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SUMMARY

Thorium is currently produced primarily as an impure by-product of the
mining and processing of the rare earth phosphate mineral monazite.
Thorium concentrates are currently purified industrially by solvent
extraction with PC-88a, but this extractant cannot separate uranium and
iron from thorium. In this work mixtures of PC-88a and HDEHP were
investigated for the mutual separation of uranium, thorium and iron. The
extracted complexes were identified. U and Fe were extracted by cation
exchange, while Th was extracted by a mixed cation exchange/solvation
mechanism. It was found that three contact stages could extract > 99% of

the thorium. A flowsheet was proposed.

The first modern use of thorium as a nuclear fuel is most likely to be as an
oxide fuel within Generation III+ nuclear reactors. In this work a uranium-
plutonium mixed oxide was investigated as a fissile driver for thorium in the
Enhanced CANDU 6 reactor, as an alternative to the proposed UK CANMOX
fuel for irradiation of the UK plutonium inventory. A large number of fuel
concepts were considered, and several were analysed by Monte Carlo
simulation. It was found that U-Pu-Th fuels could offer transmutation of the
plutonium, irradiate UK reprocessed uranium and give improved coolant

void reactivities, while irradiating thorium and converting it to fissile 233U.

Thorium and uranium may be recovered from spent nuclear fuel by the Acid
THOREX process, which uses TBP solvent extraction. However, TBP has a
number of disadvantages. In this work several alternative solvent extraction
systems were investigated for the separation of Th, U, Fe and Zr. PC-88a was
mixed with ten other extractants as potential synergists, extracting from
hydrochloric, nitric and sulfuric acids. Several promising systems were

identified based on distribution ratios and separation factors.
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LIST OF NOMENCLATURE

As they are only mentioned very briefly, the list of abbreviations here does

not include most solvent extraction materials listed in Chapter 2. Definitions

are given within the text.

ABBREVIATION | FULL TERM

AAS Atomic Absorption Spectroscopy

ABWR Advanced Boiling Water Reactor

ACR-700 Advanced CANDU 700

ADS Accelerator Driven System

AECL Atomic Energy of Canada Itd.

AGR Advanced Gas-cooled Reactor

Aliquat-336 | Tricaprylmethylammonium chloride

AMEX Amine Extraction process

AP1000 Advanced Passive 1000 (reactor)

BMIM 1-butyl-3-methylimidazolium (chloride)

BOL Beginning of Life

BWR Boiling Water Reactor

CANDU Canadian Deuterium Uranium (reactor)

CANMOX A proposal to irradiate UK plutonium in EC6 reactors

CCS Carbon Capture and Sequestration

CGN China General Nuclear Power Corporation

CMPO Carbamoyl methyl phosphine oxide

Cyphos 101 | Trihexyl(tetradecyl)phosphonium chloride

DECC UK Department of Energy & Climate Change

DEHPA See “HDEHP”

DU Depleted uranium

DUPIC Direct Use of Used PWR fuel in CANDU

EC6 Enhanced CANDU 6 (reactor)

EDS Energy Dispersive X-ray Spectroscopy

ENDF Evaluated Nuclear Data File

EOL End of Life

EPR European Pressurised Reactor -or- Evolutionary Power
Reactor. Now known officially as simply EPR.

EXAFS X-ray Absorption Fine Structure Spectroscopy

eV Electron volt, a unit of energy equal to 1.6x10-19 joules

FP Fission Products

FTIR Fourier Transform Infrared spectroscopy

XXVi



GE General Electric

HDEHP Di(2-ethylhexyl) phosphoric acid

HEHEHP See “PC-88a”

HPR1000 Name of reactor type formally designated “Hualong One”

HTR High Temperature Reactor

[AEA International Atomic Energy Agency

IBOS Inner blanket, outer seed

ICP Inductively Coupled Plasma spectroscopy

ICP-MS Inductively Coupled Plasma Mass Spectroscopy
Inductively Coupled Plasma Optical Emission

ICP-OES Spectroscopy

[OBMS Inner and outer blanket, middle seed

ISOB Inner seed, outer blanket

JEFF Joint Evaluated Fission and Fusion File

JENDL Japanese Evaluated Nuclear Data Library

kgHM Kilograms of heavy metal

LEU Low enriched uranium (< 5% 235U)

LFTR Liquid fluoride thorium reactor

LWR Light water reactor
Minor actinides (actinides in spent nuclear fuel besides

MA those which make up the main fuel component, i.e. U, Pu,
Th).
Magnesium non-oxidising, the designation of a
magnesium-aluminium alloy used as a fuel cladding

MAGNOX material in the UK’s first generation of nuclear power
plants, which were also known as MAGNOX reactors or
MAGNOX plants.

MDU MAGNOX Depleted Uranium

MFR Moderator to Fuel Ratio

MOX Mixed Oxide (fuel)

MSR Molten Salt Reactor

NatU Natural uranium

NDA Nuclear Decommissioning Authority

NMR Nuclear Magnetic Resonance spectroscopy

NNL National Nuclear Laboratory

NUE Natural uranium equivalent
Di-(2-ethylhexyl) xxviihosphonic acid mono 2-ethylhexyl

PC-88a ester

PHWR Pressurised Heavy Water Reactor

PLEx Plant Lifetime Extension
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CHAPTER 1 INTRODUCTION

1 INTRODUCTION

This academic thesis presents work carried out into the preparation of
nuclear-grade thorium for nuclear fuel production, specifically the use of
HDEHP as a synergist for PC-88a for the separation of thorium from
uranium and iron in nuclear fuel preparation. In addition, a novel use of
thorium in heavy water-moderated nuclear power reactors is presented for
plutonium irradiation, using fertile thorium oxide driven by a fissile mixture
of reprocessed uranium and plutonium. A study is also reported into the
separation of Th, U, Zr and Fe in thorium spent fuel, comparing ten potential

synergists for PC-88a from three mineral acids as the aqueous phase.

1.1 AIMS

This work described in this thesis covers three principal aims:

1) Determine the extracted complexes and number of contact stages
required to extract 99% of the dissolved thorium within an acidic
monazite leachate using mixtures of PC-88a and HDEHP.

2) Determine the evolution of k;,f with burnup for mixed U-Pu-Th oxide
nuclear fuels as an alternative to the proposed UK CANMOX fuel of U-
Pu MOX with dysprosium absorber in the Enhanced CANDU 6 reactor.
Also to determine the isotopic composition of the fuel actinides upon
discharge from the core and the effect of coolant voiding on reactivity
with this fuel.

3) Identify potential synergists for PC-88a for the separation of uranium,
thorium, zirconium and iron for spent thorium nuclear fuel
reprocessing by determining the distribution ratios and separation

factors against thorium and uranium for these metals.
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1.2 THE STRUCTURE OF THIS THESIS

This thesis is presented in seven chapters.

In this first chapter, a general introduction is given, presenting a justification
for thorium-based nuclear energy and introducing the areas for potential

improvement in the thorium nuclear fuel cycle which are herein addressed.

In Chapter 2 is presented relevant background theory required for a fuller
understanding of the literature review and the novel work reported. A
review of the state-of-the-art in the areas of work is also presented.
Scientific literature relevant to the aims given above is considered, and gaps

are identified for further study, leading to the aims of the thesis above.

In Chapter 3, a liquid-liquid distribution system using PC-88a and HDEHP
for the separation of thorium, uranium and iron is developed in detail for
thorium minerals processing, with the extracted complexes identified and

the number of contact stages for 99% thorium extraction determined.

In Chapter 4, an application for thorium is investigated as a component of
pressurised heavy water reactor fuel. The neutronic feasibility of the fuel is

assessed in a homogeneous, infinite reactor core at the beginning of its life.

In Chapter 5, a computational simulation is presented to validate and
develop the work presented in Chapter 4, extending the homogeneous core
to an infinite two-dimensional lattice of fuel channels and including burnup

behaviour, isotopic composition evolution and coolant void reactivity.

In Chapter 6, a screening study is presented into ten potential liquid-liquid
distribution extractants in combination with PC-88a and three minerals
acids as aqueous media in order to separate uranium, thorium, iron and

zirconium in spent thorium nuclear fuel.

Finally, Chapter 7 concludes the thesis and reviews and summarises the

work carried out and the suggested next steps for further development.

2



CHAPTER 1 INTRODUCTION

1.3 GLOBAL CONTEXT — THE NEED FOR NUCLEAR ENERGY

Predictions of increasing world population and economic growth are a
warning signal for increased global energy consumption, particularly in the
rapidly developing nations of India and China [1, 2]. Secure and independent
access to energy and supplies of other natural resources is becoming

increasingly important globally [3-7].

Energy supplies in the modern world have to meet several criteria to be
effective and acceptable. Energy systems must offer reliable supply, be
environmentally sustainable, be acceptable to the public and policy makers,
and be within the scope of appropriate legal and regulatory frameworks.
Systems should also offer independence from outside influences, for
example impacts from primary fuel price rises or supply shortages, or attack

by hostile actors. The system must also be economically competitive [8, 9].

Today the world is shifting towards a very different mixture of electrical
supply technologies than has been used historically, with fossil fuelled
power plants being increasingly pushed aside in favour of low carbon
technologies as a response to global climate change, as evidenced most
recently by the Paris Agreement [10, 11]. In the UK, for example, it is
anticipated that within 15 years all coal-fired power stations will be closed,

with a transition to low carbon nuclear and renewable energy sources [12].

If globally increasing energy demand is to be met in a way that respects the
requirements outlined above, nuclear power must form a part of the global
energy mix [8, 13]. Nuclear power is the only reliable, technologically
mature and low carbon energy source which is neither dependant on
external factors beyond human control such as the weather, nor extremely
limited by geographical requirements such as the need for fast flowing
water supplies. Nuclear power is predicted to become an increasingly
important for all world-regions, over a range of timescales depending on the

region in question [14].
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1.4 THE MODERN NUCLEAR POWER INDUSTRY

In order to discuss nuclear reactor technology in this thesis, it is necessary
to begin with a general overview of nuclear power reactors and their
operating principles. This topic is discussed at length in the scientific and
popular science literature, and the reader may consult numerous sources for
further information [15-20]. A summary overview of the relevant topics

required for an understanding of this thesis is given in Section 2.1.

Of the various reactor types in the world, the most common is the Light
Water Reactor (LWR), accounting for 85% of operating reactors in 2014
[21], which combines the Pressurised Water Reactor (PWR) and Boiling
Water Reactor (BWR) categories. The other common type is the Pressurised

Heavy Water Reactor (PHWR), making up 11% of operating reactors.

Following the Fukushima Daiichi nuclear accident in 2011 public confidence
in nuclear power was severely reduced across the world, causing a number
of countries to re-evaluate their own nuclear programmes [22]. However,
many other countries are now planning an expansion or renewal of their
nuclear power programmes [23]. A recent indicator of returning public
confidence was the November 2016 referendum in Switzerland regarding
early closure of nuclear plants. The early closure proposal was rejected and

plants will continue to operate to their planned end of life (EOL) dates [24].

1.4.1 URANIUM-BASED NUCLEAR FUEL - SUPPLY AND DEMAND

Approximately 95% of operable civil power reactors are fuelled with mined
“primary” uranium, and the remainder are fuelled from “secondary”
uranium resources, principally reclaimed or repurposed materials from
existing inventories and/or weapons programmes, or reprocessed materials
from uranium-fuelled reactors [25]. Plutonium separated from used nuclear
fuel is often mixed with recycled uranium or depleted uranium tails from

enrichment processing in these secondary uranium fuelled reactors [26].

4
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Primary uranium resources are assured for the next 20 years, even under
high demand scenarios driven by aggressive expansion of nuclear power
[25]. Given that the planned operating lifetimes of modern plants is 40-60
years, and that now it is common to carry out Plant Lifetime Extension
(PLEX) operations on existing stations [27], it may be difficult to supply
sufficient fuel for plants built today in the latter part of their lives based on

current uranium estimates.

1.4.2 REDUCING FUEL RESOURCE UTILISATION

In the current generation of LWRs and PHWRs, improvements in uranium
resource utilisation have been limited by three main factors. The first is that
the conversion ratio (the fraction of the fuel fissioned which was produced
within the reactor through neutron capture on fertile materials) has not
been considered as an important design criterion, and is of the order of 0.5-

0.6 for LWRs and 0.8 for PHWRs [15, 20].

The second reason is that the production of enriched uranium oxide UO2
reactor fuel requires a very large amount of mined uranium per fuel element
in the core. Approximately 8-9 t of natural uranium are required per tonne
of 4.5% enriched uranium product in a modern LWR [15], and 100-1000
times this mass of uranium ore may need to be extracted to produce this

[28].

Thirdly, when the fuel is removed from the reactor, a significant quantity of
the fissile material remains as unburnt plutonium and uranium-235, of the
order of 2% total, and this is rarely recovered and reused. Only France and
Japan regularly reprocesses waste and reuse the products as fuel [29]. The
fraction of spent fuel not reprocessed and reused is difficult to estimate, but

reuse may reduce uranium requirements by approximately 25-30% [30].
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Taken together these factors indicate that LWRs, which represent 82% of
the world’s reactors, use barely 1% of the uranium that is mined to supply

them.

1.4.3 OPTIONS FOR SUSTAINABLE NUCLEAR FUEL MANAGEMENT

There is significant room for improvement in many areas of nuclear energy
systems for fuel resource utilisation, and these options and possibilities will
need to be exploited as the price of uranium increases over the coming

decades.

In the short term, possible areas for improvement include reducing the
depleted uranium tails assay in fuel enrichment from the current typical
value of 0.25% [30]. Additionally, increasing spent fuel reprocessing and
reuse of the separated fissile products in Mixed Oxide (MOX) fuels will give
reductions in natural uranium requirements. In the coming decades,
increased conversion ratios in reduced moderation reactors and fast

breeder reactors could further improve this [31-33].

1.5 THORIUM AS AN ALTERNATIVE FUEL TO URANIUM

In addition to uranium there also exists thorium, another naturally
occurring potential fuel. Full details of the thorium fuel cycle, its
opportunities and challenges are presented in [34]. A physics-based
comparison of uranium and thorium fuels is presented in Section 2.2.

However, a qualitative description of the key differences is presented here.

The comparison of uranium and thorium fuel cycles in order to determine
whether adoption of thorium is advantageous is partly subjective from the
viewpoint of the fuel cycle operator or country. Countries which have access
to plentiful thorium resources, limited uranium resources, and the need to
develop a largely indigenous fuel cycle, such as India, are very much

motivated to adopt thorium fuel cycles [35].
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Developed countries with established nuclear fuel cycles are much more
reserved when considering thorium fuel cycles. For the USA and UK,
thorium fuel cycles are not currently seen as sufficiently attractive to
displace U-Pu fuels [36-38]. Of course, this assessment may change

depending on the development of the thorium fuel cycle globally.

1.5.1 THE LIMITATIONS OF THORIUM

Thorium nuclear energy makes regular appearances in popular science
reporting [39, 40]. Thorium provides a complementary material to
supplement uranium resources, particularly with the decline in limited
secondary uranium resources [41]. However, thorium is often presented by
a sector of the scientific and technical community as a “silver bullet” - a
wonder fuel which can save the planet from climate change and energy
shortages in general, and the problems of uranium-fuelled nuclear energy in
particular. However, any nuclear fuel must be evaluated within the context

of a whole nuclear energy system in order to evaluate its potential benefits.

1.5.2 THE USE OF THORIUM AS A NUCLEAR FUEL

1.5.2.1 RESOURCE AVAILABILITY

Thorium is approximately four times more abundant than uranium in the
environment, and much of it is in the readily accessible ore monazite, which
concentrates as a sand in river beds and beaches, and in the ore bastnasite,
which is heavily mined for rare earths and iron in China [42]. A detailed

discussion of monazite resources in presented in Section 2.3 of this thesis.

1.5.2.2 THERMAL BREEDING WITH THE THORIUM-233U FUEL CYCLE

Unlike uranium, thorium is naturally monoisotopic in the environment,
found only as 232Th. This isotope is fertile, and can be converted to the fissile
233U by capturing a neutron and undergoing two - decays, as shown in the

reaction below, where t, ; is the radioactive decay half-life [43]
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to.5=21.8 min

ty.5=27.0 days
STh + fn — 2Th 2 —— 2ipa

2530
Where t,5 isthe half-life of the parent isotope, and

B~ indicates beta decay (electron emission).

Nuclear reactors require an amount of fissile material in the core in order to
be operable, the fission of which is driven by neutrons. The nuclear fission
process releases additional neutrons, which go on to cause further fissions,
sustaining a critical nuclear chain reaction [17]. Criticality may be expressed
through the neutron multiplication factor k;, s, the ratio of neutron
population in a generation to that of the previous generation. As thorium is
not fissile, a reactor cannot be fuelled with thorium alone, and requires a
source of neutrons, at least until the fraction of 233U reaches a level which is
sufficient to sustain a chain reaction without additional neutron sources.
The neutron producing fissile driver can be another fissile isotope, for
example 239Puy, or an external neutron source, as is used in an Accelerator

Driven System [44].

For a wide range of incident thermal neutron energies, the fission of 233U
releases more than two neutrons per neutron absorbed, with enough
margin to allow for two neutrons to remain after accounting for parasitic
neutron absorption or leakage in many cases. Thus, fuel breeding is possible
in thorium fuelled reactors with a thermal neutron spectrum [34, 45]. For a
breeding core, once the amount of 233U in a suitable geometry reaches
equilibrium no further fissile driver is required, and only additional thorium

needs to be introduced.

As 100% of primary thorium may be irradiated in a nuclear reactor, with no
enrichment losses and the possibility of complete thorium fissile conversion
in a thermal neutron spectrum, the resource utilisation of thorium compares

favourably to uranium, giving much reduced requirements for mining [46].
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1.6 NUCLEAR POWER IN THE UNITED KINGDOM

1.6.1 HISTORICAL AND CURRENT NUCLEAR OPERATIONS

The United Kingdom was one of the first countries to use nuclear power,
operating the Windscale Piles at low burnups for weapons-grade plutonium
production from 1950 to 1957. Since then, a generation of 26 MAGNOX-type
reactors have operated from 1956 to 2015 [47]. These were followed by
seven Advanced Gas-cooled Reactor (AGR) stations, which were connected
to the grid between 1976 and 1988 [48, 49]. These plants continue to
operate today and are scheduled to close between 2024 and 2030. In 1995 a
single PWR was built at Sizewell [50]. Sizewell B is currently planned to
operate until 2035. Fuller histories of the UK nuclear programme are

available in the literature [51, 52].

The UK is now at the beginning of a so-called nuclear renaissance, and aims
to allow the construction of approximately 16-18 GWe of new nuclear
generating capacity over the coming twenty years [53]. Eight sites have
been designated as potential sites for new nuclear stations, and it is
currently suggested that at least six of these will be used for new reactors.
These reactors will be built, owned and operated by private bodies, with
financial guarantees from the UK government on energy prices and loan

underwriting [54-60].

1.6.2 THE UK PLUTONIUM INVENTORY

Since reactor operations began in the UK, plutonium and uranium have been
separated from MAGNOX and AGR spent fuel and held in national
inventories [61]. MAGNOX reactors have a low burnup compared to modern
reactors, with the earliest reactors purposefully operating for highly fissile
plutonium production. AGR burnups were higher, but still relatively low

compared to modern LWRs [62].
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The resulting plutonium inventory is divided into “lots”, each of which has a
variable isotopic composition, due to the material having been produced
from a number of reactor types with different power and burnup histories,
and then aged in storage for up to 60 years, during which time decay

products have built up, notably the neutron absorber americium-241 [63].

The inventory is expected to reach 140 tHM when current reprocessing
contracts end in 2018, including ~25 tHM of foreign-owned plutonium [64].
It has been suggested that the annual cost of safely storing and safeguarding
this material may be approximately £80 million [65]. The Government views
this material as a “zero value asset”, rather than a waste, and is seeking
options through which the overall risk of the material may be reduced or
eliminated. The current preferred option is reuse of the plutonium in a fuel
form, as opposed to direct disposal as a waste [64]. The plutonium
management decision in government is owned by the Nuclear

Decommissioning Authority (NDA).

The UK National Nuclear Laboratory (NNL) has the task of assessing options

for plutonium disposition. They are considering four main options [64]:

1. Immobilisation and disposal in a suitable engineered waste form.

2. Production of MOX fuel for use in a suitable LWR. Previous efforts to
operate a MOX plant in the UK have been unsuccessful [66].

3. Production of a MOX fuel suitable for use in the SNC-Lavalin
Enhanced CANDU 6 (EC6), a PHWR.

4. Production of a metallic alloy fuel of plutonium, zirconium and
uranium suitable for use in the GE-Hitachi Nuclear Energy PRISM

reactor, a liquid sodium-cooled fast reactor.

The criteria used by NDA in selecting plutonium management options have
not been published. However, from the details of the various proposals put
forward to the NDA it would appear that the UK wishes to reduce the risks

of its separated plutonium inventory over a relatively short period of time,

10
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and that it is desirable for the final product of the dispositioning process to
be beyond use as a weapons material. In the case of reuse proposals, this
would mean that the plutonium would need to undergo significant
irradiation in a reactor in order to reduce the proportion of fissile isotopes
and to provide a degree of radiogenic self-protection from fission products
and minor actinides, followed by immobilisation in a final spent fuel form.
Furthermore it is assumed that the NDA would wish to maximise the
electrical energy value that may be recovered from the plutonium, and to

minimise the waste volumes arising from these activities.

The AREVA and GE-Hitachi proposals have a number of merits, but these
proposals will not be discussed further in this thesis. Instead this work will
focus on the proposal from SNC-Lavalin, called UK CANMOX. The proposal is
detailed further in Chapter 4 of this thesis. There are a number of problems
with the proposed fuel, the main of which being that it generates additional
plutonium and will lead to the irradiation of large quantities of depleted
uranium and the valuable rare earth element dysprosium. To counter these
problems, in Chapters 4 and 5 alternative fuel concepts for Pu irradiation in
PHWRs are proposed based on the use of thorium and reprocessed uranium
in place of dysprosium and depleted uranium. The aim was to determine
whether such a fuel concept would be neutronically feasible, by determining
how the neutron multiplication factor k;,; compares to that of natural
uranium and UK CANMOX fuels, and to determine the achievable discharge
burnup (energy release per unit mass of fuel), isotopic compositions on
discharge, thorium conversion to 233U, and whether the fuel could give an
improvement in core coolant void reactivity [67], a common problem and
potential regulatory hurdle for the Enhanced CANDU 6 reactor in the UK
[20, 68].

11
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1.7 AQUEOUS SEPARATIONS PROCESSES

Nuclear fuels have very strict requirements on chemical purity. All nuclei
absorb neutrons to some degree, and the presence of contaminants reduces
the availability of neutrons to sustain the fission chain reaction [69]. As
such, processes are required which separate contaminants from fuel
components. After irradiation, spent fuel reprocessing techniques may be
used to separate useful elements from waste materials, and may in future be
used to separate individual elements from spent fuel for advanced waste
treatments [70-73]. Currently the majority of used nuclear fuel separations
activities are carried out in aqueous media, from which the desired elements
are selectively extracted, leaving waste material behind. Front end
processing activities are more variable, depending on the process feed

material, but aqueous methods remain very common [74].

The methods most used in the nuclear industry are solvent extraction and
ion exchange [74-76]. These methods involve bringing the aqueous solution
of multiple metals into contact with an extraction medium. In solvent
extraction, the extraction medium is a liquid, while in ion exchange
processes the extraction medium is a solid. The metals distribute to some
extent between the aqueous medium and the extraction medium, which is
immiscible with the aqueous medium. The different affinity of each metal

towards the extraction media is used to separate them.

In this thesis several liquid-liquid distribution studies are discussed, and a
brief overview of the technique is presented in the following chapter. Many
detailed descriptions of solvent extraction theory are available in the
scientific literature, and the reader may consult the following sources for

further information [76-79].

Separations processes for thorium have been studied in great detail in the
literature, considering a very wide range of extractants in a variety of

situations and from a large set of aqueous media. These are detailed in
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Section 2.8. These studies have almost all examined individual extractants,
including the very well-established tributyl phosphate (TBP) [80-82], the
more industrially relevant phosphorous extractants such as PC-88a [83-85]
and HDEHP [86-88], and the more recent synthesis of experimental
extractants such as crown ethers [89-91] and calix-4-arenes [92-94]. PC-88a
in particular is the currently used extractant of choice for thorium recovery
[34]. However, in industrial use iron and uranium must be separated in a
separate step from the mineral solution feed before PC-88a may be used to
recover the thorium. In Chapter 3 is presented a possible system which
aimed to allow thorium to be separated selectively from a mixture of iron
and uranium, based on synergic mixtures of PC-88a and HDEHP, a
combination which has not previously been reported in the literature. The
aim was to determine the extracted complexes and number of contact stages
required to extract 99% of the dissolved thorium from an acidic solution of

uranium, thorium and iron.

The separation of thorium and uranium will also be required if it is desired
to recover 233U which has been produced in the reactor from thorium in
order to reintroduce this uranium into new thorium fuel, for instance if a
thorium-233U “equilibrium” fuel is needed to start a full thorium fuel cycle. In
CANDU reactors the fuel is surrounded by a zirconium alloy sheath, which
deforms under the pressure and temperature in the core and is compressed
onto the fuel pellets, making it difficult to mechanically separate the
zirconium from the fuel [20]. The separation of thorium, uranium, zirconium
and iron has not been well studied in the literature. In Chapter 6 a screening
study is presented of a set of ten potential synergists for PC-88a, including
HDEHP, for the separation of these metals. The aim was to determine the
distribution ratios of each metal and the separation factors of iron, uranium
and zirconium against thorium with the various synergic mixtures from
nitric, hydrochloric and sulfuric acids, in order to identify promising

systems for further detailed development.

13



THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS

1.8 CHAPTER SUMMARY

In this chapter the case has been made for nuclear power, particularly
thorium-based nuclear power. While thorium has fallen out of favour with
the mainstream nuclear industry, in the right applications it can
complement the existing uranium nuclear fuel cycle, enhancing the
sustainability credentials of nuclear energy and allowing improvements in a
number of areas such as resource utilisation, non-proliferation, and as a
fertile host material for plutonium stockpile irradiation. Despite this, the
thorium fuel cycle is relatively under-developed compared to the uranium

fuel cycle.

In addition background information has been given on the current status of
nuclear power in the UK, with a focus on plutonium management options, as
well as an introduction to solvent extraction as a means of separating metal

ions in aqueous solutions.

In the next chapter, the current state-of-the-art in thorium fuel preparation
and reactor irradiation are discussed, as well as the historical context of
thorium nuclear power research and development efforts. From this review

gaps in the scientific literature were identified for further study.
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2 INTRODUCTORY THEORY, THORIUM
RESOURCES AND LITERATURE

REVIEW

Having established the need for additional work in thorium separations
chemistry and thorium nuclear fuels in Chapter 1, this chapter begins with a
more detailed overview of reactor physics phenomena and the front end of
the thorium nuclear fuel cycle. Following this is a discussion of the current
scientific literature on the separation of thorium from other elements by
solvent extraction and the use of thorium dioxide as a nuclear fuel in

Generation III+ nuclear power reactors, particularly PHWRs.

2.1 OVERVIEW OF NUCLEAR POWER REACTOR OPERATING

PRINCIPLES AND BASIC PHYSICS

This section provides an introduction to nuclear reactor physics and
operations theory, as required for an understanding of the topics in this
thesis. Fuller details of these topics are available in the literature [15-20],
and these sources were used to compile the information reported in this

section.

Similar to a fossil fuelled power plant, electricity is produced in a nuclear
plant by turning a generator, using the mechanical work from a connected
steam or gas turbine. The heat required to turn this turbine is produced by a
nuclear fission reaction. Nuclear fission is the splitting of suitable heavy
atomic nuclei to release energy, occurring when these nuclei absorb

neutrons, become unstable, and split into two smaller fragments and a small
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number of neutrons. This is as opposed to nuclear fusion, where light atomic

nuclei are brought together to release energy [95].

2.1.1 NEUTRON INTERACTIONS WITH MATTER

Besides fission, several other important neutron-nucleus interactions are
possible. A neutron may be captured by a nucleus without inducing fission,
resulting in the formation of a heavier nucleus, which may then undergo
radioactive decay to form other isotopes. Neutrons may also be scattered by
nuclei, transferring a portion of their energy to the target nucleus and thus

changing their velocity.

The probability of a given neutron interacting with a nucleus is a function of
the target nucleus’ composition and the energies of the nucleus and the
incident neutron. These probabilities are often expressed as microscopic
neutron cross sections o, usually expressed in barns (b), where 1 b = 10-24
cm?, The cross sections for neutron-induced fission oy, radiative neutron
capture o., and elastic neutron scattering o, for some selected actinide
isotopes of importance in this work over a range of neutron energies are
shown in Figure 2.2 to Figure 2.7. Two further combined interaction cross-
sections are defined as the absorption cross section g, and the total

interaction cross section o;, as shown in Equation (2.1).
0y = 05+ 04 = 05 + 0, + 0f (2.1)

It can be seen that in general, the lower the energy of the incident neutron,
the greater the chance of it being absorbed. In the central part of the
neutron energy range, approximately 101 - 10> eV, the cross section is
characterised by a series of close peaks. These are known as neutron
resonances, and occur due to the fact that the possible energy states of a
nucleus are discrete, and neutrons are much more likely to be absorbed if

they have the correct energy to form a compound nucleus [17].

16



CHAPTER 2 INTRODUCTORY THEORY, THORIUM RESOURCES & LITERATURE REVIEW

10-S 1 10S

T T T T T T T T T T T T T T

10S - -10S

@ \ \
P i ]
S~
.g \N—
o L i
§ 1 1
-
)
o = —
@
»
o L i
*
°
S
o - -
= TH-232(N, EL)TH-232
L e TH=-232(N, F) 4
= TH-232(HN, G)TH-233
10-5 L —— TH-233(N,EL)TH-233 |

——— TH-233(N, F)
~— TH-233(N, G)TH-234

| 1 ! 1 1 | L ! 1 L | 1 L 1
10-S ; | 105
Incident Energy (el)

FIGURE 2.1 — SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR Th-232 AND -233 FOR A
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].

105 1 105

T T T T T T T T T T T T T T

105 - -110%

~
s i i
[
S
L]
= L 4
£ g
[
. 1k —H1
-
Q
@
» - .
“
©
g L 4
s} —— U-233(H,EL)U-233
—— U-233(N,F)

- —— U-233(N, G)U-234 1

10-5 | - 10-5
| L ! ! ! | L \ L ! | ! ! !
10-5 1 105

Incident Energy (el)

FIGURE 2.2 - SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR URANIUM-233 FOR A
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].

17



THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS

10-S

I
105

Cross Section (bharns)
=
T

T

10-S

— U-235(N, EL)U-235
= U-235(N,F)
~— U-235(N, G)U-236

10-S

Incident Energy (eV)

10S

10-S

FIGURE 2.3 - SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR URANIUM-235 FOR A
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].

105 1 105
l T T T T I T T T T I T
105 - 10%
L " d
| l
L | i
i (] b ]
e S, . A i
" ~|\\\l|
e
€ 1l ‘ 41
©
2 L ! | 4
~
c - -
o
-t
Lad L -
Q
@
%) L .
%
©10-s |- —10-S
[
o L i
B = U-238(N, EL)U-238 ]
i U-238(H, F)
U-238(N, G)U-239 )
1010 - —10-10
| 1 1 1 1 1 1 1 1 1 | 1
10-S 1 105

Incident Energy (el)

FIGURE 2.4 - SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR URANIUM-238 FOR A
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].

18



CHAPTER 2 INTRODUCTORY THEORY, THORIUM RESOURCES & LITERATURE REVIEW

10-S 1 105

10S - -110S

~ L -
12
c
=
L
2 L -
~
c
o 5 -
-t y al
g A1 04 -
» 1 . b [
9 m‘
[
-] 5 .
S
Q

R — PU-239(N, EL)PU-239 i

= PU-239(N, F)
— PU-239(N, G)PU-248
1 L 1 1 L 1 L 1 I L 1 1 1 L
10-S 1 105

Incident Energy (eV)

FIGURE 2.5 - SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR PLUTONIUM-239 FOR A
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].

10-5 1 105

T T T T T T T T T T T T T T

—— PU-248(N,EL)PU-248
s —— PU-248(H,F) s
10% ——— PU-240(N, G)PU-241 110

Cross Section (barns)

Incident Energy (el)

FIGURE 2.6 - SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR PLUTONIUM-240 FOR A
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FIGURE 2.7 - SELECTED NEUTRON INTERACTION CROSS SECTIONS FOR PLUTONIUM-241 FOR A
RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].

Microscopic cross sections vary as a function of target nucleus temperature
due to the Doppler broadening of peaks in the interaction spectra. As the
target nucleus temperature increases it vibrates more rapidly, leading to an
increase in the range of relative velocities between the incident neutron and
the target nucleus. Thus, with increasing temperature the interaction peaks

become more diffuse, with a lower maximum magnitude [16].

In addition to the microscopic neutron interaction cross section o, there
exists the macroscopic neutron interaction cross section X, which is the
microscopic cross section multiplied by the atomic density of the isotope, as

shown in Equation (2.2).
Zi = NO'i (22)

Where X; isthe macroscopic neutron cross section for interaction i, and

N  isthe atomic density of the isotope of interest.
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2.1.2 THE CRITICAL NUCLEAR FISSION CHAIN REACTION

Nuclear fuels are prepared from “fissile” materials (those which have a high
fission capture cross section) [18]. Most commonly used is the isotope
uranium-235, which releases 2-3 fast neutrons upon fission. These fast
neutrons have energies of ~2 MeV. The released neutrons may then go on to
cause fission in other 235U atoms. If exactly one released neutron goes on to
cause an additional fission, and this process is repeated, a self-sustaining
“critical” chain reaction can be created, as illustrated in diagrammatic form
in Figure 2.8. This may be achieved by bringing together a “critical mass” of
fissile material in a suitable geometry, number of neutrons being produced
by fission is balanced by the number of neutrons either being captured or
leaking from the critical mass. A nuclear reactor is critical when the number
of neutrons within the core is constant over time. This may be expressed by
the parameter k;,,f, as given in Equation (2.3), which accounts for neutron
production and absorption within an infinite reactor core, without neutron

leakage [19].

@ Fissile atom o, y
@ Fission product 1 ’ @
~
2%“”} e
@ Fission product 2 A N
v \ @
C ) Neutron ~
")
9 Proton Y \
Y Gamma photon

FIGURE 2.8 - THE NUCLEAR FISSION CHAIN REACTION. A NEUTRON CAUSES FISSION IN A FISSILE
ATOM, PRODUCING TWO FISSION FRAGMENTS, A NUMBER OF FAST NEUTRONS AND ENERGY IN
THE FORM OF HEAT. FIGURE BASED ON SOURCE [97].
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King =~ (2.3)
inf = 2.3
ni_q

Where ki, is the infinite neutron multiplication factor,

n; is the number of neutrons in the current generation, and

n;_, isthe number of neutrons in the previous generation.

Real reactors are naturally not infinitely large, and have some degree of
neutron leakage from the core. To account for this the effective neutron

multiplication factor k. is also defined, as given in Equation (2.4) [16].

kerr = KingPny (2.4)

Where ks is the effective neutron multiplication factor, and

Py, is the probability of neutron non-leakage.

When k.f = 1, the reaction is critical. When k,¢r > 1 the core is
supercritical, and when k,¢s < 1 the core is subcritical. Further to this,

another parameter, the core reactivity p, is defined in Equation (2.5) [16].
keff - 1

= 2.5
p korr (2.5)

Thus for a critical core, p = 0. A supercritical core will have positive

reactivity, and a subcritical core will have negative reactivity.

Uranium-235 forms 0.71% of natural uranium, with the remainder being
made up almost completely by uranium-238, which is not fissile, although it
can be converted to fissile plutonium-239 through radiative neutron capture

and beta decay as shown in the following reaction [17].

tg.5=23.5 min to.5=2.34 days
238 1 239 239 239

Similarly, thorium-232 is converted to the fissile isotope uranium-233 by

neutron capture, as was described in Section 1.5.2.2.
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2.1.3 NEUTRON MODERATION

As can be seen in Figure 2.2 and Figure 2.3, neutrons are most likely to cause
fissions in 23°U and 233U when their energies are lowered to the “thermal”
range, which is defined as ~0.025 eV. A 2 MeV fast neutron is approximately
500 times less likely to induce a fission in 233U than a thermal neutron,
based on the difference in their effective neutron cross sections [45]. Most
reactors slow down fast fission neutrons to thermal energies, thus
increasing the probability of fission reactions occurring, using a so-called

moderator [17].

The moderator will be a material of low atomic mass, which reduces the
neutron energy through elastic collisions between the neutrons and
moderator nuclei. The lighter the scattering nucleus, the more energy is lost
by the neutron per scattering event, known as the lethargy gain, or
logarithmic energy decrement, notated ¢ [16]. Moderators should not be
absorbent of neutrons and should have a high scattering cross section.
Common moderators include light (ordinary) water, heavy (deuterated)
water and graphite. The elastic scattering and radiative capture cross

sections for the key isotopes of these moderators are given in Figure 2.9.

Moderators may be compared through the moderator ratio parameter MR,
as defined in Equation (2.6), where the greatest ratio indicates the most

effective neutron moderator [16].

MR =22 (2.6)

Typical values for MR are 71 for light water, 5670 for heavy water, 143 for
beryllium and 192 for graphite [98]. Moderators which give rapid neutron
thermalisation are preferred, as they allow neutrons to more rapidly pass

through the resonance energy range with a lower chance of being captured.
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FIGURE 2.9 - ELASTIC SCATTERING (N,EL) AND RADIATIVE CAPTURE (N,G) CROSS SECTIONS
FOR HYDROGEN (H-1), DEUTERIUM (H-2), 0XYGEN (O-16) AND GRAPHITE (C-0) FOR A RANGE
OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM ENDF/B-VII.1 LIBRARY [96].

Reactors are often categorised into types based on their moderator
materials, i.e. Light Water Reactors (LWRs) and Pressurised Heavy Water
Reactors (PHWRs).

2.1.4 NEUTRON Lo0SsS

In a reactor, neutrons may be lost through several mechanisms. They may
be absorbed by fuel without causing a fission, be absorbed in other

materials present in the reactor or leak from the core [19].

Neutron loss due to absorption in the moderator is a key parameter is
reactor materials selection. Light water is a good moderator, as 1H has a
large scattering cross section and energy decrement. However, the neutron
absorption of light water is much greater than that of heavy water, leading
to significant absorption in the moderator for LWRs. For this reason, these

reactors are generally fuelled with enriched uranium, where the fraction of
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235U has been increased to give greater fuel reactivity. PHWRs do not

require enrichment, as the moderator has minimal neutron absorption [20].

2.1.5 CORE HEAT MANAGEMENT AND REMOVAL

Heat removal in the reactor is achieved by passing a coolant through the
core. In addition to extracting useful energy, this controls heat build-up in
the reactor, primarily in order to prevent materials from failing at high
temperature, both in normal operation as well as under accident scenarios.
LWRs usually use light water as both coolant and moderator [17]. Current
PHWRs use heavy water as both coolant and moderator, although the

coolant water and moderator water are segregated [20].

A simplified diagram of the key elements of a boiling water reactor (BWR)
system is shown in Figure 2.10. Structures outside of the containment
building are broadly similar for almost all reactor types, although many
plants use large bodies of open water for condensate cooling, rather than
cooling towers. However, systems inside the containment building vary
significantly according to reactor type. The reactor systems for two other

common reactor types, the PWR and PHWR, are shown in Figure 2.11.

Other thermal reactor types operating today include the Advanced Gas-
cooled Reactor, a graphite-moderated, carbon dioxide gas-cooled reactor
which only exists in the United Kingdom [49], and Russian RBMK and EGP-6

reactors, which are light water-cooled and graphite-moderated [99].

2.1.6 CORE CONTROL SYSTEMS

A nuclear reactor core must begin its life with some level of positive
reactivity, as otherwise it would instantaneously become sub-critical as
soon as the first nucleus underwent fission. Over the period of operation the
excess reactivity must be suppressed in order to achieve critical operation

(kefs = 1). This is commonly achieved by using neutron absorbing materials
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to reduce the population of neutrons in the core, allowing critical operation

over a fuel irradiation cycle [18, 19].

Containment
Structure

FIGURE 2.10 - SELECTED KEY COMPONENTS OF A BOILING WATER REACTOR. ILLUSTRATION
COURTESY OF CAMECO CORPORATION-URANIUM 101 [100].

!
T\

FIGURE 2.11 - KEY COMPONENTS IN THE NUCLEAR CONTAINMENT STRUCTURE FOR TWO OTHER
COMMON PLANT TYPES, THE PRESSURISED WATER REACTOR (PWR, LEFT) AND THE
PRESSURISED HEAVY WATER REACTOR (PHWR, RIGHT). ILLUSTRATIONS COURTESY OF
CAMECO CORPORATION-URANIUM 101 [100].

A number of systems are used in reactors to control the neutron population.
The most common are control rods. Control rods are solid bars which may
be driven into or out of the core, and contain neutron absorbing materials

such as boron, cadmium or gadolinium [17].

Neutron absorbing materials may also be built into the fuel assemblies, and

are thus fixed in position within the core. These are used as burnable
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neutron absorbers, which are intended to gradually be converted from
highly absorbent to low absorbent materials over the course of irradiation,
generally to smooth out large excesses of positive reactivity associated with

fresh nuclear fuel or temporarily reduce local neutron flux [16].

The third common method of reactivity control is “chemical shim” control,
where a soluble neutron absorber is added to the reactor coolant and/or

moderator. Generally this is boron, although gadolinium is also used [20].

PHWRs often feature Liquid Zone Control in addition, where vertical tubes
within the core may be filled with or emptied of light water in order to alter

the moderation and neutron capture profile [20, 68].

2.1.7 FUEL FERTILE CONVERSION AND BREEDING

Some nuclear fuel materials are not fissile, but are fertile, meaning that they
are converted by neutron capture to form fissile materials. 238U and 232Th
are examples of fertile materials. The quotient of the rates of production and
consumption of fissile material is termed the conversion ratio, C,, with C, >
1 indicating fuel breeding. Thermal reactors generally have 0 < C, < 1,
producing an amount of fissile plutonium as they consume 235U, which will

in turn be partially consumed [17].

2.1.8 REACTOR STABILITY AND COEFFICIENTS OF REACTIVITY

An operating reactor is not a machine in a steady state, and perturbations in
operating conditions can cause changes in the neutron population, thus
changing the core reactivity, leading to changes in core power and

temperature, leading in turn to variations in the density of core materials.

The effects of perturbations in reactor operating conditions on the neutron
population and core reactivity are expressed through reactivity coefficients

w, as defined in Equation (2.7) [16, 17, 19].
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_dp

= (2.7

w

Where w  is the reactivity coefficient,
p  isthe core reactivity, and

m  is the perturbation causing a change in reactivity.

It is always an aim of reactor design to have negative coefficients of
reactivity, as this means that any perturbation leads to a change in reactivity

which self-corrects the perturbation, giving a stable reactor [16, 17, 19].

Some key reactivity coefficients include the fuel temperature coefficient,
also known as the Doppler coefficient, where m in Equation (2.7) is the fuel
temperature [17]. As the fuel temperature increases so does the Doppler
broadening effect, leading to increased neutron absorption in the resonance
region. Additionally, there is the moderator temperature coefficient, where
m in Equation (2.7) is the moderator temperature. Increased moderator
temperature leads to decreased moderator density and thus less
moderation, hardening the neutron energy spectrum and giving lower

neutron absorption in the moderator [17].

The void coefficient is where m in Equation (2.7) is the fraction of voiding in
liquid coolants/moderators due to vaporisation. If the heat flux from the fuel
surpasses a critical value then the coolant may undergo a departure from
nucleate boiling, leading to fuel rods becoming surrounding by an insulating
vapour layer and thus being less able to discharge heat to the coolant,

potentially also giving reduced moderation [20].

When designing reactors, it is vital that the effect of these and many other
factors on the core be considered in order to ensure that the reactor will be

stable in operation over its life and during fault conditions [68].
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2.1.9 USED NUCLEAR FUEL

When nuclear fuel can no longer sustain the critical chain reaction, it is
removed from the reactor. The level of fuel irradiation achieved is often
described in terms of fuel “burnup”, measured as the amount of thermal
energy released from a unit mass of fuel, commonly in megawatt.days/

kilogram of heavy metal [16].

For most uranium-fuelled reactors the used fuel still contains approximately
95% uranium, with the remainder converted to fission products and other
actinides including plutonium, which are generally extremely radioactive
[101, 102]. This used fuel may be reprocessed to separate out the uranium
and plutonium from the other actinides and fission products, which are
considered as waste, or the whole used fuel may be classified as waste for
suitable disposal. The uranium and plutonium may be reused as nuclear fuel
[26]. In thorium-fuelled reactors the fuel might be reprocessed to recover

the 233U for reuse in a 233U-Th “equilibrium” fuel [103, 104].

2.1.10 PLUTONIUM AND PROLIFERATION

Besides being reused in reactors, plutonium may also be used in the
manufacture of nuclear weapon “pits”, the fissile core of a nuclear bomb.
The fissile isotope 239Pu has a critical mass of approximately 10 kg [105],
and it is this isotope that forms the majority of plutonium in spent nuclear

fuel.

Separated plutonium is hence highly attractive to individuals and groups
who wish to create a nuclear weapon. The illicit acquisition of nuclear

materials is known as plutonium proliferation [106].
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2.2 THORIUM AS A NUCLEAR FUEL

2.2.1 NUCLEAR INTERACTION PROPERTIES OF THORIUM

In addition to those presented previously in Section 1.5, thorium has a
number of other differences as a fuel when compared to uranium. Many of
these are linked to the nuclear properties of 233U and 232Th, as distinct from

235U and 238U respectively [43, 107].

As can be seen in Figure 2.1 and Figure 2.4, 232Th is approximately three
times more likely to capture a thermal neutron than 238U, meaning it
converts more readily to a fissile isotope. This property means that thorium
is an advantageous “host” material for the irradiation of separated fissile
materials such as plutonium, allowing longer irradiation cycles and higher
levels of fuel burnup to be achieved than with 238U, without producing
additional 239Pu [108]. Thorium fuels are also much less likely to form
transuranic elements, as the neutron capture cross section of 233U is less
than that of either 235U or 239Puy, but the fission cross sections are similar, as
can be seen in Figure 2.2, Figure 2.3 and Figure 2.5. In addition, plutonium
production is almost eliminated, as more neutron captures are required on

232Th than 238U to produce the element [107, 109].

Neutron capture on 232Th does not always lead to the production of 233U.
Some neutron interactions can lead to the formation of heavier 234U nuclei
following neutron capture on 233Pa or 233U, as shown in Figure 2.12 [110-
112]. Alternatively, neutron captures on 232Th, 233Pa or 233U may result in
the formation of 232U, again as shown in Figure 2.12 [112-115]. The
relatively long half-life of 233Pa (t, 5 = 27.0 d), compared to the equivalent
decay of 23°Np in the U-Pu fuel cycle (t,5 = 2.36 d), exacerbates this,
providing a large window of time in which 232U may be formed. The
microscopic cross sections for some selected neutron capture reactions on

protactinium isotopes are shown in Figure 2.13. Such even-numbered
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uranium isotopes have very low fission cross sections. Additionally, 232U has
a number of high-energy gamma ray emitting decay daughters and a half-life
of 68.9 years, meaning that if uranium were to be separated from thorium
spent fuel the separations process and uranic products would require
significant radiation shielding to be made safe, likely necessitating remote
handling. Sufficient time must also be allowed for any remaining 233Pa in the

spent fuel to decay to 233U prior to reprocessing [116].

A=231 A=232 A =233 A=234

o 23211

0 1.4x10%y
o, 2381p

b 330y

‘32U

FIGURE 2.12 - SELECTED NEUTRON CAPTURE INTERACTIONS AND RADIOACTIVE DECAY
REACTIONS FOR THORIUM-BASED NUCLEAR FUELS. SHOWN IN GREEN IS THE PATHWAY FROM
232Th TO 233U, WITH POSSIBLE ROUTES TO EVEN-NUMBERED URANIUM ISOTOPES IN BLUE.
REACTIONS SHOWN ARE NEUTRON CAPTURE-PRODUCTION (1,2n), RADIATIVE NEUTRON
CAPTURE (n,y), AND BETA DECAY (7). RADIATIVE CAPTURE CROSS SECTIONS ARE SHOWN FOR
0.025 eV INCIDENT NEUTRONS AND 1n,2n CROSS SECTIONS ARE AVERAGE VALUES FOR FISSION
SPECTRUM NEUTRONS, AS THIS REACTION HAS A THRESHOLD ENERGY OF 6-7 MeV [45].

The positive side of 232U is that it can be useful in providing radiogenic self-
shielding, giving inherent proliferation resistance to the spent thorium fuel.

Highly attractive proliferation materials may also be shielded by blending
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with 232 [38, 116, 117]. However, such self-shielding weakens over time as
the short-lived radiotoxic materials decay. Unfortunately 233U is an attractive
material for proliferation itself, being similarly effective in a weapon as

239Pu [118, 119], and it must be protected and safeguarded with the same
level of care and diligence [109, 120, 121].
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FIGURE 2.13 - SELECTED NEUTRON CAPTURE CROSS SECTIONS FOR PROTACTINIUM ISOTOPES
FOR A RANGE OF INCIDENT NEUTRON ENERGIES. DATA TAKEN FROM THE ENDF/B-VII.1
LIBRARY [96].

2.2.2 THORIUM SPENT FUEL

The radiotoxicity and heat generation rate of thorium spent nuclear fuel is
generally comparable to or lower than that of uranic spent fuel [102]. As in
shown in Figure 2.14, for the first 200 years following discharge from the
core the spent fuel radiotoxicity is comparable, with ?0Sr dominating. Over
the period 200-2000 years Th spent fuels are less radiotoxic than U spent

fuels, due to 241Am dominating in high plutonium fraction fuels. However,
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from 2000-2,000,000 post-irradiation 233U-thorium spent fuels are more
radiotoxic due to the 233U and 234U decay chains.

1.E+12
1.E+11
1.E+10
1.E+09
1.E+08

1.E+07 \x
=€ X

1.E+06
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Decay time /yr

Ingestion Toxicity, m3 water/tHM

——LEU -4 Pu/U Pu/Th =—x=—U233/Th

FIGURE 2.14 - INGESTION RADIOTOXICITY OF FOUR PWR FUELS AGAINST TIME POST-
IRRADIATION. IMAGE REPRODUCED FROM DATA PUBLISHED IN [116].

The spent fuel heat generation rate will be a crucial parameter in sizing a
nuclear waste geological repository, which is driven by the heat generation
at 1000 years post-irradiation [68]. The heat generated by a thorium-
uranium spent fuel is less than that of uranium-plutonium spent fuel over a

timescale of 1000 years [68, 102].

2.2.3 THE THORIUM OXIDE FUEL FORM

Thorium dioxide ThO2 as a fuel has a number of advantages and challenges
compared to uranium oxide fuel. Of the two, thorium dioxide is more

resistant to high temperatures, radiation damage and oxidation [122-125].

The chemical stability of ThO2 means that its behaviour in long term storage
and disposal is more predictable than UO: fuels, which can convert to UO3
and UsOs [126]. The downside of this chemical stability is that spent fuel

dissolution for reprocessing is also more complex, requiring mixtures of
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hydrofluoric acid and concentrated nitric acid in order to dissolve the spent

fuel [104, 127].

ThOz2 is also more refractory than UOz, meaning that higher fuel
temperatures in the core can be reached without fuel failure. However, this
also necessitates the use of higher temperatures in fuel pellet sintering,

which are more difficult to achieve [128-130].

2.2.4 THORIUM-FUELLED MOLTEN SALT REACTORS

When thorium nuclear fuel is discussed, it is almost inevitable that a
discussion of Molten Salt Reactors (MSRs) will follow. A description of the
current status of thorium-fuelled MSRs is given in [131]. MSRs have some
key differences from LWRs, which are briefly outlined here. MSRs have been
built and successfully operated historically [132], but today are still
considered to be an experimental concept which require detailed
development across materials science, reactor chemistry, and fuel
production and processing in order to be realised. A diagram of an example

MSR system is presented in Figure 2.15.

When fuelled by thorium, once at Th-233U equilibrium these reactors would
ideally be fuelled only by the addition of thorium, with 233U being produced
and burnt within the reactor system and not being separated. However,
there are many variations of the design, and many possible fuel cycles and

applications, making the above outline an example only.

Proponents of the technology insist that liquid fluoride thorium reactors
(LFTRs) may be available within as little as ten years [133]. In reality with
the requirements for research and development, power plant design, fuel
qualification, regulatory approval, fuel processing capacity deployment, and
the myriad other challenges facing such a revolutionary nuclear technology,
the timescale for commercial operation is more likely to be at least the mid-

21st century [134]. The first irradiations of thorium in commercial reactors
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will likely be as thorium oxide in LWRs [135] or PHWRs [136]. In this thesis,

fuels are considered for use in PHWRs.

Control
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Coolant salt
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exchanger
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Emsergency dump tanks

FIGURE 2.15 - SCHEMATIC DIAGRAM OF THE MAIN ELEMENTS OF A MOLTEN SALT REACTOR
(MSR) SYSTEM. THE “FREEZE PLUG” IS COMPOSED OF A MATERIAL WHICH WILL MELT IF THE
REACTOR TEMPERATURE BECOMES TOO HIGH, ALLOWING THE FUEL SALT TO DRAIN INTO SUB-
CRITICAL “DUMP TANKS” TO COOL AND SOLIDIFY [137].

2.3 THORIUM RESOURCES

Thorium resources can be classified as primary or secondary. Minerals
containing thorium are considered as primary thorium resources.
Secondary thorium resources include existing separated thorium

inventories and mineral processing residue stocks. The actual thorium

35



THE PREPARATION AND APPLICATION OF THORIUM-BASED NUCLEAR FUELS

resources used in fuel fabrication will be selected on the basis of resource

cost, ease of treatment, product value, and demand amongst other factors.

2.3.1 PRIMARY SOURCES OF THORIUM

Thorium currently has no large scale application and mineral resources
which contain it are currently not worked for their thorium content [138].
Thorium occurs in the natural environment as a component of a number of
minerals [139, 140]. Thorium is the major component of the minerals
thorianite ThOz and thorite ThSiO4 [141, 142]. These minerals often include
some fraction of uranium alongside the thorium [142]. Such uranium-
bearing minerals may be worked for their uranium content, but the thorium
is regularly discarded as a waste product, having little to no commercial

value today with the exception of research uses [143].

2.3.1.1 THE THORIUM-BEARING MINERAL MONAZITE

Monazite is the collective name for a group of monoclinic rare earth
phosphate minerals which may contain thorium in addition to elements
including cerium, lanthanum, neodymium, gadolinium and samarium [144,
145]. The general structure of monazite is given as (Ce,La,Nd,Th)(P04,Si04)
[141, 145]. The group includes several minerals designated by their
dominant cation, including Monazite-(Ce), Monazite-(La), Monazite-(Nd)
and Monazite-(Sm), as well as other minerals such as Gasparite-(Ce)

(Ce,RE)(As0O4) and Cheralite (Ce,Ca)(Ce, Th)POa4 [146].

While monazite does exist in bulk crystals as shown in Figure 2.16, it also
concentrates as a sand on beaches and in rivers due its high density and
greater resistance to erosive weathering processes than its’ common host
rocks [144]. The monazite forms a component of heavy mineral sands,
alongside other heavy, weathering-resistant minerals such as zircon ZrSiOs
and ilmenite FeTiOs. Such “placer” deposits are extensively worked for the

rare earth content of the monazite [147] and thus large quantities of
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thorium are produced as a by-product [148, 149]. An example of such a sand
is shown in Figure 2.16. The shown monazite samples were examined by
scanning electron microscopy, and the results of these examinations are

presented in Appendix A of this thesis.

o g O

FIGURE 2.16 - MONAZITE GROUP MINERAL CRYSTALS FROM LANDAAS, NORWAY (LEFT). SAND
CONTAINING MONAZITE FROM BRAZIL (RIGHT). SCALE IN CENTIMETRES.

A wide range of monazite composition data is available in the scientific
literature [142, 150-160]. The mass fractions of 9 different monazites from
different locations across four continents have been averaged to give the
composition of a “typical” monazite, which is given in Table 2.1. However,
the composition of any given mineral which might be processed for its rare
earth, thorium or uranium content may vary significantly from these
average values.

TABLE 2.1- AVERAGE MASS COMPOSITION DATA ACROSS 9 MONAZITE SAMPLES [142, 144,
151-161].

COMPONENT | MASS FRACTION COMPONENT | MASS FRACTION
ThO: 8.82% Al203 0.33%
P20s 26.38% Fe203 1.19%
SiO2 1.66% Ca0 1.33%
U30s 1.17% MgO 0.11%
Ce203 24.22% PbO 0.27%
La20s3 29.58% H20 0.49%
Y203 4.45%
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2.3.1.2 OTHER THORIUM-BEARING MINERALS

Thorium forms a minor component of over one hundred other minerals,
including niobates, tantalates, titanates, phosphates and silicates [142, 161].
These minerals are usually very low in thorium, or are not considered
amongst the primary sources of thorium for some other reason such as

rarity or lack of economic motivation.

2.3.1.3 GEOGRAPHICAL DISTRIBUTION OF THORIUM-BEARING
MONAZITE RESOURCES

Thorium mineral resources occur in a number of countries. Numerous
reports of monazite, thorianite and thorite resources give all three minerals
in carbonatites, pegmatites, vein deposits and placer deposits [142, 150-
152, 154, 161-166]. This thesis focusses on monazite. It is estimated that
total world thorium resources in major deposits are at least 6 million tonnes
[166], with total global resources estimated to be 12 million tonnes [34].
The largest thorium-rich mineral resources are Indian beach sands along the
country’s eastern coast. It is estimated that these sands alone contain one
million tonnes of thorium [166]. The Indian nuclear strategy relies on the
exploitation of these thorium resources in a closed fuel cycle, as the country
has little indigenous uranium and has for a long time been prevented from
importing the uranium and nuclear technology due to its status as a non-

signatory to the Nuclear Non-Proliferation Treaty [35, 167].

Significant monazite reserves containing ~6% thorium oxide also exist in
Brazil, and monazite was worked for its rare earth content in the country
from 1949-1992, producing thousands of tonnes of thorium hydroxide
concentrate by-product [168]. This thorium hydroxide by-product residue is

discussed further in Section 2.3.2.

Rare earth exploration and processing of monazites containing thorium was
underway in 2015 in Australia, Brazil, Sweden, North America (Canada,

Greenland and the United States), Asia (India, Kazakhstan, Russia, Thailand,
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Turkey, Vietnam) and Africa (Kenya, Madagascar, Malawi, Mozambique,
Namibia, South Africa, Tanzania) [166]. In addition, valuable thorium
resources are available, but not currently worked, in Sri Lanka [169, 170],
Malaysia [171] and Norway [151]. India and China are the main producers
of monazite, producing of the order of 5000 t/yr in 2005. The economically
recoverable thorium resources for countries with large resources are listed

in Table 2.2.

TABLE 2.2 — ESTIMATED RESERVES OF THORIUM IN SOME MAJOR SOURCE COUNTRIES, IN
TONNES OF THORIUM METAL, AND ESTIMATED THORIUM OXIDE FRACTION WHERE AVAILABLE
[34].

COUNTRY REASONABLY | ESTIMATED | THORIUM OXIDE FRACTION IN
ASSURED ADDITIONAL | MONAZITE
RESOURCES | RESERVES
/tHM /tHM
India 650,000 - 8.88%
Brazil 606,000 700,000 6.5%
Turkey 380,000 500,000 -
United States | 137,000 295,000 3.1% (Florida beach sand)
Norway 132,000 132,000 -
Greenland 54,000 32,000 -
Canada 45,000 128,000 -
Australia 19,000 - -
South Africa 18,000 - 5.9% (Bulk monazite rock)
Korea - - 5.47%
Italy - - 11.34%
Malaysia - - 8.75%
Sri Lanka - - 14.32%
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2.3.2 SECONDARY THORIUM RESOURCES

In addition to the primary monazite resources listed in Section 2.3.1, there
are also approximately 25,000 t of thorium oxide in monazite processing
residues, including those in Brazil discussed in Section 2.3.1.3 [34]. These
monazite residues represent a pre-concentrated source of thorium
compared to monazite, and are generally much more amenable to
dissolution/digestion. Their chemical form is dependent upon the treatment
they have received, but they are generally very low in rare earths while still
containing the bulk of the actinides, potentially alongside transition metals
and other materials whose recovery is not currently economically
advantageous [168, 171-173]. A description of the main processes by which
these residues are produced is given in Section 2.7. The separation of
thorium from monazite residues has been studied in the literature [174,

175].

Separated thorium stocks are held in several nuclear-powered countries,
with varying inventory size and material quality. The United States is known
to hold a stockpile of 3200 tHM of separated thorium nitrate [176], and
France holds a stockpile of 8500 tHM as nitrate and hydroxide [177]. Itis
highly likely that other countries, such as India and China, also have
separated thorium inventories. The UK now holds only a small thorium
inventory, being ~200 kgHM thorium oxide held at the Springfields site,

with all other thorium materials having now been classified as wastes [61].

2.3.3 THORIUM RESOURCE UTILISATION SCENARIOS

Monazite residues would be an excellent first source for thorium in the
event of increasing demand for the metal as a nuclear fuel [178]. While
demand for thorium is limited, it is likely that these existing residues will
form the primary sources of thorium, followed by new monazite processing
by-products as the availability of these stocks becomes limited. However, if

demand for thorium were to increase significantly due to the requirements
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of a developing fuel cycle, other mineral resources such as thorite would be

more likely to be worked for the element [138].

2.4 THORIUM FUEL CYCLE FRONT END

In this thesis a new process for thorium concentrate purification is
presented, concerning the decontamination of thorium from some common
co-contaminant metals found in monazite and its residues. An impure
thorium concentrate feed is assumed, with the goal of producing a high
purity thorium product. A brief overview is presented here of current

monazite processing, focussing on thorium recovery by solvent extraction.

2.4.1 OVERVIEW OF THORIUM PRODUCTION FROM MONAZITE ORE

Five broad stages can be considered in the processing of monazite-bearing
crude heavy mineral sands to produce a nuclear-grade thorium product

[107].

1. Extraction of suitable crude heavy mineral sands.

2. Concentration of the monazite from the crude mineral sand (known
as beneficiation).

3. Conversion of the monazite concentrate to thorium concentrate.

4. Purification of the thorium concentrate to nuclear grade.

Fuel form conversion and fuel fabrication.

A summary of the stages by which a thorium concentrate is produced is

presented diagrammatically in Figure 2.17.

As was outlined in Section 2.3.1.1, the two broad types of monazite
resources are bulk rock deposits and placer sand deposits. Sand is very
much preferred, as collection of sands with little to no overburden is much

less expensive than rock mining [34].
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FIGURE 2.17 - BLOCK FLOW DIAGRAM OVERVIEW OF THORIUM CONCENTRATE PREPARATION BY
HYDROMETALLURGICAL ROUTE. PREPARED BASED ON INFORMATION AVAILABLE IN [142]

The collected sand must next undergo beneficiation to separate the
monazite from the crude mixed sand. Generally wet gravimetric separation
is used as the first stage separation, followed by electrostatic and magnetic
methods where necessary [179]. Alternatively, floatation separation can be
performed using a variety of collectors, although work in this area is
ongoing [142, 180, 181]. This produces a concentrated monazite sand, free

from other sand components.

2.4.2 MONAZITE CONCENTRATE LEACHING

The next step in the production of nuclear grade thorium is the treatment of
the monazite concentrate in order to make the thorium available for
purification. Historically two processes were developed for this in the
American National Laboratory system; the Sulfuric Acid Process [182, 183]
was developed at Ames Laboratory, and the Caustic Soda Process [184, 185]
was developed at Battelle Memorial Institute. Excellent information on the
development of these processes during the 1940s and 1950s was published

following the Atoms for Peace conference in 1958 [142].
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Variations of these processes have been used since their development in the
1950s, although sulfuric acid as a monazite leachant had been in use for
many years prior to this for the extraction of thorium, primarily for use in
gas mantles [186-188]. Both processes call for comminution of the monazite
concentrate to increase its surface area, followed by aqueous leaching in
order to produce a thorium concentrate. The leaching product is known as a
Pregnant Liquor Solution (PLS), and contains the elements leached from the
mineral feed. This PLS is then taken through a series of selective
precipitation and dissolution steps to produce a thorium concentrate that

may be purified by solvent extraction.

These processes have been refined over time [18, 34, 180, 189-191]. Direct
leaching with sulfuric acid is considered to be an outdated process, as no
version of the process has been found which can separate thorium from the
heavy lanthanide elements. Alkaline treatment with sodium hydroxide as a
leachant is in use, remaining largely unchanged from the original Caustic
Soda process [180, 192]. This process involves treating the finely ground
monazite concentrate with 60-70% sodium hydroxide solution at ~150°C,
which dissolves much of the gangue material and converts the monazite to a
hydrous metal oxide cake containing the bulk of the thorium, uranium and
rare earths. The mineral feed may be heat treated prior to chemical
treatment in order to improve digestion and dissolution behaviour [193,
194]. Following alkaline digestion the monazite hydroxide cake may be
leached with water or acid to selectively extract the thorium, uranium and

mixed rare earths as separate concentrates with varying degrees of purity.

Also in use is a process which reacts monazite with calcium chloride and
calcium carbonate at high temperature. The reaction product may be
leached with 3% hydrochloric acid to extract the rare earth content. While
this reaction offers good thorium separation from rare earths compared to
the established acid and alkaline leach processes, thorium is left behind in

the solid residue as an impure, insoluble oxide, which is highly resistant to
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dissolution [195]. As such the calcium chloride and calcium oxide

conversion process will not be further considered in this thesis.

Today many industrial plants use an aqueous alkaline conversion followed
by water/acid leaching to dissolve the monazite hydroxide cake [180]. In
rare earth processing the rare earths tend to be selectively leached at low
acidities, leaving the actinides in the cake, which is then dealt with as a

radioactive waste material.

The literature related to monazite decomposition and digestion has been
well covered in recent reviews [139, 180], and is a subject of ongoing
research [196]. Processes currently in use for rare earth separation include
both sulfuric acid and sodium hydroxide leaching. However, for thorium

separations, alkaline processing is preferred [34, 42].

2.4.3 THORIUM CONCENTRATE PURIFICATION

The next stage for a thorium fuel cycle is to take the thorium concentrate
produced by the monazite leaching and purify it to the point where it may

be converted to an appropriate chemical form for nuclear fuel fabrication.

Commonly such a purification step is performed by a hydrometallurgical
method, typically solvent extraction, with the final product being purified
thorium nitrate or thorium oxalate [34, 189]. The aim of this process is to
decontaminate the thorium concentrate by removing any co-contaminants
which would cause deleterious effects in the reactor, by either absorbing
neutrons required for the fission chain reaction, or by affecting the thermal,

physical or chemical properties of the fuel itself.

It is this stage of the front end processing which is treated in detail in this
thesis, and so further detail on the current state-of-the-art in this area is

given below in Section 2.8.
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2.4.4 FUEL FORM CONVERSION

Following purification, the thorium product may be converted to the
required chemical form for fuel production. Currently thorium oxide,
chloride and fluoride are being considered for development, although
metallic thorium or other novel fuel types are not outside the scope of

consideration [197].

Thorium nitrate is often produced during thorium purification processes as
a pre-cursor to it being converted to a final oxide, halide or metal form. The
thorium hydroxide cake is dissolved in nitric acid and solvent extraction
with TBP is used to produce a purified thorium product, similar to the
PUREX process described in Chapter 1. Further details on this process are

given in Section 2.7.1 below.

Thorium oxide may be calcined directly from the nitrate, or first by
conversion to thorium oxalate, which gives improved properties in
filtration, drying and calcination to produce a thorium oxide powder

product [142, 198].

2.4.5 THORIUM OXIDE PELLET FABRICATION

Thorium oxide fuels must finally be fabricated into solid fuel pellets prior to
assembly, which may be achieved by sintering a compressed powder pellet.
Fuel pellet density is a key parameter which must be optimised in order to
give the best reactor performance [20]. The sinterability of the thorium
oxide powder is dependent on the process by which it was produced [129,

198].

2.5 THORIUM FUEL CYCLE BACK END

The back end of the thorium fuel cycle is largely akin to the back end of the
uranium fuel cycle, with the key distinction being in the motivation for why

the fuel may or may not be reprocessed. If the fuel cycle is closed, it is
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usually to recover the uranium in order to reuse the 233U, generally to
produce a 233U-Th “equilibrium” fuel. The thorium may also be recovered in
order to minimise the requirement for fresh thorium [104, 199, 200]. The
main proposed method for thorium fuel reprocessing is the Acid THOREX
process, which is described in Section 2.7.1 [104, 201, 202]. Other solvent
extraction processes may be able to give better separation of thorium
and/or uranium from other components. However, recent separations
studies for thorium reprocessing applications are limited in the scientific
literature. Instead, the great majority of publications are related to the fuel
cycle front end. However, once the spent fuel has been rendered into
aqueous solution, there is little chemical difference between this solution
and the pregnant leachate solution from minerals processing. As such, the
literature related to front end processing is also useful when considering the
back end, and vice versa. Therefore, the literature review of thorium solvent
extraction studies presented in Section 2.8 below may be considered to be
applicable both for the front end and the back end. The major difference
between the two applications is the presence of a strong radiation field in
the back end, which would need to be considered during the development of

any reprocessing system.

If an open fuel cycle is preferred, this is usually for reasons for economics or
non-proliferation [121]. Directly disposing of thorium fuel means that the
233U is disposed alongside its 232U, 232Th and highly active fission
products/minor actinides. This eliminates the high costs associated with
reprocessing, while making it more difficult for a would-be proliferator to

acquire and separate the fissile material [109, 116].

2.6 PRINCIPLES OF SOLVENT EXTRACTION

Full details on solvent extraction systems are provided in the literature [74-
77,79, 123, 203]. In solvent extraction systems, two immiscible solutions

are dispersed into one another to give a large contact surface area between
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them. The solutions are known in solvent extraction as phases. One phase,
usually aqueous, will contain one or more target solutes and potentially
some unwanted material such as contaminants. The second phase will be, or
contain, an extractant which forms complexes with some of the solutes. This
second phase is often termed the solvent, or organic phase, as many
common extractants are organic materials, and tend to be dissolved in a
non-polar organic solvent known as a diluent. Species from each phase react

and bind to form new complexes which are extracted.

Individual complexes have different preferences for each phase, distributing
to some level across the two phases. The degree of distribution across the
phases of a given species is often expressed as a distribution ratio, as
expressed in Equation (2.8) [77].

[M] _ Vaq

Dy = —
MM Vg

(2.8)

Where D,, isthe distribution ratio of species M,
[M] is the concentration of M in the organic phase,
[M] is the concentration of M in the aqueous phase,

Vag is the volume of the aqueous phase, and

Vorg is the volume of the organic phase.

As such, for equal volumes of the aqueous and organic phase, an extracted
species will have Dy, > 1, while a rejected species will have Dy, < 1.In
addition, the separation factor for two metals @, ,, is defined in Equation
(2.9)[77].
Dy
== 2.9
Am,m Dy (2.9)

D,; may be controlled by careful selection of the contact conditions and
phase chemistry. Generally systems are designed such that complexes

comprising the target solutes and the extractant will be partitioned into the
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organic phase, while any unwanted materials will be left behind in the

aqueous phase [74, 76].

After a suitable time in contact, the phases are separated, and the organic
phase containing the target ion(s) may then be contacted with another
phase, known as the back-extraction or stripping phase. The contact time is
determined by the kinetics of complex formation and phase separation, and
the thermodynamic endpoint of the complexation reaction where the
complex is in equilibrium with the free extractant and target solute [77].
This adjusts the conditions such that formation of the solute-extractant
complex is no longer favoured, and the target solute is recovered into the
stripping phase. In a well-designed system the contaminants and other
solutes will have either remained in the aqueous phase, or not been stripped
from the organic phase, leaving the purified target solute(s) in the stripping

phase.

If required the loaded organic phase may be contacted with a “scrub”
solution prior to back-extraction. This solution retains the target solutes in
the organic phase, but should collect any unwanted material which must be

removed prior to back-extraction of the target solutes.

An example of a solvent extraction process used in the nuclear industry is

given below.

2.6.1 SOLVENT EXTRACTION EXAMPLE: THE PUREX PROCESS

Solvent extraction is a process which is used regularly in the nuclear
industry in uranic spent fuel reprocessing, in the PUREX (Plutonium-
Uranium Redox Extraction) Process [15, 75]. The PUREX process takes a
feed of spent uranic nuclear fuel and produces three aqueous product
streams of separated uranium, separated plutonium, and a mixed stream of
fission products and minor actinides. Spent nuclear fuel is dissolved in

strong nitric acid and then mixed with a solution of 30% tributyl phosphate
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(TBP), termed the extractant, in an odourless kerosene diluent. The organic
phase is hydrophobic, and so mechanical force is applied to disperse the
organic and aqueous phases into one another, maximising the interfacial
surface area between the phases during the contact period. After mixing, the
two phases settle and separate, with the organic phase collecting on top of

the aqueous phase [204, 205].

The distribution ratios for tetravalent and hexavalent uranium, plutonium
and thorium as a function of nitric acid concentration are presented in
Figure 2.18. The system redox conditions are set such that uranium exists in
as U(VI) and plutonium as Pu(IV). It can be seen in Figure 2.18 that these
ions preferentially form hydrophobic nitrate complexes with TBP at high
acid concentration, which are partitioned into the organic phase. The
unwanted fission products and transuranic elements do not form strongly

extracted complexes with the TBP, and remain in the aqueous phase.

100 100
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[HNO,] /M [HNO,] /M
—&— U(IV) ---@---Np(IV) & Pu(IV) —&— U(VI) ---@---Np(VI) ~a- Pu(VI)

FIGURE 2.18 — DISTRIBUTION RATIOS FOR TETRAVALENT AND HEXAVALENT URANIUM,
NEPTUNIUM AND PLUTONIUM AS A FUNCTION OF NITRIC ACID CONCENTRATION WITH 30% TBP
IN ODOURLESS KEROSENE DILUENT. IMAGE REPRODUCED FROM DATA PUBLISHED IN [70].

The organic phase, loaded with U and Pu, is then contacted with a scrubbing
solution, specifically fresh nitric acid without metals in solution, to which
any fission products or minor actinides in the organic phase are returned.

The scrubbed organic phase is then sequentially contacted with two back-
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extraction, or “stripping”, media, each of which induce conditions such that
one of the actinide complexes is no longer favoured, and the metal is
selectively returned to the stripping medium. In the case of PUREX, the first
stripping medium is ferrous sulfamate solution, which selectively reduces
Pu(IV) to Pu(III). Trivalent Pu does not form an extractable TBP complex,
and is rejected to the aqueous phase [70, 77]. U(VI) is then stripped with
dilute nitric acid. The organic phase is finally stripped of all remaining
metals and refreshed for reuse. Gradually the organic phase undergoes
radiolytic damage and the TBP breaks down. TBP degradation products are

removed during the solvent recycling circuit.

A diagram showing the key elements of the process is shown in Figure 2.19,
with accompanying notes in Table 2.3. At-scale, the process is run
continuously, in counter-current mixer-settlers or pulsed columns [75, 77].
However, for clarity it is presented here as a batch process in separatory

funnels, as it might be performed in a laboratory.

Other solvent extraction processes have different target metals and
contaminants, and use many different aqueous media, extractants, and
diluents, as well as additional chemicals to perform functions such as the

prevention of phase separation or plant equipment corrosion.

2.7 HISTORICAL THORIUM PURIFICATION PROCESSES

The purification of thorium concentrates was first carried out by solvent
extraction in the 1950s, using extraction chemistry similar to that of the
PUREX process. This process, known as Acid THOREX (THORium
EXtraction), was originally designed for use in the back end of the fuel cycle
for aqueous reprocessing of thorium fuels [104]. However, the Acid THOREX
process is known to be currently in use for front end thorium purification
from monazite residues [206]. Also developed at the time was the Interim-

23 Process [202].
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Solvent extraction is already well developed in the nuclear industry, and to
switch to other processes, particularly non-aqueous processes, would be
very difficult. The nuclear industry is very conservative, and does not adopt
new processes easily. It is hoped that this work can supply an advantageous
process chemistry for thorium separations, while retaining technologically
mature approaches based on well-known and readily available extraction

media.

Having said this, interesting developments in the application of solvent
extraction chemistry are ongoing beyond traditional two-phase methods for
thorium and uranium separation. Supported Liquid Membrane (SLM)
methods offer advantages in meeting some of the difficulties of solvent
extraction processes [207]. Supercritical fluid extraction and stripping is
also under consideration [208, 209]. These advanced variations in solvent
extraction methods are developing, and may form the basis of actinide
separations processes in the future. However, in this thesis only traditional

solvent extraction methods are considered in detail.

2.7.1 THE AciD THOREX PROCESS

In the back end application of the Acid THOREX Process, thorium and
uranium are co-extracted from a dissolved spent fuel feed in strong nitric
acid by 30-45% TBP in n-dodecane or n-paraffin, leaving fission products
behind. The actinides are then separated by selective back-extraction using
approximately 0.2 M nitric acid for thorium back-extraction, followed by
0.05 M nitric acid for uranium back-extraction, producing a thorium nitrate
solution from which a thorium nitrate product may be precipitated. The
distribution ratio for uranium extraction from 5 M nitric acid solutions by
various concentrations of TBP in n-dodecane is presented in Figure 2.20.
Versions of the process also exist where low TBP fractions (3-8%) are
employed, selectively extracting uranium and leaving thorium in the

aqueous raffinate [104, 210, 211].
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Organic
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Aqueous
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eU(VI) @ Pu(IV)

OFP+MA @ Pu(lll)

FIGURE 2.19 - KEY STAGES OF THE PUREX PROCESS, REPRESENTED IN SEPARATORY FUNNELS.
THE TBP IN KEROSENE ORGANIC PHASE (YELLOW) IS LIGHTER THAN THE NITRIC ACID AQUEOUS
PHASE (BLUE), AND SITS ABOVE IT WHEN NOT UNDERGOING AGITATION TO CONTACT THE
PHASES. FP = FISSION PRODUCTS; MA = MINOR ACTINIDES. SEE ACCOMPANYING NOTES IN
TABLE 2.3 BELOW
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TABLE 2.3 - ACCOMPANYING NOTES FOR FIGURE 2.19. BETWEEN EACH STEP ARE INCLUDED
NOTES ON HOW TO PROCEED TO THE FOLLOWING STEP.

prior to recycle.

# | AQUEOUS PHASE ORGANIC PHASE STATUS OF PROCESS
Spent fuel feed - TBP in kerosene, no Before extraction
1 | nitric acid with U, Pu, | metals. contact.
FP+MA.
Perform phase contact by agitating and allow to settle.
Bulk of FP+MA in feed | Bulk of U and Pu After extraction
2 | nitric acid. complexed with TBP. | contact, but before
Some FP/MA. scrubbing contact.
Remove aqueous phase. Contact with “fresh” nitric acid to scrub.
Back extracted FP & | Actinide-TBP After scrubbing
3 | MA in “fresh” nitric complexes in contact, before Pu
acid strip solution. kerosene diluent. stripping contact.
Remove scrub acid. Add ferrous sulfamate in nitric acid as aqueous.
Pu(III) stripped into Uranium-TBP After Pu stripping
4 | ferrous sulfamate complexes in contact, before U
solution. kerosene diluent. stripping contact.
Remove aqueous phase containing Pu(III). Add dilute nitric acid.
U(VI) stripped into Slight remainder of After U stripping
5 | dilute nitric acid. metals for clean-up contact, prior to

solvent recycling.

Clean up organic phase and reuse.

Thorium is not particularly well extracted by TBP even at high acid

concentrations, but under the correct conditions can be extracted

sufficiently for the process [201, 202, 212]. Third phase formation is also an

issue at high thorium loadings [80]. Third phases in solvent extraction are

distinct phases which form during the solvent extraction contact, often due

to a splitting of the organic phase into two parts, one of which is rich in

diluent and the other of which is depleted in diluent, being a heavier organic
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phase comprised of the extracted metal ligand complex. This is due to the
organic diluent in the light organic phase reaching its solubility limit for the

metal ligand complex, meaning that any additional complex forms a third

phase [77].

In spite of these issues the process has been used historically for thorium
separations in the USA and the UK, and is in use elsewhere today [104].
Perhaps the main reason for this is that the process can be run on lightly
modified PUREX plants, and as such a good amount of relevant operational
experience exists. A number of variations to the core process have been
proposed and are in use at various scales around the world. Significant
detail on the Acid THOREX process is given in various sources [104, 201,
202].

Corrected Dy,
(=}
e

0.01

0 20 40 60 80 100
TBP %

FIGURE 2.20 - EFFECT OF TBP CONCENTRATION IN ORGANIC PHASE ON THORIUM EXTRACTION
FROM 5 M HNO3 WITH 8 g/1 PHOSPHATE AND 9.5 g/l SULPHATE IONS. Y-AXIS CORRECTED TO
A DILUENT-FREE BASIS. IMAGE REPRODUCED BASED ON DATA PUBLISHED IN [142].
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2.7.2 THE INTERIM-23 PROCESS

The Interim-23 Process was designed for spent fuel processing and recovers
uranium only, leaving thorium in the aqueous raffinate, which was deemed
desirable due to the highly active 228Th decay daughter 208T] [213]. This is
useful in a thorium fuel cycle to separate 233U where thorium would not be
recycled. The Interim-23 Process and related systems are therefore

unsuitable for thorium recovery.

In the process either di-sec-butyl phenyl phosphonate in di-ethyl-benzene
or low concentration TBP in n-dodecane are used as extractants against a
nitrate feed, with an acid deficient scrub used to return thorium to the

aqueous raffinate [202, 213].

2.8 SOLVENT EXTRACTION OF THORIUM

Much research has been carried out into alternative separations schemes for
thorium. For the fuel cycle front end, solvent extraction schemes are the
most often reported in the recently published scientific literature, followed
by ion exchange approaches. Historically there is much data on selective
precipitation/dissolution approaches, although advances in this area are

now less often reported.

The first solvent extraction separations for thorium used tributyl phosphate
in kerosene as the organic phase [142]. Since then many other extractants
have been developed and investigated, with ongoing research being
published into both existing extractants under new conditions as well as
newly synthesised novel extractants. In this section the range of extractants

tested for thorium separations in solvent extraction systems is reviewed.

In the development of extraction processes, much research effort is focussed
on the development of new extractant chemicals capable of performing

highly selective extraction of specific metals. However, there exist already
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numerous extractants capable of performing metal separations with varying

degrees of success which have not been fully investigated.

Mixtures of multiple extractants may be used to achieve synergic effects.
The definition of synergism in solvent extraction is that greater extraction is
given by a mixture of extractants than is achieved by the sum of the
extractants working individually under similar conditions [214]. Synergism
is most commonly observed with mixtures of chelating extractants and
solvating extractants, and is thought to be due to the solvating extractant
increasing the hydrophobicity of the metal ligand complex compared to the
complex formed by the chelating ligand alone [214, 215]. This can occur

through three mechanisms:

e The chelating extractant alone does not fill all metal coordination
sites, some of which are occupied by hydration water. The solvating
extractant fills these remaining sites.

e The solvating extractant opens up one or more of the chelate binding
site rings and binds to these sites instead, increasing the number of
bound extractant ligands.

e The metal coordination sphere does not change its hydration

number, but expands to accept the solvating extractant.

Synergic effects are a subject of particular interest in this thesis, as
combinations of well-established extractants may give improved extraction
behaviour without the requirement for novel extractants. Synergic mixtures
can give improved extraction compared to the individual extractants, with a
relatively minor increase in cost and system complexity, while the
development of a new extractant from scratch requires a long process of
basic research and development into the nature and synthesis of the
extractant and the possibility of novel and/or challenging extraction

conditions.
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The opposite of synergism is antagonism, where the extraction is less than
the sum of the extraction given by the individual extractants. Antagonism is
often due to extractants preferentially binding to one another rather than

forming an extracted hydrophobic metal complex.

In the remainder of this section, a wide range of previously studied
extractants for thorium are presented. It is necessary to understand how
well the system separates thorium from other metals. In this case these
other metals would include the rare earth elements and uranium from
monazite, as well as any other elements in the monazite or thorium
concentrate. The behaviour of other metals is not discussed here for the
sake of brevity, however, the references cited here most often do consider
separation of uranium and/or rare earth elements. The purification of
uranium and individual rare earth elements are topics which receive much

attention in the literature [42, 139, 180, 216-222].

2.8.1 SOLVENT EXTRACTION MECHANISMS

Extractants and extraction conditions are usually chosen in order to
separate specific target ions with a high degree of selectivity. Hydrophobic
metal-extractant complexes may form through a number of mechanisms,
which are well-detailed in a variety of sources [74, 76, 77, 79]. Indicative
interfacial reactions for the three key extraction mechanisms seen in this
thesis are given in Table 2.4.

TABLE 2.4 — BIPHASIC EXTRACTION EQUILIBRIA OF THREE KEY COMPLEXATION MECHANISMS
[76].

MECHANISM INDICATIVE COMPLEXATION REACTION
Cation exchange Mt + nHL 2 ML,, + cH*
Anion exchange Mt 4+ cX™ + ATX~ 2 MX, ., A
Solvation Mt + X~ + nS 2 MX.S,
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In general, acidic extractants are cation exchangers, which exchange protons
for metallic cations. The most common anion exchangers for thorium
extraction are amine extractants, which form complexes with negatively
charged metallic species. Solvating extractants form neutral adducts with

charge neutral metallic species.

A special class of extraction reagents are chelating reagents, which are
polydentate extractants which bind to multiple sites on the target ion, and as

such generally form very strong complexes.

In the following sections, the previous literature related to thorium

extraction is discussed.

2.8.2 TRIBUTYL PHOSPHATE EXTRACTION

TBP is a solvating extractant, which forms hydrophobic neutral adducts with
uranium(VI), thorium(IV) and plutonium(IV). Tri-n-butyl phosphate
remains a very commonly used extractant today, despite it being first
developed in the 1940s and 50s [81, 82, 142, 223-225]. TBP is a phosphate
ester, the general formula of which is P(=0)(OR)s. As was discussed in
Section 2.7.1, TBP does not complex thorium particularly well. It is also
relatively soluble in water, and there is a possibility of third phase formation
due to the limited solubility of the extracted Th(NO3)4.TBP adduct in the
organic diluent and the low stability constant of the thorium TBP complex
[211]. Extractions from iodide and bromide media have also been studied

[226].

Other phosphate esters have been investigated in an attempt to address the
limitations of TBP. Tri-sec-butyl phosphate has been found to give better
thorium separation from uranium and a reduced tendency to third phase
formation compared to TBP [211]. Tri-isobutyl phosphate, tri-n-amyl
phosphate, tri-isoamyl phosphate and tri-n-hexyl phosphate have also been

investigated. Branched alkyl chains were found to have little effect on
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thorium complex solubility, but increasing the length of the alkyl chain was

found to greatly reduce tendency to third phase formation [227].

The addition of aliphatic alcohols or mixed halides to the aqueous media
have been found to affect TBP extraction [228]. The effect of diluent has also
been studied, with kerosene found to perform better than a range of other

hydrocarbon diluents [229].

TBP is still undergoing research, although this is more into operational
considerations rather than the extraction chemistry [230, 231]. Work is also
ongoing into the use of TBP in synergic systems with other extractants. As a
solvating extractant it is often paired with acidic cation exchange extractants

to give synergic extraction. Further detail on such systems is given below.

2.8.3 PHOSPHINE OXIDES

In the mid-1950s, work was undertaken into phosphine oxides [232, 233],
another solvation extractant family with general formula P(=0)Rs. The most
commonly used of these is trioctyl phosphine oxide (TOPO), named
commercially as Cyanex 921. There also exists Cyanex 923, a mixture of
TOPO and trihexyl phosphine oxide (THPO). See Section 2.8.4.3 for further

detail on the Cyanex family of extractants.

TOPO has been found to give better extraction of thorium from nitric and
hydrochloric acid solutions than TBP [234-236]. TOPO has also been
investigated in an SLM system, and was found to slightly extract thorium
from nitrate media, back extracting into carbonate media [237]. Cyanex 923
has also been found to give good extraction of thorium in an SLM system
from hydrochloric acid into ammonium carbonate solution [238]. Cyanex
923 gives good thorium extraction from concentrated sulfuric acid solutions

[239].

Carbamoyl methyl phosphine oxides (CMPO) have also been investigated.

Such extractants have been proposed for addition to the PUREX process in
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order to extract transuranium elements from spent nuclear fuel [71].
Octyl(phenyl)-N,N-diisobutyl carbamoyl methyl phosphine oxide
(O®PCMPO) has been investigated for thorium extraction from nitric acid,
particularly third phase formation in this system [240], and as part of an

SLM system [205].

2.8.4 PHOSPHOROUS ACIDS

Phosphorous acid extractants have the general formula X2P(=0)(OH), where
X represents alkyl, oxalkyl or other moieties. They can be subgrouped as
phosphoric acids (RO)2P(=0)(0OH), phosphonic acids (RO)RP(=0)(OH) and
phosphinic acids R2P(=0)(OH). The extraction mechanism for phosphorous
acids is cation exchange, where the metal cation exchanges for the acid
proton. The extractant basicity increases in the order phosphoric <
phosphonic < phosphinic, due to the decreasing electronegativity brought
by the reduced number of oxygen atoms in the phosphonic/phosphinic acid,

thus strengthening the OH bond in the molecule.

2.8.4.1 PHOSPHORIC ACID EXTRACTANTS

In the late 1950s work began into the study of dialkyl phosphoric acid
extractants for actinide separations [241, 242]. Of these the most reported
in the literature today is di-(2-ethylhexyl) phosphoric acid (HDEHP, DEHPA
or D2EHPA), also named as TOPS 99 and P204.

HDEHP extracts thorium well from sulfate media [86, 87, 193, 239], chloride
media [87, 88] and nitrate media [243]. From sulfate media the best
extraction is given by petroleum ether as diluent [86]. In another study
HDEHP was found to extract thorium moderately under a range of
conditions [244]. The effects of mixed acid media and water-soluble alcohols
in the aqueous phase on thorium extraction by HDEHP have also been
investigated, and these factors were found to strongly influence the

extraction behaviour [87, 228]. Extractions from bromide and iodide media
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have also been studied by HDEHP [226]. Mixtures of HDEHP and TOPO have
been found to give slight synergism in chloride media [245]. Mixtures of
HDEHP and Cyanex 923 have been found to extract thorium from sulfate
media [239]. An SLM system using HDEHP has been studied, using an

electric current to drive the extraction [246].

Other phosphoric acid extractants have also been studied. Bis para-
octylphenyl phosphoric acid (HDO®P) extracts thorium well from chloride
media [247]. The interfacial behaviour of di-n-octyl phosphoric acid (HDOP),
bis(2,2-dimethylbexyl)phosphoric acid (HDNOP), bis(hexoxyethyl)
phosphoric acid (HDHoEP) and bis(diisobutylmethyl) phosphoric acid
(HD(DIBM)P) have been studied, and it is suggested that some of these may

be used as extractants for thorium [248].

The extraction of thorium from nitrate media by bis(4-ethylcyclohexyl)
hydrogen phosphate (D4ECHPA) and bis(4-cyclohexyl-cyclohexyl) hydrogen
phosphate (D4DCHPA) were also investigated. These were found to give
consistently higher extraction than HDEHP [243].

Di(1-methylheptyl) methyl phosphate, also known as P350, was found to

give poor thorium extraction from hydrochloric acid media [249].

2.8.4.2 PHOSPHONIC ACID EXTRACTANTS

The study of phosphonic acids and phosphonate extractants also began in
the late 1950s [250]. The most commonly reported of these in the literature
is 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester, known as PC-88a,
and this extractant is used today for industrial thorium separations in India,
in the THRUST process (Thorium Retrieval, Uranium Recovery and
Restorage of Thorium Oxalate), which is shown in a block flow diagram in
Figure 2.21. It can be seen in Figure 2.21 that a step is required prior to

thorium extraction to separate uranium and iron.
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Other acronyms for this extractant are HEHEHP and EHEHPA, and
commercial names include P507 and Ionquest 801. In this work the

extractant is referred to as PC-88a.
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