-Fe2-S and -F feeds. For HLW-
NG-Fe2-G, the peak oxidation is at 600 °C, within the range of temperature measured,
followed by reduction to 100 % Cr®* at 1000 °C. Reoxidation at 1150 °C occurs only in
the HLW-NG-Fe2-G feed. HLW-NG-Fe2-C and -H remain Cr®" throughout the

temperatures measu red.
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7.6 Ce L-edge X-ray Absorption Near-Edge Spectroscopy

Multiple scans of the Ce Ly-edge (up to 20) for each sample were collected, and
processed as described in Chapter 3, section 3.6.3.5. Each calibrated spectrum is shown

for the feeds at each temperature in Figure 7.6.1, along with the measured standards.
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Figure 7.6.1. Ce Li-edge XANES Spectra for the HLW-NG-Fe2 and HLW-NG-Fe2-R
samples quenched at 600 - 1150 °C, with the reference standards for Ce®* (Ce2(C204)3)

and Ce** (CeO,). The two absorption edge features converge with temperature.
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7.6.1 Linear Combination Fits

Results of the proportion of each redox state in the sample, determined by the LCF of
Ce®" and Ce** standards, are shown in Figure 7.6.2. Connecting lines are a guide for the
eye, no data was collected for the intermediate temperatures. Error bars were generated
using the residual of the LCF and the uncertainty in eV due to the step size. The fits
give the proportion of Ce** and Ce®* in the samples by the shape of the absorption edge
features (Pereira 2021; Dantelle et al. 2020; Norman et al. 2001). The single absorption
peak in the Ce®" arises from the 5d — 4f emission (Ranasinghe et al. 2019). Two higher
energy peaks representative of the 2p — 5d transitions are characteristic of Ce**, with
the 4f shell unoccupied (Benedetti et al. 2018).

Cerium is reduced from Ce* to Ce®" with temperature amongst all of the feeds. A
proportion of the HLW-NG-Fe2-H, -G, and -C reduces by 800 °C, where the others
begin to reduce by 1000 °C. The HLW-NG-Fe2-S feed reduces entirely from Ce** to
Ce3* between 800 and 1000 °C. HLW-NG-Fe2-F follows the same trend as the HLW-
NG-Fe2 feed between 600 and 1000 °C, but where HLW-NG-Fe-F is entirely reduced
by 1150 °C, there is 23 % Ce** remaining in the HLW-NG-Fe2 feed.

The redox potential of the Ce*" + e — Ce®' reaction is 1.72, greater than that of the
other expected reactions of the multivalent species studied in this feed (Vanysek 2000;
Schreiber and Todd Coolbaugh 1995). The earlier reduction of Ce, compared with Cr,
Fe and Mn, is expected by the electromotive force series, section 7.2. Significant
quantities of trivalent Ce3* are often found in glasses made with CeO; due to its high
reducibility (Ranasinghe et al. 2019; Schreiber et al. 1994; Lopez et al. 2003), studies
have shown that both increasing the melting temperature can increase the proportion of
Ce®" present in some glasses (Ranasinghe et al. 2019; Lopez et al. 2003; Wondergem-de

Best 1994), as well as the choice of raw materials (Ranasinghe et al. 2019).
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Figure 7.6.2. Ce Lu-edge positions plotted as a linear function of the standards and
associated oxidation states for each of the samples at 600, 800, 1000 and 1150 °C.
Reduction to Ce** occurs by 1000 °C for the HLW-NG-Fe2-S, -G, -C, and -H samples.

In the HLW-NG-Fe2 sample complete reduction to Ce®* is not reached at 1150 °C.
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7.7 Ni K-edge X-ray Absorption Near-Edge Spectroscopy

Normalised and merged spectra for the Ni K-edge XANES collected of all HLW-NG-
Fe2 and HLW-NG-Fe2-R samples are shown in Figure 7.7.1, The HLW-NG-Fe2-H
sample quenched at 600 °C is omitted due to extreme noise in the spectra. The signal to
noise ratio in all of the samples collected was low, making the pre-edge feature, 1s —
3d transition (Anspoks and Kuzmin 2011), undiscernible. There are no distinguishing
shifts in the main absorption peak or pre-edge features (N. Zhang et al. 2015; Anspoks

and Kuzmin 2011).

HLW-NG-Fe2 THLW-NGFezs (|

£ ~~1150°C g 7 nspe
£ e £ Mﬁoo °¢
E‘ 800°C z \\”“

< _swe = ~ . 800°C
3 600°C g 600 °
s g

z z

T T T T T T T
8300 8320 8340 8360 8380 8400 8420 8440 8300 33'2() 83'40 83‘60 g;‘gn 84’00 34'3() 34‘40
Energy (eV) Energy (eV)

T HLW-NG-Fe2-G /\
/
!

N L 150G
TN \/ A 10

\ - 2
\ ‘k\ ol W,um\\ ,é»(/)vg °C

o 1503
1000 °C

Normalised Absoroption
Normalised Absoroption

T T T T T T T T T T T T T T
8300 8320 8340 8360 8380 8400 8420 8440 8300 8320 8340 8360 8380 8400 8420 8440

Energy (eV) Energy (eV)
| HLW-NG-Fe2-F T HLW-NG-Fe2-H
n N
f\ 1 /\
] ‘ [ n
£ 5 | (] ‘\\H . e 1150°C
? ‘f’ e, 1150 °C é‘ /Jl' i M g
g I e S / K . g 000°C
2 // \/\ W 1000 °C £ e ./ /”\ N Pt dw»«“
800 °C
= 800°C = /
il A B R
g | / 600°C &
) s /
4 z | e
T T T T T T T T T T T T T T
8300 8320 8340 8360 8380 8400 8420 8440 8300 8320 8340 8360 8380 8400 8420 8440
Energy (eV) Energy (¢V)

Figure 7.7.1. Ni K-edge XANES Spectra for HLW-NG-Fe2 feed samples heated to 600,

800, 1000 and 1150 °C and the NiO reference material.
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7.8 Partial Pressure of Oxygen

Patrial pressure of oxygen can be inferred by the redox state of the melt, often using

only the redox state of Fe (H. L. Zhang et al. 2018). Using Schreiber’s relationship, in

section 7.2, and comparisons with literature (Schreiber, Wilk, and Schreiber 1999;

Schreiber and Balazs 1985; Schreiber et al. 1986), estimations of the partial pressure in

the final glass melts are in Table 7.8.1. The values are based predominantly on the Fe

redox state, as it has the most control over oxygen partial pressure (Guillen et al. 2020).

A summary of the percentage conversion of each species at each temperature in each

feed is given in Appendix B, Table 2.

Table 7.8.1. Estimated -log(fo) at 1150 °C by Fe**/Fer by *'Fe Mdosshauer

spectroscopy, Cr K-edge, Ce Li-edge and Mn K-edge XANES spectroscopy (Schreiber

and Hockman 1987; Schreiber et al. 1986).

% Reduced % Reduced % Reduced 9% Reduced Estimated
Glass Fe (°'Fe Cr Ce Mn -l0g(fo,)

Mdossbauer)  (XANES) (XANES) (XANES)
HLW-NG-Fe2 07 100.0+0.3 90.5+£3.2 100 £ 12 2
HLW-NG-Fe2-S 0+£0.1 100.0+0.1 100.0+3.8 100 £ 16 2
HLW-NG-Fe2-G 53+0.2 929+11 100.0+4.8 100 + 16 8
HLW-NG-Fe2-C 35+7 100.0+0.3 100.0+1.8 100 £ 17 7
HLW-NG-Fe2-F 07 100.0+0.2 100.0+1.6 100 + 14 2
HLW-NG-Fe2-H 17+9 100.0+0.8 100.0+1.7 100 £ 13 5-6
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7.9 Revised O, Balance

O contributions by the proportion of reduced Fe, Mn, Cr and Ce species at each

temperature are given in Table 7.9.1. Net Oz contributions by redox reactions were

determined by calculation of the total reduced percentage of each reaction between the

batched raw material and the sample quenched at 1150 °C. Values from *’Fe Mgssbauer

spectroscopy were used for Fe, and from XANES for Mn, Cr and Ce. The reduced

proportions of each species and the theoretical O liberated by each reaction are shown

in Figure 7.9.1 and used to calculate the total balance of Oz in Table 7.9.2.

Table 7.9.1. O evolution from redox reactions observed by XANES and °'Fe

Massbauer spectroscopy.

O2 mass in

Oxide Reaction compound Feed % Reacted O liberated
g kg™ glass g kg! glass
Fe,Os  Fe®/Fe* 48.47 HLW-NG-Fe2 0 0
HLW-NG-Fe2-S 0 0
HLW-NG-Fe2-G  52.6+1.4 8.5+0.02
HLW-NG-Fe2-C  345+%4.2 5.6 £0.7
HLW-NG-Fe2-F 0 0
HLW-NG-Fe2-H 16.7 +5.7 27+£0.9
MnO;  Mn*/Mn?* 14.56 HLW-NG-Fe2 100 + 17 8.0+1.2
HLW-NG-Fe2-S 100 + 22 9.4+16
HLW-NG-Fe2-G 100 + 23 9.7+17
HLW-NG-Fe2-C 100 + 18 85+14
HLW-NG-Fe2-F 100 + 20 89+15
HLW-NG-Fe2-H 100 £ 19 84+14
CeO;  Ce**/Ce®* 0.22 HLW-NG-Fe2 90.5+2.9 0.050 + 0.002
HLW-NG-Fe2-S 100 + 3.8 0.055 + 0.002
HLW-NG-Fe2-G 100 + 4.8 0.055 + 0.002
HLW-NG-Fe2-C 100+ 1.8 0.055 £ 0.001
HLW-NG-Fe2-F 100+ 1.6 0.055 + 0.001
HLW-NG-Fe2-H 100+ 1.7 0.055 + 0.001
Cr,0;  Cr3*/Cré* 0.80 HLW-NG-Fe2 0 0
HLW-NG-Fe2-S 0 0
HLW-NG-Fe2-G 7.1+4.2 -0.001+ 0.0002
HLW-NG-Fe2-C 0 0
HLW-NG-Fe2-F 0 0
HLW-NG-Fe2-H 0 0

As hypothesised, in section 7.2 net contributions from reduction of Mn*/Mn?*

outweigh the contribution from Fe®*/Fe?* in the HLW-NG-Fe2, -S, -C, -F and -H feeds,

Figure 7.9.1, and are within the uncertainties of the Fe contribution in the -G feed. The
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02 evolved from Ce**/Ce®" is negligible due to the small amount of CeO in the sample,

and there is no net positive O evolution by Cr redox in any of the feeds. The total O

balance, from section 5.5.3, is revised in Table 7.9.2 to include the expected O, from

redox reactions determined in this chapter.

Expected O, evolution by redox reactions

20000 +

15000 —

10000 +

5000

Original -S

= Fe

¢ Mn

A—Cr

v Ce
Total

L4 —
. !
\* }
\é / *
-G C -F -H
Feed

Figure 7.9.1. Summary of the net contributions to O evolutions by all of the multivalent

species for the HLW-NG-Fe2, HLW-NG-Fe2-11 and HLW-NG-Fe2-R samples,

showing the Mn redox change contributes most to Oz evolution for all but the HLW-

NG-Fe2-G feed, for which it is equivalent to Fe within error.

Table 7.9.2. O, balance measured by EGA, with O, evolution from batched feed raw

materials and redox reactions of Fe, Mn, Cr and Ce by XANES and *>’Fe Mdssbauer.

Expected O evolution

O from redox

Total expected O: evolved by

Feed from all batch gasses reactions * O: evolution EGA
mg kg* glass mg kg* glass mg kg glass mg kg glass

HLW-NG-Fe2 800 8000 + 900 8800 + 900 6600
HLW-NG-Fe2-S -12900 9500 + 400 -3400 £ 400 0
HLW-NG-Fe2-G -91800 18200 + 500 -73700 = 500 0
HLW-NG-Fe2-C -80000 14100 + 700 -65900 + 700 0
HLW-NG-Fe2-F -11300 8900 £ 700 -2400 + 700 0
HLW-NG-Fe2-H -256500 11200 + 900 -245400 + 900 0

** with 5’Fe Mdssbauer spectroscopy used for Fe, and XANES for Mn, Cr and Ce.
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7.10 Summary

7.10.1 Redox behaviour of iron

The iron redox state estimated by Fe K-edge XANES for each of the reductant-added
samples, Chapter 7, section 7.3, does not correlate with the foam volume or carbon
content per gramme of substance, in Chapter 5, section 5.3. The *’Fe Mdsshauer

correlates more closely with the expected reduction, as shown in Figure 7.10.1.

13
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Figure 7.10.1. Maximum normalised foam volume with Fe**/Fer by ®'Fe Mdsshauer

spectroscopy of the final glasses for the HLW-NG-Fe2 and HLW-NG-Fe2-R feeds
showing that the samples containing reduced Fe correlated to reduced foam volume

As was observed in most previous studies of iron in borosilicate glasses (Farges et al.
2005; Ahmadzadeh, Scrimshire, Bingham, Goel, et al. 2018; Cochain et al. 2012), *>'Fe
Mdssbauer spectroscopy suggests that the iron either exists as VFe3* or V!IFe?*, Chapter
6, section 6.4. Where other coordination numbers appear to exist in the Fe K-edge
XANES spectroscopy results, section 7.3.1, it is likely that there is a mixture of those
two iron sites/oxidation states present, along with the crystalline iron, contributing to

distortion of the pre-edge feature.
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By Fe K-edge XANES, Figure 7.3.2, there was a significant reduction of Fe observed
for both the HLW-NG-Fe2-S and -F feeds at 1000 and 1150 °C, which was inconsistent
with the 'Fe Mdsshauer spectroscopy, section 6.4.1. Studies of sucrose additions to
waste feeds have shown high levels of Fe?* in the final glass (Hujova, Pokorny, et al.
2018; Appel et al. 2019; Muller et al. 2009; Blair and Lukacs 1980), and a number of
studies using formic acid also show ferrous iron contents up to Fe**/Fer = 0 (Bickford
and Diemer Jr 1986) and 0.4 (Weimers 1996). However, >’Fe Mdssbauer spectroscopy,
section 6.4.1 suggests that there is an overestimation of the reduction in the HLW-NG-
Fe2-F feed in particular: there is no evidence of Fe?* present at any of the temperatures
in the paramagnetic phase, and only at 1000 °C in the HLW-NG-Fe2-S feed.

Studies of waste feeds that have contained HEDTA, have focussed on the addition of
sucrose, and no literature specifically reports its effects on iron redox (Matlack, Gong,
and Pegg 2003; Kruger, Matlack, Gong, et al. 2012; Matlack et al. 2006). The reduction
of Fe in the HEDTA feed occurs most significantly between 600 and 800 °C by *'Fe
Maossbauer spectroscopy. The lower temperature redox change correlates with the
earlier decomposition by TGA, Chapter 5, section 5.4.1, Figure 5.4.1 and is consistent
with the reduced oxygen availability leading to a large evolution of CO Chapter 5,
section Figure 5.5.1 and Figure 5.5.2.

The HLW-NG-Fe2-G and -C feeds show similar reduction of Fe by %'Fe Mdssbauer
spectroscopy, in section 6.4.2. At 600 °C, the HLW-NG-Fe2-G sample contains iron as
tetrahedral Fe®*. At 800 °C 23 % of the iron is present as V'Fe?", continuing to increase
to 58% at 1000 °C, before reducing slightly to Fe3*/Fer = 0.47. At 600 °C the HLW-
NG-Fe2-C feed also contains VFe3*, but the reduction is gradual from Fe**/Fer =1 —
0.65 with increasing temperature up to Fe**/Fer = 0.65 at 1150 °C. The HLW-NG-Fe2-
G feed shows some decomposition by TGA, Chapter 5, Figure 5.4.1, between 1000 and

1150 °C, where the coke shows very little decomposition in the high-temperature
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region. This may be the cause of the consistent reduction in the HLW-NG-Fe2-C feed,

rather than the re-oxidation observed in HLW-NG-Fe2-G.

7.10.2 Redox behaviour of multivalent species

A summary of the percentage of each species reduced at each temperature for each of
the samples is shown in Figure 7.10.2. In all of the feeds, the oxidation of Cr3* to Cr®*
and subsequent reduction to Cr* precedes the reduction of the other species in the melt,
as predicted by Schreiber’s work, discussed in section 7.2 (Schreiber and Balazs 1985;
Mirhadi and Mehdikhani 2011b; Thiemsorn et al. 2008b; Schreiber et al. 1984;
Briickner 1985; Pinet et al. 2008). The only deviation from this behaviour is observed in
the HLW-NG-Fe2-G feed, where there is a re-oxidation of some Cr®" at 1150 °C. This
behaviour is not adequately described by the models of redox behaviour in reducing
conditions and at elevated temperatures.

Reduction of Mn** — Mn?* follows, before any reduction of Ce*, at 800 °C, in the
HLW-NG-Fe2, HLW-NG-Fe2-S and -H feeds. This is contradictory to the order
predicted by the electromotive force series (Schreiber and Todd Coolbaugh 1995;
Schreiber and Balazs 1985). For all feeds, the proportion of reduced of Mn and Ce
follows a very similar path with increasing temperature, particularly in the HLW-NG-
Fe2-G and -C feeds. In the HLW-NG-Fe2 feed, the reduction to Ce?* is incomplete by
1150 °C, where Mn** has fully reduced to Mn?".

The Linear Combination Fitting (LCF) method of fitting the XANES spectra, applied to
the Cr K-edge and Ce Lu-edge, provided significantly more accurate results than the
linear fits of the Mn K-edge and the >’Fe Mdssbauer data from Chapter 6, section 6.4.
The final oxidation state of Fe in the HLW-NG-Fe2 feed as determined by Fe K-edge
XANES is Fe*/Fer = 0.9, and by *"Fe Mossbauer spectroscopy Fe**/Fer = 1. Some
reduction of Fe as a function of heat treatment temperature was reported in the previous

Fe K-edge XANES study (Guillen et al. 2020). The Fe3* to Fe?** reduction is the least
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complete reaction in all of the feeds with increasing temperature, reaching a maximum

Fe2* content of 42 + 7 % in the HLW-NG-Fe2-G sample at 1000 °C.
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Figure 7.10.2. Summary of the percentage of Fe, Cr, Mn, Ni and Ce in the reduced state,

Fe?*, Cr¥*, Mn?*, Ce® and Ni% for the HLW-NG-Fe2 and HLW-NG-Fe2-R feeds at

600, 800, 1000 and 1150 °C. Errors are shown in the filled area around each line. Where

the error area is not visible, the errors are within the lines shown. The reduction of the

Cr precedes, Mn and Ce. Fe is the least reduced in all of the samples.
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In the present study, the manganese is approximately Mn** at 600 °C in the HLW-NG-
Fe2 feed, consistent with the previous results for which the Mn*" oxidation state was
observed at 500 °C (Guillen et al. 2020). However, the same study of the feed quenched
at 850 °C showed reduction to almost entirely Mn?*, where the main reduction of Mn
occurs between 1000 and 1150 °C in Figure 7.10.2. Collection of the Cr K-edge in the
XANES study of the HLW-NG-Fe2 feed was not reported along with Mn and Fe K-
edges as there was too much noise in the data (Guillen et al. 2020). However, that study
did observe a similar trend in the HLW-E-MQ9 simulated waste feed as shown by the
data in section 7.5.1, mostly Cr¥" was observed at 500 °C, and then a large increase
occurred at 700 °C to over 80 % Cr®*, then at higher temperatures, the Cr reduced again

down to over 90 % Cr3* in the final glass (Guillen et al. 2020).
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8 Alternative Reductants: Final Glass Product

8.1 Overview

In this chapter we explore the implications of the structural differences between the
feeds, Chapter 6 and 7, on the properties of the final glasses, in the context of ensuring
the glasses are suitable hosts for immobilisation of radioactive wastes. Any changes to
the processing flow-sheet, to use this work as an example, the addition of reductants,
must be justified by vigorous laboratory-based testing and produce a comparable quality
of waste product.

Desired waste glass properties are outlined in Chapter 2, section 2.3.3. General
requirements include long-term mechanical, thermal, chemical and radiation stability
and the ability to incorporate a range of wasteform elements into the microstructure
(Caurant et al. 2009; Gin et al. 2013; Vienna et al. 2013; Ojovan and Lee 2014a; I. W.
Donald 1997). The HLW-NG-Fe2 glass was designed with these in mind (Matlack et al.
2012). There addition of reductants causes structural changes in the final glass, the
contract limits for Hanford HLW glasses, discussed in section 2.3.3, must be operated
within (Matlack et al. 2012; Piepel et al. 2008, 2007).

In this chapter the iron redox state, spinel phase precipitation and leach rates are
considered. Viscosity at 1100 °C is not measured explicitly, as the available techniques
for glass viscosity measurements available rely on their not being crystal precipitation
in the glass. However thermal analysis provides indication of the viscosity. Previous
measurement of the HLW-NG-Fe2 glass at 1100 °C had a viscosity of 3.04 Pa.s
(Matlack et al. 2012). There are also limits on the corrosion to melter components. This
was measured for the corrosion on Inconel 690 and MA758 for different sulphate
contents in the HLW-NG-Fe2 glass, for a 7-day corrosion test at 1150 °C (Matlack et al.

2012). The effect of the reductant additions on the corrosion behaviour is outside the
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scope of this project. The readily available information on the influence of the Fe redox
state on SOz retention, by EGA and compositional analysis of the glasses is explored in
this chapter. Retention of semi-volatiles in the glass is essential for immobilising
radioactive isotopes (Bibler et al. 2000; George, Kim, and Kruger 2020), SOs has
limited solubility in borosilicate glasses, and can segregate into salt phases in the cold
cap and accumulate causing corrosion to melter materials (Jin et al. 2015; Vienna 2010).
One method of ensuring sulphate immobilisation is actually by promoting sulphate

volatilisation and recirculation (Kruger et al. 2013).
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8.2 Glass Characterisation

8.2.1 Compositional Analysis

The compositions of the final glasses were determined by XRF and are compared to the
target composition in Table 8.2.1. Nominal values were used for CeO2, ZnO and La>O3
as these were not available in the OXI program used for analysis (Giles, Hurley, and
Webster 1995a). Values for LiO and B20s, not detectable by XRF, were measured
using ICP-MS.

Deviations from the target wt% occurred most prominently for MgO and SOs3. MgO
was consistently more than double the target value, for all glasses. SOz was only
retained in the HLW-NG-Fe2-F and -H glass samples, within the limits of detection of
the instrument. 15 — 35 % losses in Na2O and 15 — 25 % losses in Li2O could be
attributed to volatilisation during melting or XRF sample preparation (Bell et al. 2020),
however, interestingly, the B,Oz content is up by an average of 7.5 %, which we would
also expect to volatilise since it is lighter than Na2O. Na2O is also approaching the
lowest detection limit of the XRF instrument. Fe O3 is increased by an average of 9 %
amongst all the feeds, highest increase is in the HLW-NG-Fe2-S glass and lowest in the
HLW-NG-Fe2-H glass. As a percentage increase this is lower than the deviation in most
of the other elements, so while it is a significant wt% quantity increase in the glass, it is
not as significant relative to the total amount added. All glasses are between 17 and 47
% higher in alumina content than the target composition, suggesting contamination
during melting from the alumina crucibles. This affects the HLW-NG-Fe2-F sample the
most and HLW-NG-Fe2-H sample the least. The compositions are considerably more
internally consistent, than they are with the target composition. The internal consistency

is satisfactory for comparison between the samples.
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Table 8.2.1. Analysed compositions of HLW-NG-Fe2 and reductant-added glasses by

XRF spectroscopy compared with the nominal composition.

Nominal

Oxide Composition P& Fe2-1l  Fe2-S  Fe2-G  Fe2-C  Fe2-F  Fe2-H
(Wt2%) (Wtoo)  (wt%)  (Wt%)  (Wt%)  (wt%)  (Wt%)  (wt%)
Si0, 41.02 41.2(2) 41.13(2) 41.9(3) 411(2) 41.8(2) 405(2) 40.1(3)
Na,O 13.36 101(2) 11.1(2) 88(2)  105(2) 952  104(2) 11.4(2)
B:0s 13.79 15.49*  14.46*  14.65%  14.13* 1510  14.46*  15.10%
Li,O 1.56 1.18% 138  124*  127% 127  121*  131*
MgO 0.16 0.36(2) 0.00 033(2) 032(2) 034(2) 0332 0.33(2)
Fe,05 16.12 17.93) 17.86(3) 18.06(3) 17.71(3) 17.63(7) 17.43(3) 16.91(3)
Al,03 5.59 6.6(1)  6.03(1) 7.9(1) 80(1) 7.4(1) 821  7.8(1)
Cao 0.52 061(1) 0.60(1) 063(1) 060(1) 0.63(1) 0.62(1) 058(1)
Zr0, 1.13 0.94(03) 1.18(03) 0.937(3) 0.903(2) 0.91(1) 0.901(2) 0.882(3)
Sro 0.20 0.16(01) 0.16(01) 0.161(1) 0.161(1) 0.159(1) 0.164(1) 0.157(1)
SO; 0.22 0.00 0.00 0.00 0.00 0.00 0.36(2) 0.30(2)
P,Os 0.78 0.60(3) 0.65(3) 0603) 056(3) 0593) 0.58(3) 0.55(3)
MnO, 3.98 320(3) 363(1) 320(1) 3.11(1) 3.11(7) 3.11(1) 3.02(1)
PbO 0.63 0.66(05) 0.73(5) 0.63(1) 0.647(5) 0.62(2) 0.658(5) 0.64(1)
NiO 0.47 0.45(04) 0.54(4) 0.475(4) 0.448(4) 0.429(1) 0.443(4) 0.434(4)
Cr,0; 0.25 025(1) 0.29(1) 028(1) 0281) 027(1) 0.26(1) 0.25(1)
CeO, 0.12 0.12%%  0.12%%  0.12%  012%  0.12**  0.12%*  0.12**
ZnO 0.03 0.03**  0.03(01) 0.03**  0.03**  0.03**  0.03**  0.03**
La;0s 0.09 0.09%*  0.09%*  0.09%*  0.09%*  0.09**  0.09%*  0.09%*
Total 100.00 10000  100.00  100.00  100.00  100.00  100.00  100.00

* Measured using ICP-MS

** Nominal values

8.2.2 Density

Measured densities of all glasses are given in Table 8.2.2, compared with the crystal
phase wt% as measured by XRD. No correlation between the increase in the amount of
crystalline phase present and the density of the sample exists, implying that the bulk
glass density is decreasing. There are large errors on the HLW-NG-Fe2-S and -C
glasses where there were only small samples available for measurement.

Table 8.2.2. Measured density of the HLW-NG-Fe2 and HLW-NG-Fe2-R glasses as

well as wt% crystalline phase by XRD.

Glass Density g cm™ Crystal Phase wt%
HLW-NG-Fe2 2.672 + 0.006 1.79+£0.04
HLW-NG-Fe2-I11 2.797 + 0.056 1.89+£0.01
HLW-NG-Fe2-S 2.473 +0.238 3.71£0.02
HLW-NG-Fe2-G 2.620 = 0.058 3.67 £0.02
HLW-NG-Fe2-C 2.590 + 0.204 4.37+0.03
HLW-NG-Fe2-F 2.580 £ 0.004 2.08 £ 0.02
HLW-NG-Fe2-H 2.703 £ 0.002 3.89 £ 0.03
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8.3 Iron Redox

8.3.1 °'Fe Mdssbauer Spectroscopy

The limit of 0.09< Fe?*/Fer < 0.33 (Larson 1996; Jantzen 2011) is suggested to avoid
excessive foaming at the low end and precipitation of metallic species at the high end.
Higher FeO quantities in the glass have also been linked to reductions in chemical
durability (Peeler and Edwards 2004). No metallic species were identified in any of the
HLW-NG-Fe2-R samples in Chapter 6. As discussed in Chapter 7, >Fe Mdssbauer
spectroscopy is the most reliable source of data for the redox state of Fe in the final
glasses. The spectra collected for the glass samples and hyperfine parameters are given
in Chapter 6, section 6.4. The redox states of the glasses are given in Table 8.3.1.

Table 8.3.1. Redox state of iron in the final HLW-NG-Fe2, -1l and -R glasses.

Glass sample Fe3*/Fer
HLW-NG-Fe2 1.00 £ 0.07
HLW-NG-Fe2-11 1.00 £ 0.07
HLW-NG-Fe2-S 1.00 £ 0.09
HLW-NG-Fe2-G 0.47 £0.02
HLW-NG-Fe2-C 0.65 £0.02
HLW-NG-Fe2-F 1.00+0.11
HLW-NG-Fe2-H 0.83 £ 0.07

8.3.2 Sulphate Retention

The relationship between the Fe®*'/Fer redox and SOs retention is explored using the
available data from the studies so far. The Fe**/Fer redox ratio was provided by %'Fe
Mdossbauer spectroscopy, section 8.3.1. Both evolved gas analysis, Chapter 5, section
5.5, and XRF, section 8.2.1, of the glasses provide information on the retention of SOs.
Evolved SO by EGA is plotted on the left y-axis in Figure 8.3.1 and SOs retained in the

glass by XRF on the right y-axis.
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Figure 8.3.1. Evolution and retention of sulphates in the final glass samples as a

function of redox state of Fe, showing that the evolved SO, and retained SOz do not

correlate. Evolved SO- is highest for the feeds with the lowest final iron redox states.

The HLW-NG-Fe2-F feed has apparently retained 0.36 + 0.02 wt% SO3 and lost ~300
mg kg-1 (glass). 300 mg kg-1 (glass) equates to 0.03 g 100 g* glass or equivalent wt%
SO», which is only 16 % of the total SOz batched. 16 % loss of SOz is not reflected in
the XRF data, Table 8.2.1. The wt% of SOs increases for both HLW-NG-Fe2-F and
HLW-NG-Fe2-H relative to the rest of the composition.

The highest SO evolution is observed in the HLW-NG-Fe2-G and -C feeds, which is
the same behaviour experienced with Fe?*/Fer ratio in the soda-lime-silicate glasses
(Beerkens 1999; Hubert et al. 2017), where a minimum retention is observed at Fe**/Fer
~ 0.4-0.8. A thorough study of the effect of coke addition on sulphur redox in glass
melts showed that the more reduced the melt the more SO, bubbles were produced, the
study only explored up to 0.1 wt% coke additions to the batch (Klouzek, Arkosiova, and
Némec 2006), extrapolation of the data suggests that this would only increase at higher
wit%. It is therefore not surprising that 3 wt% of coke and graphite additions to the

HLW-NG-Fe2 feed produce the most SO> gas.
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8.4 Spinel Phase Precipitation

84.1 XRD

One of the main concerns around the quality of the final glasses the precipitation of
unstable crystal phases that could compromise the quality of the final glass, particularly
if these phases are likely to carry radionuclides (Miekina 2018; Rodriguez et al. 2011,
G. L. Smith et al. 2001). The presence of a spinel phase is not inherently detrimental to
the quality of the final glass products, as explored in a recent study (Lonergan et al.
2022), but the crystallinity is currently limited to 1 vol% at 950 °C (Matlack et al.
2012). Precipitation and settling of spinel crystals is a concern for processing, as they
may cause shorting of electrodes or blockages to melter components (Lonergan et al.
2022).

In the final glass products, appear to be two distinct stages of spinel precipitation as a
function of the carbon content g™ of reductant added, Figure 8.4.1. Between 0-0.32 g
(C) g compound, the spinel precipitation is 1.78-2.08 wt %, and 0.42-1 g (C) g the
proportion approximately doubles to 3.71-4.36 wt%. For the HLW-NG-Fe2-11 glass, the
carbon content g of reductant was calculated as the carbon content in the excess mass
added by the FeC204-2H>0 raw material compared with the Fe(OH)z. The HLW-NG-
Fe2-S and -F samples also contain some Fe2O3, a considerable amount in the HLW-NG-
Fe2-S sample, which could have adverse effects on the glass properties such as
durability, if Fe** bonds have been removed from the bulk glass matrix.

As identified in Chapter 6, section 6.2, there are a number of possibilities for the
compositions of the spinel phases in the final glasses based on refinement of XRD
patterns alone. The lattice constants range from a = b = ¢ = 8.391 to 8.404 A, suggesting
that some of the spinels are not pure FesOs, and instead have Mn or Ni on the A (2+)
site, or Cr on the B (3+) site. This was also ambiguous in the >’Fe Mossbauer analysis in

Chapter 6, section 6.2.
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Figure 8.4.1. Quantity of crystalline phases identified by XRD patterns as a function of

carbon content g* of reductant added.

8.4.2 SEM/EDX

SEM/EDX of the glasses, allows for a semi-quantitative compositional analysis of the
spinels in isolation from the bulk glass. Backscattered electron images and EDX maps
in Figure 8.4.2 shows examples of the cubic shape of these spinel crystals against the
bulk glass matrix in the HLW-NG-Fe2-C sample. The remaining images are shown in
the Appendix D, Figure 4-9. The composition of the spinels are consistent within the
spinels measured in the HLW-NG-Fe2-G, -C and -H glasses. 28 % O is consistent with
the expected O content of all suggested spinels, containing Fe, Mn, Cr and Ni. Spinels
in the HLW-NG-Fe2, and HLW-NG-Fe2-F and -H glasses have lower Fe content.
HLW-NG-Fe2-S and -F are also higher in Mn than Ni or Cr, where the others have a
higher abundance of Ni in the spinels.

For the HLW-NG-Fe2-S sample, Figure 8.4.3, and Figure 8.4.4, some areas are rich in
Fe and O, and Fe, Mn and O, but not Ni or Cr. Point identification of an area of the
HLW-NG-Fe2-S samples is shown in Figure 8.4.4. Some of these regions reflect the
Fe2O3 present in the HLW-NG-Fe2-S sample, detected by XRD, section 6.2. There are
also Si and O rich phases, suggesting SiO crystals, however these were not identified in

XRD patterns ins section 6.2.
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Figure 8.4.2. Elemental maps by EDX of the HLW-NG-Fe2-C showing dispersed spinel

crystals rich in Fe, Mn, Ni and Cr in an inhomogeneous matrix.

Table 8.4.1. Spinel composition by average point scans by EDX and average spinel size.

Element NG-Fe2 NG-Fe2-S NG-Fe2-G ~ NG-Fe2-C  NG-Fe2-F  NG-Fe2-H
0] 220x30 24783 211+£22 27019 265%1.38 26612
Fe 47756 54.8+18.1 60.9+4.3 55.3%56 45.0 £ 3.7 48.3+3.9
Cr 85+19 2023 40+26 4.0+09 6.1+11 72%+19
Mn 85+11 11.7+7.7 47x07 53+x04 115+13 74+05
Ni 13.4+2.1 6.7+74 9.3+22 84+16 108+ 1.7 105+1.2

Average Size
1.39 1.40 1.95 1.87 1.69 1.60

(nmd)
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Figure 8.4.3. Elemental maps by EDX of the HLW-NG-Fe2-S showing regions rich in

O, Fe, Mn and Ni, and Cr, as well as regions of only O, Fe, Mn and Ni. Si and O rich

regions are also observed.
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Figure 8.4.4. Elemental point identification of the crystalline phases on the
backscattered electron image HLW-NG-Fe2-S quenched at 1150 °C identifying SiO>

crystals and spinels containing mixtures of Fe, Mn, Cr and Ni.
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8.4.3 Spinel Phase precipitation at 950 °C

As discussed in sections 2.3.38.1 there is a limit of < 1 vol% spinel crystals at 950 °C
employed at the WTPs (Matlack et al. 2007). Previous measurement of the HLW-NG-
Fe2 glass under this regime showed 0.65 wt% spinel formation (Matlack et al. 2012).
Quantification of phases formed during the heat-treatment, described in section 3.8.2,
are shown in Figure 8.4.5. Both spinel and Fe;Oz phases were identified in all samples
apart from the HLW-NG-Fe2-G sample, which only contained a spinel phase.

Heat-treatments were ~480 °C above the glass transition temperature, section 8.5.1. It is,
therefore, not surprising that devitrification of Fe.Oz occurs. Growth of the spinel
phases present in the glass and likely formation of more spinels, will occur as discussed
2.2.4, increasing the total crystallinity in the sample. In the HLW-NG-Fe2, HLW-NG-
Fe2-S and -F samples that had the least negative oxygen partial pressure in the glass,
estimated in Chapter 7, section 7.8, there is considerably higher Fe;Os precipitation.
The HLW-NG-Fe2-G and -C heat-treated samples, which had the most negative oxygen

partial pressure, produce more spinel phase, and zero or little Fe>Os, respectively.
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Figure 8.4.5. Crystalline phase wt% by XRD of the heat-treated glass samples. Highest

spinel phase precipitation and lowest haematite in the HLW-NG-Fe2-G and -C samples.
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Table 8.4.2. Measured density of the HLW-NG-Fe2 and HLW-NG-Fe2-R glasses,
compared with the samples heat treated to 950 °C for 24 hours as well as wt%

crystalline phase by XRD.

Glass Density g cm? Crystal Phase wt%
Glass HT (950 °C) Glass HT (950 °C)

HLW-NG-Fe2 2.672+0.006 2.725+0.060 1.79+£0.04 5.46+£0.06
HLW-NG-Fe2-1l 2.797 £0.056 2.941+0.431 1.89+0.01 6.55+0.34
HLW-NG-Fe2-S 2.473+0.238 2.627+0.037 3.71+0.02 7.20+0.08
HLW-NG-Fe2-G 2.620+£0.058 2.929+0439 3.67+0.02 5.26+0.05
HLW-NG-Fe2-C 2.590+0.204 2.670+x0.011 4.37+0.03 5.26+0.06
HLW-NG-Fe2-F 2.580+0.004 2.693+0.015 2.08+0.02 6.21+0.06
HLW-NG-Fe2-H 2.703+£0.002 2.678+0.001 3.89+0.03 4.01+0.07

Table 8.4.3. Crystalline phase vol% in heat-treated glass samples.

Heat-treated sample  vol% crystallinity

HLW-NG-Fe2 09+0.1
HLW-NG-Fe2-11 1.1+£01
HLW-NG-Fe2-S 1.2+0.3
HLW-NG-Fe2-G 0.9+0.2
HLW-NG-Fe2-C 09+0.2
HLW-NG-Fe2-F 1.0+£0.2
HLW-NG-Fe2-H 0.7+0.2
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8.5 Thermal Properties

8.5.1 Glass Transition Temperature

Changes in the structure of the glasses impact the glass properties. DTA of the glasses
informs the thermal behaviour with increasing temperature. The glass transition
temperature, Tg, located in the insert of Figure 8.5.1, is a property that relates to high
temperature stability, and behaviour on cooling. Below Ty the glass structure is “locked”
in place, on cooling the melt must reach below Ty at a sufficient rate to avoid formation
of crystalline phases (YYalmali et al. 2007), as discussed in Chapter 2, section 2.2.2. As
mentioned with alkali effects in silica glasses, 2.2.2.2, there is a strong relationship
reported between the glass transition temperature and glass viscosity (Cormier,

Neuville, and Calas 2005; Angell 1988; Yue 2008).

—— HLW-NG-Fe2
—— HLW-NG-Fe2-II
—— HLW-NG-Fe2-S

L === ——— HLW-NG-Fe2-G
0 \ HLW-NG-Fe2-C
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Figure 8.5.1. DTA of HLW-NG-Fe2, HLW-NG-Fe2-11 and HLW-NG-Fe2-R glass
samples. Insert magnified curves showing onset of T4. The temperatures of T4 onset are

lower in the HLW-NG-Fe2-S, -G, -C and -H samples than the HLW-NG-Fe2 sample.
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The T4 values, tabulated in Table 8.5.1, are all within 20 °C. The difference in the
HLW-NG-Fe2 and HLW-NG-Fe2-F glass from the other glasses is likely to indicate
some change in the behaviour on cooling and the viscosity of the glasses (Cormier,
Neuville, and Calas 2005; Angell 1988; Yue 2008). Additionally, the correlation
between T4 and the Fe®* content in the glass, shown in Figure 8.5.2, alludes to a subtle
property change which may impact the chemical durability (Goel et al. 2012; Cunnane
et al. 1994). Figure 8.5.2 shows the relationship between Ty onset and the Fe3* iron
content in the glass. The Fe3* iron content was calculated by the quantity of Fe;Os in the
glasses by XRF, minus the Fe?* content in the glass by >Fe Mossbauer spectroscopy.
The binding energies of Fe — O, Si — O and Al — O linkages are 407 kJ mol*, 502 kJ
mol? and 800 kJ mol?, respectively. Direct replacement of Fe,Os with Al,Os in a
glasses, has been shown to lead to “weaker” glass matrices, reflected in a reduction in
glass transition temperature (Hansen et al. 2022; Deshkar et al. 2019). If the Fe3* in
these glasses was tetrahedrally coordinated and acting as a network former, we may
expect the aforementioned relationship to apply, however the inverse appears to be true.
Those with higher Tg, HLW-NG-Fe2 and HLW-NG-Fe2-F have a higher Fe3* content

than the other HLW-NG-Fe2-R glasses with lower Tj.

Table 8.5.1. Temperature of Tq onset and midpoint for the HLW-NG-Fe2, HLW-NG-

Fe2-11 and HLW-NG-Fe2-R glasses measured by DTA.

Heat-treated sample Ty Onset (°C) T4 Midpoint (°C)

HLW-NG-Fe2 486 =3 497 +3
HLW-NG-Fe2-11 474 + 3 490+ 3
HLW-NG-Fe2-S 471+ 3 484 + 3
HLW-NG-Fe2-G 472+ 3 485+ 3
HLW-NG-Fe2-C 471+3 483+ 3
HLW-NG-Fe2-F 490+ 3 503+3
HLW-NG-Fe2-H 471+ 3 485+ 3
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There may, in fact be a “stronger” influence of the network-modifying characteristics of

octahedrally coordinated Fe?* or Fe*. Reduced glasses, “tend to be less durable and less

viscous than oxidised glasses” (Cunnane et al. 1994), this is attributed to iron becoming

network forming

under oxidising conditions, presumably network modifying with

reducing conditions.
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Figure 8.5.2. Temperature of onset of Ty, for HLW-NG-Fe2, HLW-NG-Fe2-1l and

HLW-NG-Fe2-R glass samples showing a decrease in Ty for the samples with lower

Fe3* contents in the final glasses.
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8.6 Product Consistency Test

The Product Consistency Test -B was employed to qualify the chemical durability
behaviour of the HLW-NG-Fe2-Il, -G and -F glasses. The test protocol is described in
Chapter 3, section 3.8.1. Measurements of the pH of the blank samples, and the
leachates are detailed in Table 8.6.1. These samples were selected to form a matrix to
compare the results with those for original HLW-NG-Fe2 glass, measured previously
(Matlack et al. 2012). The matrix consists of a range of foaming behaviours during
melting, from little foam reduction in the HLW-NG-Fe2-F feed, to ~ 50 % foam
reduction in the HLW-NG-Fe2-11 and -G feeds, and further to compare with the range
of redox states Fe®*/Fer = 1 in the HLW-NG-Fe2-II and -F samples and Fe*/Fer = 0.47
in the HLW-NG-Fe2-G feed. The HLW-NG-Fe2-11 feed provides an example with both

foam reduction and no change in Fe redox state.

Table 8.6.1. pH measurements of the leachates before and after the 7-day PCT-B test.

Sample pH
No. Initial After 7 day PCT
6.34 10.8
10.2
10.9
6.08 10.2
10.2
104
6.07 9.78
9.76
9.73
6.03 9.93
9.94
9.88

Blank

HLW-NG-Fe2-11

HLW-NG-Fe2-G

HLW-NG-Fe2-F

W N P W DN P W DN P w DN -

There is an increase in pH of all samples after the test, including the blank samples.

ICP-OES off the blank samples after the test showed considerable amounts of Si and
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Na, data provided in Appendix B, Table 4. There was no test response for any of the
glasses from Si or Na, by section 25.1.2 of the ASTM C1285-21. The amount of each
element detected in the waste leachate must be more than 3 standard deviations from the
test value to be considered statistically significant. That is not to say that no Si or Na
was leached from the glasses, just that the quantity is not able to be determined by the
ICP-OES values measured due to high values of Na and Si in the blank sample.

The raw ICP-MS measurements and processed PCT-B response data are given in
Appendix B, Tables 5 — 9. Of the valid data collected during the experiment, the Li and
B values were measured previously for HLW-NG-Fe2, the comparison of the measured
data in this study with the earlier study of HLW-NG-Fe2 (Matlack et al. 2012), is given
in Table 8.6.2. As is a continuing theme in this chapter, the HLW-NG-Fe2-F feed has
similarly low losses of Li and B to the original HLW-NG-Fe2 feed, in fact considerably
lower for Li. The HLW-NG-Fe2-11 and -G samples are higher for both Li and B losses.
The B loss in HLW-NG-Fe2-G is approaching the contract limit of < 4 g L™ (Piepel et

al. 2007; Kirkbride et al. 2009; Piepel et al. 2005; Muller et al. 2013).

Table 8.6.2. Average normalised concentrations (NCi), of elements leached during 7-

day PCT-B test.

Element NCi gwaste L ieachant
HLW-NG-Fe2 HLW-NG-Fe2-11 HLW-NG-Fe2-G HLW-NG-Fe2-F
(Matlack et al. 2012) This study This study This study
Si 0.318 0* 0* 0*
Na 0.817 0* 0* 0*
B 0.986 1.443 3.151 0.925
Li 0.833 1.476 1.952 0.183

*No viable data by the ASTM C1285-21, 2021 Standard.
Leach rates of Al, Ca, Cr, Fe, Mg, Mn, Ni, P, Pb, S, Sr and Zr were also collected by
ICP-OES from the leachate samples, the average normalised losses per day are plotted

in Figure 8.6.1. The other notable losses occur for Al, in the HLW-NG-Fe2-Il and -F
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glasses, Fe, Mn and P in the HLW-NG-Fe2-G glass, and Ni amongst all glasses, but
HLW-NG-Fe2-F most distinctly. Those elements, in particular, may indicate some
leaching of spinel crystals, or iron phosphate containing phases. As discussed in
sections and 8.4.2 the spinel phase precipitation is not necessarily an issue for chemical

durability as spinels are chemically stable (Lonergan et al. 2022).
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Figure 8.6.1. Average normalised elemental mass loss by calculations of values from
ICP-OES of leachate samples following a 7-day PCT-B showing high losses of Al, P

and Ni as well as the B and Li.
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8.7 Summary

8.7.1 Glass product quality

Of the quality requirements of the glasses outlined in section 8.1, this chapter has
explored the redox state of the glasses, the spinel phase precipitation in the glasses, and
the crystalline phase precipitation in heat treated samples, and the chemical durability
by PCT-B. The viscosity has not been explicitly measured, but thermal analysis by DTA
was employed to explore the effect of the structure of the glasses on the thermal
behaviour.

At least at the crucible scale, the HLW-NG-Fe2, HLW-NG-Fe2-S, HLW-NG-Fe2-F and
HLW-NG-Fe2-H glasses remain within the contract limits employed at the WTPs,
stated in Chapter 8, section 8.1, for redox state, Fe**/Fer < 0.33 (Larson 1996; Jantzen
2011; Peeler and Edwards 2004). The oxidation states during melting of manganese,
nickel, chromium and cerium were explored in Chapter 7, sections 0-7.7, by XANES.
There are no stated limits on the redox states of these species, apart from avoiding
metallic precipitation (Seymour 1995), which was the case for all feeds studied within
the detection limits of XRD, in section 6.2.

From the 7-day PCT-B tests performed, section 8.6, the HLW-NG-Fe2 (Matlack et al.
2012), HLW-NG-Fe2-F and HLW-NG-Fe2-G feed glasses were within the contract
limits for normalised loss of B, < 4 g L™ (2 g m?) by PCT of Si, B and Na (Piepel et al.
2007; Kirkbride et al. 2009; Piepel et al. 2005; Muller et al. 2013), but the Si and Na
were unreported. The selection of these glasses provided a matrix of redox states to
compare with the original glass which had been tested previously (Matlack et al. 2012).
Boron had the highest leaching rate of the previously measured HLW-NG-Fe2 glass
(Matlack et al. 2012), therefore it is reasonable to approximate that the Si and Na leach
rates would be lower than the B in the other glasses. The other HLW-NG-Fe2-R glasses

were not measured.
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Of the valid data presented here in the PCT-B study of the glasses, there is inferior
chemical durability observed in the HLW-NG-Fe2-Il and -G glasses, compared to the
HLW-NG-Fe2 and -F glasses. This is consistent with the suggestions in the literature
that higher Fe?" content is associated with lower chemical durability (Peeler and
Edwards 2004) for the HLW-NG-Fe2-G glass. Of the other elements analysed during
ICP analysis of the PCT leachates, section 8.6, there was also some aluminium, nickel
and iron leached, as well as phosphorus in the graphite glass. These could be leached
from the glass, from partitioned spinel phases, or from other secondary phases and
while they are not necessarily detrimental to the glass properties, they will require
monitoring when scaling up.

All of the HLW-NG-Fe2-R glasses were close to the control limit for spinel
crystallisation, < 1 vol% at 950 °C (Matlack et al. 2012; Piepel et al. 2007; Gan et al.
2009). Only the HLW-NG-Fe2-H glass sample would be confidently below this limit.
However, the HLW-NG-Fe2 glass was subject to this test previously, experiencing only

0.65 vol% spinel crystallisation (Matlack, Viragh, et al. 2015).

8.7.2 Sulphate Retention

SOs retention in the glass, or the evolution of SO2, has been shown to be related to the
partial pressure of the glass melt, determined in most studies by the redox state of Fe
(Appel et al. 2019; Beerkens 1999; Arkosiova, Klouzek, and Némec 2008). In the
HLW-NG-Fe2 glass a study was performed on the sulphate retention with time held at
melt temperature (1150 °C), where sulphate reduced from 0.36 wt% to 0.12 wt% with
20+ hours of melting (Gan et al. 2013).

The sulphate retention correlates with redox states at the low Fe**/Fer end of the data, in
section 8.3.2 agreeing with the literature values, however the data in inconclusive for
those with high Fe**/Fer. The solubility of SOs is also a property of interest to the
Hanford site (Vienna, Kim, Muller, Piepel, and Kruger 2014; Jantzen 2011; Kruger,
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Pegg, et al. 2012; Kruger et al. 2006), and other commercial and radioactive waste
vitrification programs (Kaushik et al. 2006, 2004; Klouzek, Arkosiova, and Némec
2006). There is also interest in retention other species with redox dependent solubility,
such as ®Tc (Jantzen 2011; Um et al. 2017; Dixon et al. 2022; George, Kim, and
Kruger 2020)

Figure 8.3.1, shows the sulphur evolution and sulphate retention against Fe®*/Fer.
There is discrepancy between the released SO» and detected SOs in the glasses,
particularly for the HLW-NG-Fe2-F feed sample, for which it appears that the highest
amount of SO3 has been retained in the glass, but this sample also has the 3" highest
mass of SO, evolved from the HLW-NG-Fe2-R feeds. Considering alone the evolution
by EGA results, the evolution of SOz is consistent with the redox-dependence observed
in the literature for a variety of glass compositions (Soderquist et al. 2014; Vienna, Kim,
Muller, Piepel, Kruger, et al. 2014; Langowski, Darab, and Smith 1996; Bibler et al.

2000; Beerkens 1999; Hubert et al. 2017).
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9 Discussion

9.1 Overview

As stated in the introduction, section 1.1, improved understanding of foam mechanisms
and redox behaviour in simulated radioactive waste feeds will help to develop protocols
for relevant issues that may arise during vitrification of Hanford radioactive wastes
(Peeler et al. 2015; Gephart 2010). Thus far, many of the properties of generic waste
stream behaviour inside Joule-heated ceramic melters have been modelled (Guillen
2015; Guillen et al. 2018; Abboud, Guillen, and Pokorny 2016). However, the work is
incomplete; these models must be able to demonstrate effective processing “across the
full WTP compositional envelope” (Peeler et al. 2015). The following sections describe
how each of the experiments performed here address the question of understanding the
melting behaviour of waste feeds high in multivalent components, in the context of
previous literature, and in scaling up the ideas presented to larger experiments and,

ultimately, potential adaptation or implementation at the Hanford Site.
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9.2 Effect of carbon content and source on melting behaviour

9.2.1 Effect of raw material change on foaming

In the two studies which analysed the melting rate (Matlack, Viragh, et al. 2015) and
melting behaviour (Marcial, Klouzek, et al. 2021) with iron hydroxide Fe(OH)s,
goethite (FEOOH), haematite (Fe2O3) and magnetite (FesO4) raw materials for iron,
there was no correlation between the raw materials that produced the most foam and
those that had the slowest melting rate, or with the form of iron in the FesO4 raw
material. Those two studies in particular highlight the unpredictability of feed behaviour
inside the melters. The attempt to model the melting rate of feeds based on the
temperature of foam collapse, amongst other feed parameters, by the melt rate
correlation equation (MRC), overestimates the melting rate for the original feed with the
Fe(OH)s slurry raw material. Two possibilities are stipulated by (Marcial, Klouzek, et
al. 2021) to explain the discontinuity with the melting rates, first that the chemically
bound water content (H.O/Fe) has a greater influence on the melting rate than
previously understood and second that the melt viscosity is changing.

Out of those previous studies came the motivation for an entirely reduced iron source,
FeC.04-2H,0, which showed promising foam reduction in the HLW-AI-19 feed
(Guillen et al. 2020; Hujova, Pokorny, et al. 2018). The remainder of Chapter 4
compares the melting behaviour of HLW-NG-Fe2 with the original Fe(OH)s slurry raw
material and HLW-NG-Fe2-11 with FeC,04-2H20, for foaming behaviour, structural
behaviour of iron and some of the melting rate parameters.

By using FeC,042H,O as a raw material in the HLW-NG-Fe2 feed, rather than
Fe(OH)s, we observed a reduction in peak foaming of 50.6 + 5.1 % and of total foaming
during melting of 43.8 £ 4.4 %, from section 4.3, Table 4.3.1. The effect on foam
reduction in the HLW-NG-Fe2 feed using this raw material was greater than in the

HLW-AI-19 feed measured previously, Chapter 2, section 2.5.3 (Guillen et al. 2020;
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Hujova, Pokorny, et al. 2018). This is due to an increased amount of carbon through the
raw material used for the higher wt% Fe2Os in the glass, Chapter 2, section 2.6. Other
factors that may be influential are the chemically-bound water content of the raw
material and melt viscosity, as stipulated previously (Marcial, Klouzek, et al. 2021),
however, these have not been investigated in the present work. From the impact of
carbon addition emerges the following study in Chapters 5-8 on the addition of carbon-

based reductants.

9.2.2 Effect of reductant addition on foaming

There is considerable literature to support the successful application of foam reducing
agents, discussed in Chapter 2, section 2.8.1 (Bickford and Diemer Jr 1986; Goldman
1986; Drobnik 1972; Ross 1978; Blair 1976; Straub 1973). While sucrose is accepted as
the baseline reductant for LAW feeds (Matlack et al. 2006; Muller et al. 2009; Hrma,
Pokorny, et al. 2011; Appel et al. 2019), it is highlighted that the mechanism of foam
production is different in HLW feeds with much lower nitrate contents (Kruger,
Matlack, Pegg, et al. 2012). Investigation of alternative reductants for high-foaming
HLW feeds, will help to feed new algorithms for high-foaming HLW feeds, by adding
to the “limited amount” of testing of organic compounds in WTP HLW feeds (Kruger,
Matlack, Pegg, et al. 2012; Matlack, Kruger, et al. 2011; Seymour 1995). In Chapters 5-
8 the addition of 3 wt% sucrose in HLW-NG-Fe2 is compared with additions of 3 wt%
formic acid, graphite, coke (93 wt% C) and N’(-2 hydroxyethyl) ethylenediamine-NNN’
triacetic acid (HEDTA), for effects on foaming and structural behaviour and redox state
during melting.

The feed volume expansion tests of the 6 feeds in section 5.3 uncover a relatively linear
relationship between the carbon content per gramme of reductant added and the
maximum foam volume, Figure 5.3.2. This linearity may be suggested taking a holistic
view of the studies on sucrose additions to HLW (Kruger, Matlack, Pegg, et al. 2012;
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Seymour 1995; Henager et al. 2011; Josephs and Stone 2001), however, it has not been
directly observed before. These findings support the idea that the amount of carbon
added to each feed is the most influential factor when choosing a reductant. However,
given that addition to the feed at an equal carbon content was not tested in this study,
the specific effects of each carbon source based on its chemical nature, decoupled from
total carbon content, have not yet been addressed and this question is suggested for
future research. For high-multivalent species feeds, where gas evolving reactions are
continuing to occur beyond primary foaming, the reductants must not dissociate prior to
the temperature of these reactions (Knavish and Harrell 1991). High-temperature
interaction of the reductants with the melt are demonstrated by the HLW-NG-Fe2-G, -C
and -H feeds in the thermal analysis, section 5.4, and gas evolution, section 5.5.

The mechanism of foam reduction with both carbon addition via reductants and raw
material, is largely due to be the earlier release of gases that would otherwise be trapped
within the foam, (Ryan 1995; Bickford, Hrma, and Bowan 1990). The addition of
carbon to a feed alters the gas profiles, Figure 5.5.1-5. More CO; evolved prior to the
foam onset in the HLW-NG-Fe2-S, -F and -H feeds than in the HLW-NG-Fe2 feed.
While HLW-NG-Fe2-C and -G feeds had sustained CO and CO:; release at higher
temperature. The decomposition of coke and graphite appears to be reaching the
temperatures at which redox reactions are energetically favourable (Kruger et al. 2013;
Ryan 1995; Seymour 1995). As suggested in the literature (Fedorov and Pilon 2002), an
increase in primary foaming to supress secondary foaming, may be preferential for
melting rate of the feeds. The evolution of CO, Figure 5.5.2, and the complete
suppression of Oy, Figure 5.5.5, is the most striking difference between the HLW-NG-
Fe2-R feeds, and is indicative of the available oxygen in the feeds at the different
temperatures, and therefore preferential evolution of CO/CO,. The gas balance

performed based on theoretical calculations of evolved gases compared to the EGA,
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Table 5.5.3-5, shows the effect of a reducing atmosphere on the quantities of CO, NO

and SO- evolved, as well as the source of the highly negative O> balance.

9.2.3 Melt Rate Correlation Equation

The MRC overestimates the melting rate of the HLW-NG-Fe2 feed when compared to
the measured melting rate (Hrma et al. 2018), discussed in Chapter 2, section 2.4.3.
Most of the feeds for which the MRC overestimates the melting rate are particularly
high in multivalent species (Lee, Hrma, Pokorny, Klouzek, et al. 2019), indicating that
the impact of secondary foam behaviour is not understood to the point where it is
accurately included in models, as discussed in section 9.2.2.

Using thermal analysis in combination with the FETs, the melting and foaming
behaviour of the feeds were explored and it was possible to estimate relative melting
rates of each of the feeds using the MRC equation, in section 5.7. The HLW-NG-Fe2-F
feed was shown to have a slightly improved melting rate. The study did not take into
account varying the use of bubblers, which would require a research-scale melter
system: the stability of foam would be decreased with bubbling through the melt and
therefore melting rate improved (Pokorny et al. 2015; Abboud and Guillen 2016;
Abboud, Guillen, and Pokorny 2016; Lee, Hrma, Pokorny, Klouzek, et al. 2019).

The feed volume expansion test may underestimate the impact of secondary foaming on
the heat transfer. Since parameters of the MRC are based on the FET curve analysis,
this could explain the underestimation of the melting rate in HLW-NG-Fe2. In
particular the temperature of the bottom of the foam, Tes, would be affected in this
theory. This is an often disputed parameter, commonly taken as the maximum foaming
temperature, i.e., the collapse of the primary foam. However, where there is prevalent
secondary foaming this will not be the case, the effects of “gas bubbles from redox
reactions and the dissolving residues of solid particles” should be taken into account in

a complete model (Hrma et al. 2018).
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9.3 Evolution of the local environment of multivalent species

during melting

The form of iron during melting is the most distinct feature between the HLW-NG-Fe2-
R feeds. For each feed, quenched at 600, 800, 1000 and 1150 °C the proportions of
amorphous Fe®*" and Fe?* were calculated by °’Fe Mossbauer spectroscopy, sections
6.4.1 and 6.4.2, and the proportions of Fe.Oz and (Mn,Ni,Fe)Fe.O4 by both XRD,
section 6.2, and >’Fe Mdssbauer spectroscopy. The measurements of crystalline Fe
phase, between the two techniques have a standard deviation of 1.0 and 1.3 wt% for
Fe>03 and (Mn,Ni,Fe)Fe20s, respectively.

9.3.1 Iron-bearing crystalline phase evolution

As discussed in Chapter 2, section iron-bearing spinels are not a concern to processing
or final glass quality at < 1 vol% at 950 °C (Matlack et al. 2012; Kruger et al. 2009;
Matlack, Kot, et al. 2015). Under reducing conditions, by addition of carbon, an
increase in spinel/Fe2Os was observed along with an overall increase in crystallisation
(Karamanov et al. 2000).

With increasing temperature during melting, the transition from haematite to the
formation of spinels is common in HLW feeds (Xu et al. 2015; Guillen et al. 2020;
Dixon et al. 2015b), measured on quenched samples of feed at different temperatures, as
in the present study, sections 4.4.1 and 6.2. In-situ, high-temperature XRD would allow
analysis of the amount of spinel forming during melting, however, the volume change
of the samples during melting renders it difficult to obtain accurate measurements. From
the quenched crucible melt studies in the present work, the spinel quantity observed is
the amount of spinels precipitated during quenching, (Xu et al. 2015; Guillen et al.
2020; Dixon et al. 2015b) which is likely higher than the amount present during melting

at the higher temperatures where a considerable amount would have dissolved. All
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crucible samples were melted and quenched under the same conditions so it is
reasonable to compare spinels the SoM samples and glasses in Chapters 4-8.

In the HLW-NG-Fe2 samples, at 600, 800, 1000 and 1150 °C, the iron is present as
tetrahedral Fe®*, by >'Fe Mosshauer spectroscopy, Chapter 6 section 6.4.1, while X-ray
Absorption Near-Edge Spectroscopy indicates a movement from octahedral Fe®" to
tetrahedral Fe®* with increasing temperature, and a proportion of Fe?* also present. The
Fe K-edge XANES data more closely represents the interpretation of the Fe K-edge
XANES measured previously (Guillen et al. 2020) — there is an increase in coordination
number and Fe?" content between 600 and 800 °C (samples quenched at 500 °C, and
850 °C were measured in place of 600 °C and 800 °C in (Guillen et al. 2020)). The
mixture of crystalline and amorphous iron in the samples makes the uncertainties
associated with the XANES interpretation large. The °’Fe Mdssbauer data can resolve
these constituents independently, and the resolution of the paramagnetic doublets is
reduced when there is a significant amount of crystalline material (the 600 and 800 °C
samples). In a previous investigation of the C-106/AY-102 feed under different redox
conditions, by varying addition of nitrates and oxalates, up to 10 % Fe?'/Fer was
observed with 50 g oxalate added per kg of glass (Kruger, Matlack, Pegg, et al. 2012).
Crystalline spinel precipitation in the final glasses was found in Chapter 8, section 8.4.1
to be highest in feeds with the highest oxygen partial pressure, HLW-NG-Fe2-S, G, C
and -H, Chapter 7, section 7.8. This behaviour is reflected in the spinel precipitation in

the heat treated samples in Chapter 8, section 8.4.3.

9.3.2 Structure of iron in the final glasses

As discussed in Chapter 2, section 2.2.3, the coordination number and redox state of
iron in the amorphous phase determines how the iron functions in the glass network, as
a network former or modifier (Farges et al. 2005; Ahmadzadeh, Scrimshire, Bingham,
Goel, et al. 2018; Cochain et al. 2012). In general, it is expected that tetrahedral Fe®* is
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network forming and octahedral Fe?" is network modifying, (Cochain et al. 2012;
Cochain and Neuville 2008; Shaharyar et al. 2016; Mysen and Virgo 1989; Greaves,
Binsted, and Henderson 1984). The structure of iron is important when understanding
properties of the glass (section 9.4.1).

Apart from the reduction of Fe**/Fer in the HLW-NG-Fe2-G, C and -H feeds, discussed
in Chapter 7, section 7.10.1 and Chapter 8, section 8.3.1, one of the only indicators of
fundamental structural changes in the glass is identified by Raman spectroscopy, in the
peak ~ 610 cm™, Chapter 6, section 6.3.2, Figure 6.3.2. The danburite-like ring structure
peak, discussed in Chapter 4, section 4.4.3 and Chapter 6, section 6.3.2, is explained by
the theory that Fe** and BO4 units are competing for charge compensation by Na*,
allowing more danburite-like ring units to form in the absence of Fe3*, causing the 610
cm? peak to emerge (Koroleva, Shabunina, and Bykov 2011; Hubert and Faber 2014;
Cochain et al. 2012). Plotting the peak area against redox state of Fe is insufficient due
to variation in Fe content of the final glasses by XRF, Chapter 8, section 8.2.1, and the
spinel quantity, by XRD, Chapter 8, section 8.4.1, with varying levels of Fe?* and Fe3*
present. Assuming that all of the 3+ ‘B’ sites in the identified ‘AB;04’ spinels are Fe3*
the ~610 cm™ peak area was plotted against the total Fe®* content in the glass, Figure
9.3.1, The assumption likely overestimates total Fe3" content as it is known from
Chapter 8, section 8.4.1, that some spinels contain Cr, presumably as Cr3* on the B site.
There is some correlation observed between the quantity of Fe3* in the glass and the
integrated peak area, that is not followed by the HLW-NG-Fe2-G sample. The 3 wt% G
is also the outlier in the HLW-NG-Fe2-G series, in Chapter 6, section 6.3.2, having a
reduced 610 cm™ peak area compared to the 2, 3 and 5 wt% graphite samples.

There is little literature on the relationship between Fe®* content and danburite-like ring
structures in the range Fe**/Fer 0-0.6, however, one study suggested that this Raman

band increased further for Fe®*/Fer = 0.15, than it had at > 0.6 (Cochain et al. 2012).
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The reason for the decrease in the danburite-like peak area is not clear from the analysis
performed, if indeed this band can be attributed to danburite-like rings. Further research
is needed to establish this. The transient nature of the band in the Raman spectra was
investigated in Chapter 4, 0.
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Figure 9.3.1. Area of the 610 cm™ danburite-like ring peak for each of the HLW-NG-
Fe2 glasses made with each of the reductants. Above 6 wt% Fe** content there is a
negative relationship in the area of the peak with increasing iron content. HLW-NG-
Fe2-G has low Fe*" content but a moderate peak area.

The structural change is also apparent in the glass transition temperature, and therefore
potential glass viscosity, in the glasses in section 8.5.1. This is explained by iron
becoming network modifying (octahedrally coordinated Fe?* or Fe**) in reduced glasses
(Cunnane et al. 1994). In light of the other structural relationships identified by Raman
spectroscopy, there is a potential further mechanism at play related to the proportion of
Fe3* tetrahedra and BO4 units. AlOs and BO4 in aluminoborate glasses (Klyuev and
Pevzner 2002). Perhaps this is also the case with FeO, tetrahedra. A higher quantity of
BO4 units is expected in reduced glasses (Cochain et al. 2012), where there is less

competition by Fe* tetrahedra for BO4 tetrahedra.
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The deviation from the relationship in the danburite-like peak with Fe®* content in the
HLW-NG-Fe2-G glass, may be indicate a limit for which the relationship applies, that
also means there is a minimum reduction in glass transition temperature and viscosity.
Otherwise, we might expect the T4 to have reduced even further in the HLW-NG-Fe2-G
and -C glasses than the HLW-NG-Fe2-S and -H glasses. To understand the deviation
from this behaviour in the HLW-NG-Fe2-G glass, *B Magic Angle Spinning — Nuclear
Magnetic Resonance (MAS-NMR) or B K-edge XANES would enable a more
comprehensive understanding of the influence of the form of iron on the structure of

boron in the glass (Ollier et al. 2004; Cochain et al. 2012).

9.3.3 Evolution of Fe, Mn, Ni, Cr and Ce during melting

The redox state of a feed, or melt, influences more than just the Oz contribution to
foaming: the redox state can affect the retention of volatile species (Kruger, Matlack,
Pegg, et al. 2012; Pinet, Hugon, and Mure 2014; George, Kim, and Kruger 2020)
furnace refractory corrosion (Pinet, Hugon, and Mure 2014; Bingham et al. 2011; Gan
et al. 2009), melt conductivity (Kruger, Matlack, Pegg, et al. 2012; Goldman 1986),
chemical durability (Peeler and Edwards 2004) and, as discussed in section 9.3.1, the
amount of crystallinity (Gan et al. 2009; Karamanov et al. 2000).

The iron redox state is often used as the measure of redox in a glass batch, and to
quantify the oxygen partial pressure (Hujova, Pokorny, et al. 2018; Zhernovaya,
Onishchuk, and Davydoglu 2007; Bickford et al. 1990), which is a reasonable
approximation for waste streams, or industrial glass batches and melts that contain high
levels of iron, and insignificant amounts of other multivalent oxides. In work by
Goldman (Goldman 1986), even when there is no detected ferrous iron in the glasses,
there is oxygen evolution associated with other redox species such as chromium, cerium
and manganese. Other multivalent species, Mn, Cr, Ni and Ce, have been investigated
for a range of properties in commercial glass melting (Hubert et al. 2014, 2017;
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Bingham and Jackson 2008; Wondergem-de Best 1994; Villain et al. 2007) and in
radioactive waste streams (Hrma et al. 2006; Jantzen and Stone 2007; Jantzen et al.
2003). The development of understanding of mixed multivalent species effects in
complex glass systems glasses is presented in Chapter 2, section 2.7.3.

These tools are used in the following discussion to help interpret the redox behaviour of
the HLW-NG-Fe2 feed. Other models of redox behaviour developed to particularly
address redox reactions within the cold cap for US waste treatment programs (Hanford
and Savannah River sites) have been developed since (Jantzen et al. 2003). The results
of this work aim to provide further data to improve these model predictions for wastes
high in multivalent species.

The majority of the redox changes observed by XANES in this chapter 7, were
predicted by the modelling work performed on previous mixed-multivalent species
glasses. Where there were limitations on the accuracy of the XANES data the
interpretation is qualitative. This applied to the measured Fe and Mn K-edges XANES.
For Fe, >"Fe Mossbauer spectroscopy provides complimentary data.

Two interesting deviations in the expected behaviour occurred. The first in the HLW-
NG-Fe2 feed, for which Mn*" preferentially reduced to Mn?*, to completion, over the
Ce*/Ce?* reaction, leaving some oxidised Ce** in the final glass. The second incidence
is in the HLW-NG-Fe2-G feed where there is a reoxidation of some Cr3* to Cr®* at 1150
°C. The analytical techniques used in this study are inadequate in providing a complete
understanding of the redox behaviour of the complex feed compositions. Further
limiting the interpretation of the data, O is available during melting in the electric
furnace. Where the EGA was performed in a He atmosphere, the samples quenched for
XANES were melted in electric furnaces in air.

The overall trends in reduction of the multivalent species with heat-treatment

temperature, to differing extents based on their reduction potentials is observed, and
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provides estimates of the melt partial pressure and evolution of O,. The f(O2) values,
reported in Chapter 7, section 7.8, while still estimations based on the average redox
states of the multivalent species, are consistent with previous studies of glasses bearing
similar levels of Fe;Os (Pinet, Hugon, and Mure 2014; Hubert et al. 2017; Thiemsorn et
al. 2008b; Jantzen and Stone 2007; Hujova, Pokorny, et al. 2018). Intuitively, the
reductants which had the most negative effect on oxygen balance, graphite, coke and

HEDTA, section 7.8, also had the most negative effect on the oxygen partial pressure.

9.3.4 Balance of Oxygen

Including O2 from redox reactions in the balance of oxygen, in Chapter 7, Table 7.9.2,
overcompensates for the previous lack of Oz calculated for the HLW-NG-Fe2 feed
calculated in Chapter 5, section 5.5.3. The values are now far more consistent. The O>
contributions for the HLW-NG-Fe2-R feeds compensate somewhat for the highly
negative O balance, but not sufficiently to be consistent with the EGA results.

Many studies of redox reactions in the cold cap, and glass melting in general, have
focussed on the Fe redox alone in balancing oxygen in the melt (Lee, Hrma, Klouzek, et
al. 2017; George, Kim, and Kruger 2020; P. A. Smith, Vienna, and Hrma 1995; Hujova,
Pokorny, et al. 2018). In this work, we have shown that the other multivalent species, if
not at least the Mn in this feed, must be considered when examining contributions to
oxygen evolution. At the sample sizes used in this study the difference in Oz evolution
between the feeds may not appear significant, however, in a full-scale melter, where
these Oz bubbles are trapped by the cold cap, suppression of O, and SO evolution
could have much greater consequences, as discussed in section 9.2.2. The effects of O
and SO evolution on foaming behaviour in commercial glass melts and calcined waste
glasses are easier to predict (Beerkens 1999; Arkosiova, Klouzek, and Némec 2008;
Hujova and Vernerova 2017) than in complex radioactive waste feeds during direct feed
vitrification, with multiple overlapping reactions (Hrma et al. 2010).
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9.4 Application and scale-up of the range of foam controlling

techniques

As well as the academic investigations of foaming and redox behaviour, this research
has provided a range of options for foam control, with suitable supportive data to
understand their effects on the glass melting and foaming behaviour, as well as the
properties of the final glass. Quality control of the final glass products is the subject of
much research, and property models are used to design waste glass compositions prior
to testing (Vienna, Kim, and Hrma 2002; Vienna et al. 2013; Muller et al. 2013; Vienna
et al. 2016; Piepel et al. 1993). The exploration of the extreme case of foaming for the
HLW-NG-Fe2 feed, compared with other waste feeds, will be of interest to modelling
the vitrification process, but also provides an interesting case to explore foaming issues
that appear in many commercial glass-melting processes (Wondergem-de Best 1994;
Beerkens 1999; Manring and Diken 1980).

As discussed in section 4.6.3, an alternative raw material is not a practical flowsheet
change, since the iron hydroxide arises from the waste in the HLW-NG-Fe2 feed (G. L.
Smith et al. 2001). However, the implications of starting with a reduced raw material on
the glass properties will be of interest to studies of some LAW glasses (where iron is
added to the feeds), and will expand the literature on raw-material options for iron-
containing commercial glasses and other industrial waste glasses (Mirhadi and

Mehdikhani 2011a; Deng et al. 2020; Romero and Rincon 1998).

9.4.1 Final Glass Product Quality

By initial characterisation of the HLW-NG-Fe2 and HLW-NG-Fe2-I1 glasses, Chapter
4, section 4.6.2, the glasses are structurally similar by XRD and °’Fe Mdssbauer
spectroscopy, indicating no immediate threat to the product quality posed by the

alteration of the raw material for iron. The Raman spectroscopy, section 4.4.3,
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highlighted a structural change in the glass which is linked to the content of glass-
forming Fe*', section 9.3.2. PCT-B of the HLW-NG-Fe2 and HLW-NG-Fe2-I1 glass
samples, Chapter 8, section 8.6 show an increase in the leaching rates of B and L.i in the
HLW-NG-Fe2-1l1 sample compared with the previously measured HLW-NG-Fe2 glass
(Matlack et al. 2012). While the leaching rates are within the < 4 g L limit (Piepel et
al. 2007), the reduction in chemical durability, and glass transition temperature (section
8.5.1) and the transient Raman band feature, all suggest that there is a structural change
in the final HLW-NG-Fe2-11 glass that has not been explained by a change in the iron
redox state within the detection limit of the ®’Fe Mdssbauer spectroscopy, or any
significant change in the level of crystallinity. Similar structure-properties relationships
were explored in the HLW-NG-Fe2-R glasses, discussed in section 9.3.2.

Chapter 8 provides the evidence to support the view that the adoption of the reductants
to the vitrification flowsheet would have varying effects on the final glass properties
depending on the total carbon content of the reductant employed. The results of the
measured glass properties in Chapter 8 are summarised in Figure 9.4.1, along with the
contract limits employed at the WTPs and the maximum normalised foam volume to
demonstrate reductant effectiveness on reducing foam.

The influence of redox state on the chemical durability was explored, comparing the
HLW-NG-Fe2-Il, -F and -G glasses to the HLW-NG-Fe2 by PCT-B. There is
insufficient evidence collected in the present study to conclude structure-property
relationships, however it does provide some interesting scenarios for future exploration.
There are seemingly multiple mechanisms at play, not only the redox state of Fe, and its
structural implications, but other structural changes that are perhaps observed in the
increase in danburite-like ring structures in the HLW-NG-Fe2-1l glass, without a

reduction in Fe3* content, that lead to a reduction in chemical durability.
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The melt viscosity plays a significant role in the processing of the feeds (Lee, Hrma,
Pokorny, Klouzek, et al. 2019) and the contract limits are set at 1 - 15 Pa.s at 1100 °C
(Piepel et al. 2007). The glass transition temperature, Tg, indicates that there is reduced
viscosity in the HLW-NG-Fe2-11, S, G, C and H glasses compared to the HLW-NG-Fe2
and HLW-NG-Fe2-F glasses. Viscosity measurements would be required to confirm

whether these glasses are still within the viscosity limits.
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Figure 9.4.1. Summary of the measured glass properties of the HLW-NG-Fe2-R feeds, along with the contract limits for these properties

employed at the Waste Treatment Plants, and the maximum normalised foam volume for each of the feeds during melting.
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9.4.2 Scale-up to Laboratory Scale Melter System

In Chapter 4, section 4.5 the successful scale-up from crucible studies to the Laboratory
Scale Melter (LSM) system was demonstrated for the HLW-NG-Fe2-11 feed. The melter
run produced a sufficient sample with no feeding or excessive foaming issues. The
HLW-NG-Fe2 feed was deemed unsuitable for testing in this melter due to the high
feed rheology. Although increased viscosity of the HLW-NG-Fe2 feed with Fe(OH)3
was reported, previous demonstrations of this feed in larger melter systems report no
feeding issues (Kruger, Matlack, Pegg, et al. 2012; Matlack, Viragh, et al. 2015;
Matlack et al. 2012). The diameter of the tubing in the LSM was likely the bottleneck,
Chapter 3, section 3.3.4. Since the addition of 3 wt% of each of the reductants, Chapter
5, section 5.1, is unlikely to significantly affect the feed rheology, only the HLW-NG-
Fe2-11 feed was suitable for testing via this method.

Comparison of the quenched LSM sample with the crucible melts at different
temperatures, Figure 4.5.3, showed that the structure and morphology of the LSM
sample was representative of the higher temperature crucible melts > 800 °C. By X-ray
tomography of the LSM sample some novel methods of analysing bubble distributions
throughout the cold cap were explored (Luksic et al. 2021, 2020; Harris et al. 2017).
The porosity with height through the cold cap, Figure 4.5.6, was shown to correlate well
with the feed volume expansion test, Figure 4.3.4, for both the main primary foam peak
and the sustained secondary foaming beyond the first peak. This has been observed
once before in a study on the HLW-AI-19 feed (Luksic et al. 2021), and is shown in
more clarity in this HLW-NG-Fe2-11 feed. The average size of the bubbles contributing
to this sustained secondary foaming is significantly lower than those contributing to the
primary foaming. As discussed in section 9.2.2, the amount of secondary foam bubbles

can be underestimated for their effect on heat transfer and overall foam expansion by
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feed volume expansion tests. In this X-ray tomography study of the HLW-NG-Fe2-11
sample, the impact of these small bubbles on overall porosity is conclusively presented.

Running only the HLW-NG-Fe2-11 feed is a largely academic exercise, however, the
confirmation that some of the analysed properties of the SoM samples apply also to the
LSM sample is promising for scale up of the HLW-NG-Fe2-R feeds. A full analysis of
the scale-up of the crucible studies to the Laboratory Scale Melter sample analysis is
beyond the scope of this work. However, Chapter 4 provided some additional data using
novel analytical tools that may be useful for future analysis of these, or related, samples.
The Laboratory Scale Melter system itself is a dynamic system and there is great value
in running tests with this system to observe the cold cap creation (Dixon et al. 2015b;
Riley et al. 2009; D. S. Kim et al. 2012). However, there are limitations to how
accurately the smaller melter system represents full-scale melting, particularly in
bridging of the cold cap and creation of large vent holes, which may be influenced by
the melt surface area (Hrma 1990b; Pokorny and Hrma 2011; Guillen and Agarwal
2013). Much of the relevant work in the present study was performed on the quenched
cold cap, post melter run. This quenched cold cap has the limitations of being a
snapshot in the complex dynamic melting process, and subject to quenching effects,
both limiting the applicability of the results to the full-scale system (Harris et al. 2017;
Guillen et al. 2018; Choi et al. 2017). Furthermore, the use of bubblers to break up
foaming is beyond the scope of this study. Bubbling is an important mechanism for
influencing both foam volume and heat transfer (Pokorny, Kruger, and Hrma 2014;
Hrma et al. 2018). For these reasons discussed, scale up of the research in this study
would need to include research scale melters (Matlack, Gan, et al. 2009; Matlack,

Viragh, et al. 2015).
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9.4.3 Suitability of reductants for further study

The feed volume expansion results, section 5.3, show the most effective additives for
reduction of foam during melting. Graphite and coke reduced the total foam volume
more effectively, although as noted previously, the amount of carbon in each reductant
differed due to differences in reductant chemistry. Formic acid did not have a great
effect on the foam volume expansion, and sucrose and HEDTA had some effect. Figure
7.10.1 summarises the relationship between the redox state of the final glass and the
reduction in normalised maximum foam volume for each of the feeds, showing that the
reductants that had a significantly reducing effect on the iron in the final glass, also had
a reducing effect on the peak foam volume, but not vice versa.

In terms of suitability for processing, all samples were close to the limit for spinel
concentration. The glass viscosity, indicated by Tq section 8.5.1, suggests that the lower
Fe3* content in the HLW-NG-Fe2-S, -G, -C, and -H glasses would lead to a lower
viscosity than those with higher Fe3* content, HLW-NG-Fe2, HLW-NG-Fe2-11 and -F.
HLW-NG-Fe2-G and -C are outside of the contract limits for redox state of Fe (Larson
1996; Jantzen 2011; Peeler and Edwards 2004), however, HLW-NG-Fe2-11, -F and -G
glasses within the limits for leaching rates of the glasses for long-term immobilisation
of radioactive wastes, for those elements measured, namely Li and B. The experiment
would need to be repeated to determine values of Si and Na.

The most effective reductants, graphite and coke, compromise on the redox state of iron
and precipitation of Fe, Mn, Cr and Ni -bearing spinels. There is also evidence of
reduced viscosity and chemical durability in the HLW-NG-Fe2-G glass. The limit is
considered conservative in (Weimers et al. 1996; Seymour 1995), and since no metallic
precipitation was observed in any of the glasses, this study provides further evidence
that may be the case. There is, however, evidence provided for reduced chemical
durability with reduced iron redox state.
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Considering the effects on the redox state of iron and chemical durability, the amount of
graphite or coke added to the feed could be decreased. In further work, studies of
incremental additions of coke and graphite to the feeds may be considered. It is
conceivable that at a lower wt% addition, effects on foam volume would be appreciable
without negatively impacting the desired properties of the final glass. Optimisations of
the wt% addition, along with the particle size of the reductant, are suggested for further
work (Liukkonen, Penttild, and Koukkari 2012; Yu et al. 2014; Ryan 1995).

Due to practical considerations, this research does not provide a comprehensive review
of the carbon-based reductant additions to all HLW feeds, only the HLW-NG-Fe2 feed,
and redox control of HLW feeds should be treated on an individual basis until a
complete predictive model is obtained. However, in a feed with considerable levels of
multivalent species, the lack of metallic precipitation at 3 wt% reductant addition is

promising for application in other HLW feeds and glass batches high in these species.

9.4.4 Environmental impact and impact on project lifetime

The environmental impacts of nuclear fuel production were evaluated in Chapter 2,
section 2.1.1 (World Nuclear Association 2011; International Atomic Energy Agency
2017; Adamantiades and Kessides 2009; Koéne and Bike 2010). However, the
environmental impacts of legacy waste clean-up are not often reported alongside these
estimates. With the volume of research required for these legacy waste projects, the
Hanford project in particular being the largest and most complex (Guillen et al. 2018;
Guillen and Agarwal 2013; Harvey 2000; Washington Department of Ecology State of
Washington 2018), there is promise that lessons learned in recycling (Adamantiades and
Kessides 2009; US Department of Energy 1999), and immobilisation of radioactive
wastes will prove valuable for the future nuclear fuel cycle.

The estimated cost of the remaining clean-up, covering the years 2022-2095, exceeds

300 billion US dollars (Richland Operations Office 2022). The cost and schedule of
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waste treatment at the Hanford site WTPs is highly dependent upon the waste loading of
the vitrified wasteform and the rate of glass production (Hrma and Pokorny 2016).
Improvements to the vitrification process could have positive impacts on the cost and
efficiency of the project (Guillen and Agarwal 2013; Marcial, Klouzek, et al. 2021,
Kruger et al. 2008). Coke, the most effective reductant for reducing foaming identified
in this study is a by-product of many other industrial processes (Pilon 2012; Nemanova
et al. 2014; Dankwah, Amoah, and Fosu 2016; Babich and Senk 2018). This may prove
to be an environmentally preferable and cost-effective additive for foam reduction.
However, neither coke nor graphite improved the melting rates of the feeds based on the
MRC equation parameters measured in this study, section 9.2.3. In fact, formic acid,
with the least effect on foam volume, had the highest theoretical melting rate. This
highlights that viscosity measurements are necessary to predict melting rate, and relying
on most of the sensitivity from the disputed foam bottom temperature is insufficient.

For a melt surface area, in the WTP melters, of 3.75 m (Matlack, Viragh, et al. 2015),
the excess CO/CO: released per day from addition of each reductant can be calculated.
The greatest increase compared to the original feed is in HLW-NG-Fe2-H, with a 104
kg day? increase in CO2 and 140 kg day™ increase in CO. The HLW-NG-Fe2-C emits
only 6 kg of excess CO; and 30 kg day™* excess CO, however, this is due to the lower
estimated melting rate. Over the lifetime of the feed in the melter, the HLW-NG-Fe2-C
will both emit a similar level of CO, and CO emissions from batch reactions and use
more energy. The increase in CO2 emissions from the use of formic acid may be offset
by the increased melting rate, depending on emissions associated with energy
generation to power the melter, and the total time to process the feeds. Application of
the reductants would require further evaluation of the benefit to the project timeline,

environmental and cost impact overall.
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10 Conclusions

The high-iron HLW-NG-Fe2 waste stream explored in this thesis is a rare case of high
foaming of the high-level waste (HLW) streams, and relatively fast melting rate.
Foaming beneath the cold cap, discussed in Chapter 2, section 2.4.2, is an issue for heat
transfer through the cold cap and therefore efficiency of melting. Foaming, in extreme
cases, also poses a risk of blockages to melter components. The aims outlined in
Chapter 1, section 1.2 include: understanding the mechanisms of foaming, and
exploring foam reduction methods in high-multivalent species feeds. The outcome of
the research carried out on the HLW-NG-Fe2 feed in Chapters 4-8, is evaluation of
some of the parameters that impact the melting rate, and the extent to which it is
influenced by foaming.

As well as being an extreme case of foaming behaviour for HLW feeds, the high-
multivalent species content, including Fe, Mn, Ni, Cr and Ce is used to explore mixed
multivalent species reactions during melting. Investigation of the high-iron HLW-NG-
Fe2 simulated waste feed during melting with a reduced iron raw material,
FeC.04-2H,0 (Chapter 4), and addition of 5 different carbon-based reductants, sucrose,
coke, formic acid and HEDTA (Chapters 5-8) was employed to address the aims
detailed in Chapter 1. By robust characterisation of feed samples, crucible scale melts,
glass samples and scaled up laboratory-scale melter (LSM) samples, the melting
behaviour of the HLW-NG-Fe2 feed under different redox conditions is uncovered, as
well as the impact of redox manipulation on the structure and properties of the final
glass (Chapter 9). A full analysis of the scale-up of the crucible studies to the
Laboratory Scale Melter sample analysis is beyond the scope of this work. However,
Chapter 4 provided some analytical tools that may be useful for future analysis of these
samples.
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The most effective reductants in reducing foaming were coke and graphite, at 3 wt%
addition to the HLW-NG-Fe2 feed. This result was consistent with expectations, due to
the high carbon content of these reductants compared to sucrose, formic acid and
HEDTA. The linearity in maximum foam volume reduction and carbon content per
gramme of reductant added was demonstrated for the first time. Evaluation of the
compromises made when adding high-carbon based reductants to the HLW-NG-Fe2
feed, to the final glass properties, is recommended for further research. However, this
thesis provides much of the supportive data to aid these decisions.

The mechanisms of primary and secondary foaming were explored in great detail by
drawing connections between the structure of the feeds during melting and the gas
evolution. Redox specific advanced analytical techniques, >’'Fe Mdssbauer spectroscopy
and X-ray Absorption Near-Edge spectroscopy, provided insight into the local structure
of the multivalent species in the feed at different quench temperatures. This allowed for
comparison of redox changes with Oz evolution, to underpin the mechanism of
secondary foaming, as well as exploration of the mixed multivalent species effects in
glass melts. Providing more literature on these multivalent species in complex feed
compositions and glasses will support not only the high-multivalent species content
waste feeds at the Hanford site, but also many other industrial and waste glass
production systems with mixed multivalent species.

This thesis delivers variety of reductant options for use in the HLW-NG-Fe2 feed, along
with many of the important properties of the cold cap and final glass products for each
reductant. Due to practical considerations, this research does not provide a
comprehensive review of the carbon-based reductant additions to all HLW feeds and
redox control of HLW feeds should be treated on an individual basis until a complete
predictive model is obtained. Where the results of this study are directly and particularly
applicable to the Hanford WTPs is in improved understanding of the melting process,
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melt rate-controlling reactions and predictability of the melters. This understanding will
aid safety and efficiency of running the melters and reduce melter downtime.

Further research should involve viscosity measurements of the glass melts to accurately
apply the Melt Rate Correlation Equation to the feed with different reductant additions.
Further investigation of the boron speciation in the glasses by B Magic Angle
Spinning — Nuclear Magnetic Resonance (MAS-NMR) or B K-edge XANES is required
to underpin the structural origin of the changes in the 610 cm™ Raman band.

The reductant additives and approaches described in this thesis should be applied to
other high-multivalent species feeds. Further optimisation of the reductants for foaming
and glass properties can be performed by varying the amount of reductant added and the
reductant particle size, providing two more dimensions to the matrix of data. Also
equating the reductants for carbon content would enable specific identification of any
chemical effects of the different reductants, separate from the total carbon content.
Finally, the research presented here should be tested in larger research-scale melters to
confirm the melter processing rates and to ensure that the quality of the final glass

products explored in this study are representative of those at the WTPs.
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11 Appendices

A — Image Processing Macro

M1:

run("Duplicate...", "title=[File]+input");
run("Duplicate...", "title=[Glass Mask]");
setAutoThreshold(*"Intermodes dark™);
run("Threshold...");

setThreshold(100, 255);
setOption("BlackBackground", true);
run("Convert to Mask™);

run("Close");

run("Duplicate...", "title=Holes");
run("Fill Holes");

run("Invert");

selectWindow("Glass Mask");
imageCalculator("Add create”, "Glass Mask","Holes");
selectWindow("Result of Glass Mask");
rename("Bubbles");

run("Dilate");

run("Invert");

run("Dilate");

run(**Watershed");

run(*Analyze Particles...", "size=0.002-Infinity circularity=0.20-1.00 display summarize

add in_situ");
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B — Raw Data
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Figure 1. Temperature recordings from thermocouples placed in the plenum and the

glass melt during the Laboratory Scale Melter run for the HLW-NG-Fe2-11 feed.
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Table 1. Phase Proportions determined by comparison of the Phases identified in XRD

patterns with 5 wt% Si powders as an internal standard for all HLW-NG-Fe2, HLW-

NG-Fe2-11 and HLW-NG-Fe2-R feeds at all measured quench temperatures.

Reductant Temp. Quartz Err  Spinel Err Haematite Err  Other Err Amorphous Err
Original Feed 20.2 0.2 0.00 0.00 4.20 0.10 381 0.2 66.80 0.20
600 36.84 1.0 2.84 0.10 7.05 0.30 53.26 0.093
700 28.21 0.4 3.37 0.10 7.26 0.10 61.16 0.04
800 16.11 0.2 4.48  0.09 11.26 0.20 68.15 0.033
900 5.47 0.1 295 0.10 6.00 0.10 85.58 0.020
1000 0.00 0.0 358 0.10 0.00 0.00 89.05 0.020
1100 0.00 0.0 2.04 0.06 1.67 0.05 96.28 0.007
1150 0.00 0.0 179 0.04 0.00 0.00 98.21 0.003
HT 0.00 0.0 467 004 1.07 0.02 94.25 0.004
Oxalate Feed 18.0 1.0 0.00 0.00 0.00 0.00 363 1.7 41.00 1.00
600 3158 1.0 0.00 0.00 0.00 0.00 67.05 0.087
700 26.42 0.4 13.37 0.20 0.00 0.00 60.21 0.04
800 1389 0.2 440 0.08 8.00 0.10 73.71 0.025
900 2.55 0.1 3.68 0.10 3.58 0.10 90.19 0.018
1000 2.53 0.2 6.32  0.40 211 0.20 89.05 0.053
1100 0.00 0.0 256 0.04 0.00 0.00 97.44 0.003
1150 0.00 0.0 189 0.10 0.00 0.00 98.11 0.007
HT 0.00 0.0 3.13 0.03 3.77 0.04 93.11 0.005
Sucrose 600 30.11 0.3 543 0.08 8.34 0.09 56.13 0.031
800 2179 0.2 5.66  0.09 8.32 0.09 64.23 0.025
1000 4.38 0.1 5.18 0.06 3.73 0.05 86.72 0.011
1150 0.00 0.0 371 0.02 0.00 0.00 96.29 0.001
HT 0.00 0.0 354 0.04 4.04 0.04 92.42 0.005
Graphite 600 3368 1.0 313  0.05 9.26 0.20 47.98 0.107
800 1737 0.1 6.54 0.06 3.53 0.04 72.57 0.013
1000 0.00 0.0 454 0.04 0.00 0.00 95.46 0.003
1150 0.00 0.0 3.67 0.02 0.00 0.00 96.33 0.003
HT 0.00 0.0 554  0.05 0.00 0.00 94.46 0.003
Coke 600 3011 04 537 1.00 8.00 0.10 55.69 0.103
800 16.00 0.2 498 0.08 5.18 0.08 73.84 0.024
1000 4.62 0.0 1032 0.05 0.00 0.00 85.06 0.005
1150 0.00 0.0 437 0.03 0.00 0.00 95.63 0.002
HT 0.00 0.0 519 0.04 0.34 0.02 94.47 0.004
Formic Acid 600 26.42 03 3.03 0.03 8.84 0.10 57.60 0.042
800 16.53 0.2 475  0.07 6.34 0.08 72.39 0.023
1000 2.57 0.0 226 0.03 2.79 0.04 92.38 0.007
1150 0.00 0.0 2.08 0.02 0.00 0.00 97.92 0.001
HT 0.00 0.0 406 0.03 2.47 0.03 93.46 0.004
HEDTA 600 31.89 0.3 6.09 0.08 7.63 0.08 54.38 0.028
800 1526 0.1 6.97 0.05 2.12 0.03 75.65 0.012
1000 1.49 0.0 520 0.04 5.20 0.04 88.11 0.007
1150 0.00 0.0 3.89 0.03 0.00 0.00 96.11 0.002
HT 0.00 0.0 3.68 0.04 0.54 0.03 95.78 0.004
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Table 2. Summary of oxidation/reduction reactions in the HLW-NG-Fe2 and HLW-NG-

Fe2-R feeds at 600, 800, 1000 and 1150 °C.

Feed rReZi?i)c()n Temperature Con\jﬁrsion
Onset Complete
HLW-NG-Fe2 Fe3*/Fe?* - - 0
Mn**/Mn3* 600 1150 100
Cr3*/Crb* 0 800 79.2
Cré*/Cr¥* 800 1000 100
Ce**/Ce® 800 1150 90.5
HLW-NG-Fe2-S Fe3*/Fe? 800 1000 5.8
Fe?*/Fe3* 1000 1150 100
Mn**/Mn3* 600 1150 100
Cr3*/Crb* 0 800 37.9
Cré*/Cr¥* 800 1150 100
Ce**/Ce® 800 1000 1000
HLW-NG-Fe2-G Fe3*/Fe? 600 1000 58.2
Fe?*/Fe3* 1000 1150 47.4
Mn**/Mn3* 600 1000 100
Cr3*/Crb* 0 600 28.1
Cré*/Cr¥* 600 1000 100
Cr3*/Crb* 1000 1150 7.1
Ce**/Ce* 600 1000 100
HLW-NG-Fe2-C Fe3*/Fe?* 600 1150 34.5
Mn**/Mns3* 600 1000 100
Cr¥*/Crb* - - 0
Crb*/Cr3* - - 100
Ce**/Ce* 600 1000 100
HLW-NG-Fe2-F Fe3*/Fe? - - 0
Mn**/Mn3* 600 1150 100
Cr3*/Crb* 600 800 175
Cré*/Cr¥* 800 1000 100
Ce**/Ce® 800 1150 100
HLW-NG-Fe2-H Fe3*/Fe?* 600 800 39.1
Fe?*/Fe3* 800 1150 83.3
Mn**/Mn3* 600 1000 100
Cr¥*/Cr&* - - 0
Crb*/Cr3* - - 0
Ce**/Ce® 600 1000 100
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Table 3. Density of crystals identified in heat treated samples of HLW-NG-Fe2, HLW-NG-Fe2-
Il and HLW-NG-Fe2-R glasses.

Glass Phase ID ICDD Density

Fe O3 FesO4 Fe20s3 Fes04
HLW-NG-Fe2 01-089-0597  04-023-8319  5.27(2) 5.18(3)
HLW-NG-Fe2-11 01-079-1741  04-015-0157  5.27(2) 5.16(2)
HLW-NG-Fe2-S 01-089-0597 019-079-1500 5.27(3) 4.90(2)
HLW-NG-Fe2-G 04-020-9332 4.74(4)
HLW-NG-Fe2-C 04-015-9579  04-018-9791  5.27(2) 5.06(3)
HLW-NG-Fe2-F 01-089-0597  04-018-9791  5.27(2) 5.05(2)
HLW-NG-Fe2-H 01-089-0596  04-006-0436  5.27(3) 5.38(3)

Table 4. ICP-MS results of blank samples used in PCT-B after 7-days.

Element B1 B2 B3
gL* gL? gL?
Al 0.311 0.199 0.448
B 0.305 0.207 0.567
Ca 0.973 0.626 0.529
Cr 0 0 0
Fe 0.039 0.056 0.025
Li 0.007 0.011 0.072
Mg 0.39 0.255 0.253
Mn 0.009 0.027 0.185
Na 28.8792 9.01448 315
Ni 0 0 0
P 0.044 0.027 0
Pb 0 0 0
S 0.19 0.121 0
Si 5.491 2.965 4,57
Sr 0 0 0.014
Zr 0.003 0.006 0
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Table 5. ICP-MS results of HLW-NG-Fe2-1l, HLW-NG-Fe2-G (G) and HLW-NG-Fe2-

F (F) after 7-day PCT-B.

Element  HLW-NG-Fe2-II HLW-NG-Fe2-G HLW-NG-Fe2-F
gL® gL® gL™

1 2 3 1 2 3 1 2 3

Al 367 367 272 819 719 735 263 255 252
B 66.1 671 533 136 132 138 279 273 28
Ca 125 1.1 183 347 266 334 0944 113 1.46
Cr  0.005 0.014 0007 0.026 0.023 0023 0 0.005 0.006
Fe 246 281 218 306 239 272 135 129 1.42
Li 114 11.6 9.08 144 139 141 542 541 548
Mg 0034 0034 0084 176 135 15 0 0034 0.084
Mn 0598 0799 0.483 882 687 7.52 0.112 0.127 0.122
Na 136 134 119 207 198 203 541 56 532
Ni 0031 0.049 0.032 0.492 0.361 0.404 0.011 0.013 0.011
P 109 107 108 435 397 446 0933 0.862 0.84
Pb  0.183 0173 0.178 026 026 028 0071 006 0.125
S 0604 0583 0477 059 056 0.66 0.467 0.456 0.483
Si 401 41 345 797 718 763 401 399 394
Sr 0014 0023 0014 003 002 003 0 0005 0.009
Zr 0235 0252 0337 038 039 04 0137 0156 0.148

Table 6. PCT-B Data Normalised elemental mass loss (NLi) - g(waste form)m

Element HLW-NG-Fe2-11 HLW-NG-Fe2-G HLW-NG-Fe2-F
gm? gm? gm?
1 2 3 1 2 3 1 2 3
Al 24771 24771 18385 0 0 0  17.765 17.225 17.031
B 30.818 31.284 24.886 63.361 61.592 64.392 18.846 18.441 18.924
Ca 0 0 0 0 0 0 0 0 0
Cr 0058 0.161 0081 03 0.266 0.266 0 0.003 0.004
Fe 0.436 0498 0387 5415 4236 4.821 0912 0 0.96
Li 31518 32.071 2514 39.784 38.461 39.015 3.661 3.654 3.704
Mg 0 0 0 0 0 0 0 0 0
Mn 0 0 0 7.044 0 0 0 0 0
Na 0 0 0 0 0 0 0 0 0
Ni 10763 0 10778 64532 21543 10772 O 0 0
p 0 0 0 25546 2335 26232 0 0 0
Pb 0629 0595 0613 0886 0.887 0.96 0048 0.041 0.084
S 0 0 0 0 0 0 0 0 0
Si 0 0 0 0 0 0 0 0 0
Sr 0 0 0 0 0 0 0 0 0
zr 0 0.604 0.809 0.915 0.946 0.962 0 0 0
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Table 7. PCT Data Average normalised elemental mass loss (NLi) - g(waste form) m

Table 8. PCT Data Average normalised elemental mass loss (NLi) - g(waste form) m

Element Normalised Loss (g m™)
HLW-NG-Fe2-1l  HLW-NG-Fe2-G  HLW-NG-Fe2-F
Al 22.642 0 17.341
B 28.996 63.115 18.737
Ca 0 0 0
Cr 0.1 0.277 0.002
Fe 0.44 4.824 0.624
Li 29.577 39.087 3.673
Mg 0 0 0
Mn 0 2.348 0
Na 0 0 0
Ni 7.181 5.389 37.655
P 0 25.043 0
Pb 0.612 0.911 0.058
S 0 0 0
Si 0 0 0
Sr 0 0 0
Zr 0.471 0.941 0

day*
Element Normalised Loss (g m?)
HLW-NG-Fe2-11 HLW-NG-Fe2-G HLW-NG-Fe2-F
Al 3.235 0 2.477
B 4.142 9.016 2.677
Ca 0 0 0
Cr 0.014 0.04 0
Fe 0.063 0.689 0.089
Li 4.225 5.584 0.525
Mg 0 0 0
Mn 0 0.335 0
Na 0 0 0
Ni 1.026 0.77 5.379
P 0 3.578 0
Pb 0.087 0.13 0.008
S 0 0 0
Si 0 0 0
Sr 0 0 0
Zr 0.067 0.134 0
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Table 9. PCT Data Average Standard deviations of NLi

HLW-NG- Al B Ca Cr Fe Li Mg Mn

Fe2-I1 3.010 2.913 0.000 0.044 0.045 3.145 0.000 0.000
Fe2-G 0.000 0.885 0.000 0.017 0.590 0.661 0.000 3.522
Fe2-F 8.883 22.773 0.000 0.133 1.955 17.677 0.000 0.000
HLW-NG- Na Ni P Pb S Si Sr Zr

Fe2-11 0.000 5.077 0.000 0.014 0.000 0.000 0.000 0.344
Fe2-G 0.000 5.389 1.098 0.009 0.000 0.000 0.000 0.102
Fe2-F 0.000 26.877 13.116 0.137 0.000 0.000 0.000 0.053

Table 10. Measured glass properties of the HLW-NG-Fe2-R feeds, along with the
control limits for these properties employed at the Waste Treatment Plants, and the

maximum normalised foam volume for each of the feeds during melting.

Reductant Carbon Maximum Spinel Notil—léjj B
Feed Name Carbon content g* Normalised  phase vol% Loss day™ (g Fe**/Fer
Source Foam Vol at 950 °C LY

Limits 1.0 4 0.3
HLW-NG-Fe2 - 0 10.0 0.9(1) 0.986* 0.0
HLW-NG-Fe2-S Sucrose 0.42 9.40 1.1(2) 0.0
HLW-NG-Fe2-G Graphite 1 4.90 1.2(3) 3.151 0.53
HLW-NG-Fe2-C Coke Dust 0.93 4.57 0.9(2) 0.35
HLW-NG-Fe2-F  Formic Acid 0.26 7.63 0.9(2) 0.925 0.0
HLW-NG-Fe2-H HEDTA 0.43 7.86 1.0(2) 0.17
* Literature value from (Matlack et al. 2012).
Table 11. Phases identified as starting models in the final glasses.

Feed Phase ID ICDD Ref. Lattice Constants (A)

HLW-NG-Fe2 FesOq4 01-076-1849 8.401(04)

HLW-NG-Fe2-I1 FesO4 01-088-0866 8.391(2)

HLW-NG-Fe2-S FesO4 04-014-4322 8.392(1)

HLW-NG-Fe2-G FesOq 04-009-4255 8.395(1)

HLW-NG-Fe2-C FesO4 00-019-0629 8.395(1)

HLW-NG-Fe2-F FesOq4 04-008-4511 8.404(1)

HLW-NG-Fe2-H Fes04 01-087-2334 8.398(1)
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C — Deconvolution of Raman glass spectra
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Figure 1. Deconvolution of Raman spectrum for HLW-NG-Fe2 glass

Table 1. Fit values for deconvolution of Raman spectrum for HLW-NG-Fe2 glass.

XC XC A A w w Statistics
Value  Standard  Value Standard Value Standard Reduced Adj. R-
Error Error Error Chi-Sqr  Square
Peakl 505.8 0.4 5740.3 27.6 194.4 1.0 0.927 0.998
Peak?2 724.6 0.8 1064.5 19.3 105.4 2.0
Peak3 930.6 11.3 4098.3 7011.7 85.0 12.8
Peak4 976.6 39.8 5836.8 10355.9 104.9 51.3
Peak5 1049.1 28.3 7366.2 3592.0 152.7 22.2
Peak6 1239.7 1.0 870.3 47.8 73.8 2.5
Peak7 1365.4 0.4 6706.2 38.2 156.3 0.9
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Figure 2. Deconvolution of Raman spectrum for HLW-NG-Fe2-11 glass

Table 2. Fit values for deconvolution of Raman spectrum for HLW-NG-Fe2-11 glass.

XC XC A A w w Statistics
. Standard Standard Standard Reduced  AdjR-
Intensity  Value Error Value Error Value Error Chi-Sgr ~ Square
Peake 504.6 0.8 7060.9 65.2 195.7 1.7 1.314 0.998

Peak2 607.6 0.2 13255 359 442 0.7
Peak3 685.1 15 22901.8 66.4 128.5 3.0
Peak4 908.3 19.5 14301 43319 66.4 19.0
Peak5 952.8 9.2 5810.6 18546.3  85.0 60.9
Peak6 1013.1 66.4 6240.1 343493 115.2 185.6
Peak7 10969  283.5 4530.1 20866.2 160.7 280.3
Peak8 1241.2 3.4 1004.4 521.2 75.0 9.4
Peak9 1361.9 0.9 6798.6 84.3 155.1 1.4
Peak10  1779.2 5.3 206.2 24.1 119.7 13.8
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Figure 3. Deconvolution of Raman spectrum for HLW-NG-Fe2-S glass

Table 3. Fit values for deconvolution of Raman spectrum for HLW-NG-Fe2-S glass.

XC XC A A w w Statistics

. Standard Standard Standard Reduced Adj. R-

Intensity  Value Error Value Error Value Error Chi-Sqr  Square

Peakl 494.94 0.83 667490 67.98 179.10 1.33 0.67 0.99
Peak?2 612.98 0.16 1192.01  26.56 42.73 0.56
Peak3 673.87 2.19 2708.62 86.52  153.93 3.15
Peak4 909.90 9.48 990.45 1661.97 60.97 12.26
Peak5 955.56 4.82 601556 10082.2 83.38 30.19
Peak6 101439 4355 573492 191639 113.61 115.07
Peak? 1098.21 138.78 4897.54 111543 158.34 135.84
Peak8 1243.69 2.20 908.05 268.14  73.07 5.73
Peak9 1363.54 0.63 7564.62 133.86 163.12 2.31
Peak10 - - - - - -
Peakll 154524  15.38 506.79 9484 186.93 23.22
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Figure 4. Deconvolution of Raman spectrum for HLW-NG-Fe2-G glass

Table 4. Fit values for deconvolution of Raman spectrum for HLW-NG-Fe2-G glass.

XC XC A A w w Statistics

Intensiry ~ Value Standard Value Standard Value Standard Red_uced Adj. R-

Error Error Error Chi-Sqr Square

Peakl 501.0 04 7726.0 41.6 191.0 1.0 0.65 0.999
Peak2 610.2 0.3 941.6 22.4 47.3 0.7
Peak3 705.3 0.9 1675.6 28.7 126.6 2.2
Peak4 942.9 6.0 77477  5279.1 92.6 5.6
Peak5 1001.4 14.8 6691.8 147748 1154 65.7
Peak6 1073.8 86.3 5905.6 9755.2 1481 63.8
Peak7 1240.7 15 1061.8 100.1 78.4 3.1
Peak8 1365.8 0.3 7569.1 39.3 156.1 0.8
Peak9 1775.7 1.9 983.2 30.1 216.8 5.6
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Figure 5. Deconvolution of Raman spectrum for HLW-NG-Fe2-C glass

Table 5. Fit values for deconvolution of Raman spectrum for HLW-NG-Fe2-C glass.

Xc XC A A w w Statistics

Intensiry ~ Value Standard Value Standard Value Standard Reo!uced Adj. R-

Error Error Error Chi-Sgr  Square

Peakl 498.0 2.1 7159.0 178.4 183.6 3.2 2.9 1.0
Peak2 609.1 0.2 2077.3 68.3 44.4 0.8
Peak3 662.5 4.2 3221.2 227.0 142.7 5.3
Peak4 943.9 9.5 6446.7 6384.7  88.38 8.9
Peakb 1006.4 12.7 6696.7 162757 112.7 91.9
Peak6 1094.8 113.1 4709.7 10533.6 139.1 123.0
Peak7 1237.7 7.8 14425 603.8 95.6 14.1
Peak8 1362.2 1.6 68151 2448  156.8 4.9
Peak9 1571.0 13.7 -590.3 102.0 182.2 27.5
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Figure 6. Deconvolution of Raman spectrum for HLW-NG-Fe2-F glass

Table 6. Fit values for deconvolution of Raman spectrum for HLW-NG-Fe2-F glass.

XC XC A A W w Statistics

Intensiry ~ Value Standard Value Standard Value Standard Red_uced Adj. R-

Error Error Error Chi-Sgr  Square

Peakl 490.7 0.7 4477 44.7 158.1 15 0.7 1.0
Peak2 606.0 14 444 .4 39.4 74.2 4.0
Peak3 729.4 0.9 1178.7 23.3 114.6 25
Peak4 961.9 0.5 13493.5 131.8 118.2 0.7
Peakb 9924 0.7 124.8 20.8 23.8 2.3
Peak6 1052.5 1.0 3719.8 235.9 81.8 3.4
Peak7 1112.2 2.1 765.5 135.1 56.0 2.7
Peak8 1248.3 0.6 497.2 18.1 56.5 1.6
Peak9 1368.3 0.2 7956.9 28.2 151.6 0.6
Peak10 1759.5 15 1316.2 30.2 219.6 4.3
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Figure 7. Deconvolution of Raman spectrum for HLW-NG-Fe2-H glass

Table 7. Fit values for deconvolution of Raman spectrum for HLW-NG-Fe2-H glass.

Xc XC A A w w Statistics

Intensiry ~ Value Standard Value Standard Value Standard Requced Adj. R-

Error Error Error Chi-Sgr  Square

Peakl 497.0 0.8 53925 58.9 180.6 1.7 0.97 0.999
Peak2 609.2 0.3 834.0 27.6 44.2 0.9
Peak3 719.2 2.2 1718.1 119.7 170.9 12.6
Peak4 958.2 168.1 83545 47753.7 136.8 52.3
Peakb 1051.2 46.1 47259 14769.0 946 514
Peak6 958.2 59.2 51725 335419 99.0 72.9
Peak7 11194 4.5 601.5 427.7 56.9 7.9
Peak8 1245.8 1.0 292.7 16.9 50.2 25
Peak9 1372.1 0.3 6768.6 31.4 154.7 0.7
Peak10 1783.3 1.7 1185.6 33.3 197.8 4.8
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Table 8. Peak positions and areas of borate and borosilicate related Raman bands.

Glass Danburite (610 cm™) B-O- in BO4 units
Peak area Peak area Peak position (cm™)

HLW-NG-Fe2 0 6706 1365
HLW-NG-Fe2-11 1325 6799 1362
HLW-NG-Fe2-S 1192 7565 1364
HLW-NG-Fe2-G 942 7569 1366
HLW-NG-Fe2-C 2077 6815 1362
HLW-NG-Fe2-F 444 7957 1368
HLW-NG-Fe2-H 834 6769 1372

*assignment of bands is tentative (see main thesis).
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D — SEM/EDX and X-Ray CT Images

10pum

Figure 1. EDX maps of the top feed portion of the HLW-NG-Fe2 Laboratory Scale

Melter sample.
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Figure 2. EDX maps of the middle feed-to-glass portion of the HLW-NG-Fe2

Laboratory Scale Melter sample.
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Figure 4. HLW-NG-Fe2-G Backscattered Electron SEM Image at 10,000 X.
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Figure 5. HLW-NG-Fe2-G EDX Maps.
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Figure 6. HLW-NG-Fe2-F Backscattered Electron SEM Image at 10,000 X.
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Figure 7. HLW-NG-Fe2-F EDX Maps.
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Figure 8. HLW-NG-Fe2-H Backscattered Electron SEM Image at 10,000 X.
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Figure 9. HLW-NG-Fe2-H EDX Maps.
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