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Abstract

The global demand for rare earth elements (REEs) has been increasing significantly due to their
applications in various high-technology industries, including renewable energy, electronics,
and defence. This rising demand has necessitated the exploration of secondary sources of
REEs, among which coal and its combustion residues have emerged as viable alternatives. Coal
fly ash (CFA), the byproduct of coal combustion, has garnered particular interest due to its

widespread availability and relatively high concentrations of REEs.

South Africa, where coal serves as the primary energy source, operates numerous coal-fired
power plants that generate substantial quantities of CFA. This has prompted extensive research
into the potential of CFA as a secondary source of REEs. While previous studies have largely
focused on CFA from Mpumalanga's Eskom power stations, the present study extends the

investigation to CFA from Free-State, Sasolburg’s Sasol Steam Stations 1 and 2.

This research builds upon the findings of Seleka (2021) and Mokoena (2021), who examined
the influence of particle size on REE enrichment and the optimization of hydrochloric acid
(HC1) leaching concentrations for improved REE recovery, respectively. However, both studies
reported relatively low REE recovery rates, which were attributed primarily to the inadequate
pre-treatment of CFA. South African CFA is classified as Class F, characterized by a low
calcium oxide (CaO) content and a significant proportion of acid-resistant aluminosilicate
glass. The presence of this glass phase poses a challenge for effective REE extraction,

necessitating pre-treatment strategies to enhance REE recovery.

The primary objective of this study was to optimize the pre-treatment of CFA to enhance its
porosity and facilitate the subsequent leaching process. Two pre-treatment methods were
explored: (1) the addition of sodium hydroxide (NaOH) to CFA, wherein varying CFA-to-
NaOH ratios were investigated while maintaining a constant CFA mass of 10 g, and (2) the
variation of NaOH molar concentrations to determine the optimal conditions for REE
extraction. The results indicated that increasing the NaOH molar concentration was a more
effective approach, with the highest REE recovery observed at a NaOH concentration of 12 M,
MREEs showing a high recovery of 94%.



Further analysis of the final leached residues was conducted to quantify the remaining REEs
post-leaching. The findings revealed that the 12 M NaOH-treated residue retained only 93.49
ppm of REEs from an initial total of 471.89 ppm, demonstrating a significant improvement in
REE extraction efficiency. These results underscore the critical role of pre-treatment in
overcoming the challenges posed by the glass phase in South African CFA and highlight the

potential of alkaline treatment as a viable strategy for enhancing REE recovery from CFA.
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Nomenclature
CFA
REE
LREE
MREE
HREE
XRD
XRF
SEM-EDS
ICP-MS
La-ICP-MS
ppm

TREE

rpm

ng

Coal Fly Ash

Rare Earth Elements

Light Rare Earth Elements

Medium Rare Earth Elements

Heavy Rare Earth Elements

X-Ray Powder Diffraction

X-Ray Fluorescence Spectrometer

Scanning Electron Microscope — Energy Dispersive Spectrometry
Inductive Coupled Plasma Spectrometry

Laser Ablation Inductive Coupled Plasma Spectrometry
Parts Per Million

Total Rare Earth Elements

Revolution per minute

Grams

Micro-grams
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1. Introduction

1.1. Research problem

Globally, there is an electricity demand that has increased significantly in recent years, driven
by population growth, economic expansion, and rapid industrialization. This escalating
demand has intensified reliance on coal, particularly for coal-fired power plants. Current
estimates place global coal reserves at approximately 1.05 trillion tons, with South Africa
contributing 9.89 billion tons (1% of the global total), a figure that, while modest in percentage
terms, represents a significant resource base (Global Firepower, 2024; World Population
Review, 2024). Coal continues to underpin South Africa's energy sector, supplying over 90%
of the country’s primary energy, 33% of its liquid fuels, 53% of its electricity, and 12% of the

metallurgical requirements for industrial processes (Eskom, 2021).

Sasol and Eskom are heavily reliant on coal. The combustion of coal in power plants produces
coal fly ash (CFA), a by-product primarily stored in ash dams. For instance, Eskom consumed
approximately 99.5 million tons of coal in 2024, generating 29.27 million tons of CFA, of
which only 2.5 million tons were sold (Eskom, 2024). Sasol, a leading producer of synthetic
fuels, also contributes significantly to CFA generation through its facilities in Mpumalanga and

Sasolburg (Matjie et al., 2005).

REE:s are essential for advanced industries such as renewable energy, automotive, medical, and
petroleum sectors. Recovering them from CFA will offer an economic. Numerous studies have
sought to optimize the extraction and recovery of REEs from CFA using hydrometallurgical
processes (Taggart et al. (2018); Tang et al. (2019); Cao et al. (2018) and Wu et al. (2022)).
Within the South African context, studies by Mokoena (2021) and Seleka (2021) have
specifically focused on optimizing REE recovery from CFA generated by Eskom's Tutuka and

Duvha power stations. Where both studies reported recoveries of less than 60%.

The aluminosilicate glass phase, the predominant phase in CFA, is a primary repository for
REEs (Taggart et al., 2018; Wu et al., 2022). Consequently, the development of techniques to
effectively disrupt this glass phase is essential for enhancing REE recovery. Most literature on
REE extraction from CFA has employed either direct acid leaching or indirect acid leaching

via an alkaline-acid fusion process.



The direct method utilizes acids such as hydrochloric acid (HCI), nitric acid (HNO3), or sulfuric
acid (H2SO4), while the indirect method involves initial fusion of CFA with reagents such as
calcium oxide (Ca0O), sodium carbonate (Na>xCO3), or sodium hydroxide (NaOH) prior to acid
leaching (Taggart et al., 2018; King et al., 2018; Wang et al., 2020). Alternative methods, such
as bioleaching, have also been explored, but their limited economic viability and lower

recovery rates have hindered widespread adoption (Mowafy, 2020).

Given that CFA properties are inherently linked to the characteristics of the parent coal, a
thorough understanding of the mineralogical, physical, and chemical properties of the coal is
crucial for optimizing REE extraction processes. In South Africa, the prevalent Class F CFA
necessitates pre-treatment to disrupt its glass phase and expose REEs to leaching agents
effectively. Both Mokoena (2021) and Seleka (2021) highlighted significant REE retention in
solid residues following acid leaching, attributed to non-optimal pre-treatment conditions.
These findings underscore the importance of refining pre-treatment and roasting processes to

enhance REE recoveries from South African CFA.

This study will focus on optimizing the pre-treatment steps for South African CFA, with the
goal of improving REE recovery efficiencies. Developing efficient and sustainable extraction
methods tailored to the unique composition of South African CFA represents a critical step

toward addressing the dual challenges of environmental sustainability and resource utilization.

1.2. Aim

e This study aims to optimise the pre-treatment of CFA through the usage of NaOH as a
lixiviant followed by water and acid leaching for effective REE recovery from South

African CFA.

1.3. Objectives

e Analyse the REE composition of South African CFA using advanced analytical
techniques.
e Investigate the optimal NaOH concentration required to maximize REE liberation and

achieve high recovery efficiencies from CFA.



1.4. Significance of the study

This study investigates the beneficiation of CFA, a by-product of coal combustion, focusing on
its potential for industrial and environmental applications, particularly in South Africa. The
research addresses a gap in the inefficient extraction methods for REEs from CFA, an area with
limited existing studies. The primary objective is to evaluate the effectiveness of the alkali
fusion-acid leaching method for REE recovery and to understand the impact of different NaOH
additions to CFA on this process. Additionally, the study examines the environmental hazards
associated with recovering metals from CFA by analysing the leachate and solid residue for

trace elements.

REEs are critical for clean energy and advanced technologies, and their demand is rising
globally. CFA, often considered waste, is found to be a viable and enriched source of REEs
(Seleka, 2021). The study aims to optimize REE recovery from CFA, contributing valuable

knowledge to the field and supporting the applications of REEs in various technologies.

1.5. Scope and delimitations of the study

With the advent of novel technologies for the recovery of REEs from CFA, it becomes
imperative to harness the substantial amounts deposited at Sasol sites in South Africa. This
study focuses on enhancing recovery efficiencies by optimizing a specific stage in the REE

recovery process from CFA, particularly through pre-treatment with a lixiviant.

This pre-treatment aims to disrupt the glassy phase of the ash, thereby exposing the elements
and rendering them soluble in the subsequent leaching solution. However, prior to the acid
leaching step, the presence of sulphides has been identified as a critical impediment that affects

REEs recovery. Hence, using water to absorb the sulphides will also be critical for the study.

Research indicates that NaOH is highly effective at room temperature, providing a spontaneous
reaction that facilitates the dissolution of sodium silicate products (Pan et al., 2020; Wu et al.,
2022). The application of NaOH in this context is pivotal as it aids in the removal of silica
products, thereby alleviating a significant bottleneck in the process. Consequently, this step is
expected to enhance recovery rates during the acid-leaching phase (Pan et al., 2020). This study
aims to investigate and improve these recovery rates by addressing the pre-treatment

bottlenecks and optimizing the overall REE recovery process from CFA.



1.6. Chapter Outline

Chapter 1: Introduction
This chapter provides a comprehensive introduction to the research. It outlines the problem

statement, the aim and objectives, the significance of the study, and its scope.

Chapter 2: Literature Review

This chapter reviews the existing literature on the extraction of Rare Earth Elements (REEs)
from CFA. It includes a discussion on the general knowledge of CFA, covering its chemical
properties. Additionally, the chapter addresses the controlling parameters, and the

environmental impacts associated with REEs leaching.

Chapter 3: Research Methods
This chapter details the materials and methods employed in the study

Chapter 4: Results
In this chapter, the findings of the study are presented, and described in a format that includes

tables and graphs.

Chapter 5: Discussion
In this chapter, the findings of the study are presented, described, and discussed in detail. The
results are compared to those of previous studies, both in local and international contexts.

Additionally, the findings are analysed in relation to the relevant literature.

Chapter 6: Conclusion and Recommendations
This chapter concludes the thesis by summarizing the findings and providing recommendations

based on the results of the study.

Chapter Summary

This chapter provides a comprehensive introduction to the research, outlining the problem
statement, aim, objectives, significance, and scope of the study. It highlights the growing
demand for electricity and the extensive use of coal in South Africa, leading to the generation
of CFA. The potential for extracting valuable REEs from CFA is discussed, emphasizing the

environmental and economic benefits. The chapter that follows reviews the relevant literature.



2. Literature Review

2.1. Introduction

The past years have seen an increased coal utilization in coal-fired power plants because of the
increased demand for electricity due to rising population and economic development as well
as rapid industrialization (Feuerborn, 2005; Wu et al., 2022). The major primary energy source
for South Africa is coal producing over 90% of electricity in the country with 30% of the liquid
fuels all having over 70% of their energy requirements being met by coal combustion (Haw
and Hughes, 2007). In South Africa, Sasol and Eskom use coal as feed for their respective

processes.

Coal combustion produces a by-product of ash referred to as CFA where mineral impurities
present in the coal, including clay, feldspars, and quartz, are merged and floated out with the
exhaust gas. The CFA is the spherical glassy particle that had formed as the floated-out material
cools and solidifies. CFA is collected in the boiler's ash hopper, removed using electrostatic

precipitators or bag systems, and stacked in ash dams (Eskom, 2021).

The Sasol synfuels plant in Mpumalanga, Secunda consumes approximately 28 Mt of coal
annually (Matjie et al., 2005; Sasol, 2024). While 70% of it is consumed through the
gasification process resulting in 7Mt of CFA. In Free State, Sasolburg the Sasol Infrachem
consumes 6Mt of coal annually and produces 1.5Mt of CFA. The remaining 30% of the coal is
combusted to produce steam and generate electricity (Matjie et al., 2005; Kamara, 2023).
Figure 2.1-1 and Figure 2.1-2 are graphical representations of Eskom and Sasol, respectively
showing how much CFA is produced. Lethabo power station produces the most CFA while for

Sasol the Secunda synfuels plant produces the most CFA.
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Coal is known to contain most of the naturally occurring elements and previous research has
shown that rare earth elements (REEs) are more concentrated in coal than REE-bearing ores
(Franus et al., 2015; Vadapalli, 2012). During coal combustion, REEs are not burnt but are
retained in the CFA leading to a significant enrichment of REEs concentration in CFA than the
feed coal (Kolker et al., 2017). In the few past decades, REEs have attracted interest in the

clean energy production industry, automotive, medical, and petroleum industries.



The above-mentioned CFA production figures indicate an opportunity to utilize the CFA and
find optimal ways to extract REEs since larger volumes are readily available for exploration.
This Chapter will review relevant literature on CFA and how the recovery of REEs can be
improved to get high REEs from CFA. Moreover, the extraction methods from
hydrometallurgy that include, CFA roasting, and acid leaching will be described, as how pre-
treatment of CFA aids in getting high REE recoveries from CFA.

2.2. Rare earth elements concentration in coal fly ash

REEs consist of 17 elements that include a series of 15 lanthanides as well as Yttrium and
Scandium according to the International Union Of Pure and Applied Chemistry (IUPAC)
(Connely, 2005; Zhou, 2015). The 15 lanthanides group includes Lanthanum (La), Cerium
(Ce), Praseodymium (Pr), Neodymium (Nd), Promethium (Pm), Samarium (Sm), Europium
(Eu), Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er),
Thulium (Tm), Ytterbium (Yb), and Lutetium (Lu) (An, 2014). However, one of the
lanthanides, promethium has not been found in nature and Ce is the most abundant (Cao et al.,

2018).

The geochemical classification of REEs has divided them into light rare earth elements
(LREEs) consisting of La, Ce, Pr, Nd, and Sm, medium rare earth elements (MREEs)
consisting of Eu, Gd, Tb, and Dy, and heavy rare earth elements (HREEs) consisting of Ho,
Er, Tm, Yb, and Lu (Franus et al., 2015; Seredin,2010). Further classification of REEs based
on the global economic projection resulted in three economic groups, namely critical consisting
of Y, Eu, Er, Nd, Dy, and Tb, uncritical consists of Sm, Gd, La, and Pr, and excessive consisting
of Ce, Tm, Ho, Yb, and Lu (Seredin and Dai, 2012). Scandium is not included on the list
because it is generally considered to have a stable supply, despite the potential for high demand.

(Sebola et al., 2022; Chitlango et al., 2023).

Naturally rare earth elements do not exist on their own as native metals like gold (Au), silver
(Ag), and copper (Cu). This is due to their reactive nature which is why they co-exist with
several ores/ minerals where they are either minor or major constituents such as monazite,
bastnasite, and xenotime (Balaram, 2019). To recover REEs processes such as mining and
physical separation which involves roasting, alkaline/acid leaching, etc are employed to destroy
the matrix minerals that encapsulate REEs. In addition, poisonous waste is generated

significantly (Han et al., 2014).



With the diminishing supply of the mentioned ores, alternative REE sources must be explored,
such as CFA because concentrations of such elements have been found to exist in CFA. Since
REEs do not occur as metallic elements, they are found as mineral compounds existing in
silicates, phosphates, oxides, and carbonates (Dostal, 2017). However, more than 250 minerals
contain REEs as vital constituents in their chemical formula and crystal structure (Dostal, 2017,

Balaram, 2019).

The earth’s crust has an abundance of REEs but unlike most metals, REEs are rarely
concentrated in mineable ores. The potential REE deposits can be divided into primary and
secondary deposits where some of the principal countries that contain the world reserve of
REEs include China, Brazil, India, Russia, and Vietnam, and all sum to about 130 million
tonnes with China having 33% of the world reserve (Scott and Kolker, 2019). Primary deposits
are alkaline rocks and carbonites that form by magmatic, hydrothermal, and metamorphic
processes. And secondary deposits are formed through erosion and weathering (Sowerbutts,
2017). Balaram, (2019) classified REE deposits into five categories in his study i.e., (i) Alkaline
igneous rocks: pegmatites and carbonatites, (ii) residual deposits, (iii) heavy mineral placers,

(iv) REE in coal, and (v) REE in the sediments of the continental shelf and Ocean bottom.

For South Africa, the best opportunity is looking at REE in coal (iv) because it is the country's
major source of energy (Somerset et al., 2004). A significant amount of coal is burnt through
coal combustion either for the production of electricity, steam production, or synthetic fuel
production resulting in a reasonable amount of CFA being produced and stacked in ash dams.
Due to the non-volatile nature of REEs during coal combustion, REE concentrations may be
approximately three times more than the earth’s crust (Wagner and Matiane, 2019). In CFA
there is a full range of REEs compared to the REE-bearing mineable ores. The world average

concentration of REEs in CFA is approximately 404 ppm (Balaram, 2019).

High fractions of REEs of over 30% are contained in CFA when compared to REE-bearing
mineable ores (Seredin and Dai, 2012). Error! Reference source not found. below shows
studies that have determined the average REE concentrations for different CFA samples. The
presented figures give a representation that CFA has the potential to be explored as a viable
alternative source of REEs. In South Africa, Matla Eskom power station CFA was reported as
a potential source for REEs to contain a total abundance of approximately 480 ppm (Eze et al.,
2013). While samples from Poland and the United Kingdom have a total abundance of REEs
of approximately 246 and 480 ppm, respectively (Blisset, 2014).



Table 2.2-1: Average concentrations for different CFA samples (Seleka, 2021)

Average REE concentration Study Country
300-3500ppm Estrade et al., 2019 Madagascar
581 ppm Bern et al., 2017 USA
794 ppm Zhang et al., 2015 China
4000ppm Seredin and Dai, 2012 Russia

In the past two decades, China has dominated the industry in the production of REEs, having
over 90% of the elements produced (Franus et al., 2015; Wanger and Matiane, 2018; Seredin
and Dai, 2012). However, the study by Wagner and Matiane (2018), showed that South Africa
has the opportunity to have a competitive advantage in the trade of REEs Error! Reference
source not found. shows that REE abundance in South African CFA is high compared to China
REE in CFA. The data is a comparison of the coal fly ash from the Jungar power plant in China
and the upper continental crust to the two power stations in South Africa namely, Tutuka power
station, and Matla power station. From the table, it is clear that the South African CFA has a
higher average REE concentration than the upper continental crust as well as that from China.
The total REE concentration for Jungar power station, Tutuka power station, and Matla power
station is 398.60ppm, 476.80ppm, and 455.37ppm respectively. The mentioned values were
higher than 168.37ppm which is the total REE concentration for the upper continental crust.
This suggests that South African CFA is more enriched with REEs, and proper optimal
extraction conditions must be explored that will yield high recoveries to bring a competitive
advantage for South Africa for the trade of REEs. La, Ce, Nd, Pr, and Sm show a trend to be

in high concentrations, and it is also worth noting that all the elements are classified as LREEs.



Table 2.2-2: REE concentration for Jungar power station compared with Tutuka and Matla power
stations operated by Eskom (Wagner and Matiane, 2018)

REE Concentration in parts per million (ppm)

REEs Upper continental crust | Jungar Power station | Tutuka Power station | Matla Power station
La 30.0 85.4 914 81.55
Ce 64.0 141.0 182.4 189.78
Pr 7.1 17.3 19.7 18.35
Nd 26.0 58.5 71.8 63.5
Sm 4.5 20.6 14.4 11.93
Eu 0.88 1.8 2.7 2.35
Gd 3.8 9.1 12.6 10.4
Tb 0.64 1.4 1.9 1.6
Dy 3.5 8.6 11.9 9.5
Ho 0.8 1.7 2.4 1.97
Er 2.3 4.9 6.7 5.38
Tm 0.33 0.7 1.0 0.77
Yb 2.2 4.8 6.5 5.27
Lu 0.32 0.7 0.9 0.72
Yb 22.0 42.1 64.9 52.3
Sc 11.0 - 26.5 24.94

Total 168.37 398.60 476.80 455.37

2.3. Rare earth elements recoveries from Coal fly ash

The extraction process involving removing REEs from CFA is considered less expensive than
the mining process of getting these elements from their bearing mineable ores. Furthermore,
CFA contains a full range of REEs as evident in Table 2.2-2 where South African CFA has
higher REE concentration compared with that of China. Hence the exploration of CFA for REE
extraction justifies the ongoing investigation of researchers searching for optimal conditions
that are not only economical but also environmentally friendly as compared to traditional

mining (Mayfield and Lewis, 2013).

Consultants from Neumann Systems used CFA from a utility plant in Colorado Springs, USA,
and reported to have extracted fourteen REEs with an estimate of extracting over $49 million
worth of minerals from CFA a year. In a more South African context past studies have focused
on the characterization of CFA, mine water treatment, production of synthetic zeolites, and

polymer composites (Eze et al., 2014; Cornelius, 2021).
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However, there are more recent studies that have studied the recovery of REEs from South
African CFA. Figure 2.3-1 shows studies by Seleka, (2021) and Mokoena, (2021) where both
studies used CFA from Tutuka and Duvha power stations operated by Eskom to extract REEs.
Both studies had recovery efficiencies of less than 60% however a noticeable trend is that the
REE recovered for LREE:s is less than what was recovered for HREEs. This can be attributed
to one or both of the following reasons, firstly during coal combustion, the organic matrix is
broken down which associates the HREEs with the parent coal thus making/transforming the
HREE:s to the soluble phase rather than staying insoluble. Secondly, when the organic matrix
is destroyed, HREEs become more accessible to the leaching agent used for extraction from
CFA samples (Mokoena, 2021). In contrast, LREEs are more associated with the inorganic
mineral of the parent coal hence during coal combustion there is a possibility that they are
transformed into insoluble minerals rather than soluble (Mokoena, 2021). Similarly, Taggart et
al., (2017) found similar results using CFA from Illinois with recoveries of 57% for LREEs and
65% for HREE:s.

60 60

40 40
i I I ) I I
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Tutuka Duvha Tutuka Duvha

Recovery (%)
Recovery (%)

HLREEs mHREES mLREEs mHREES

(a) (b)

Figure 2.3-1: REE recovery from Eskom power stations ((a)Seleka, 2021; (b)Mokoena, 2021)
Seleka, (2021) and Mokoena, (2021) studies showed that Ce was extracted more than other the
other elements, and a previous statement was argued to see if there are studies that will show
if Ce will be extracted at high concentrations since Table 2.2-1 represents high concentrations.
Figure 2.3-2 from a study by Seleka, (2021) supports this statement. The LREEs are in high
concentrations in both Duvha and Tutuka power stations leachate, the acid used in the

extraction of REEs from CFA samples.
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The section that follows will discuss the application of REEs in the modern world and how the

most abundant, Ce is used for the advancement of materials.
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Figure 2.3-2: REE concentration in the leaching acid from Eskom CFA (Seleka, 2021)

2.4. Rare earth elements applications

The unique physical and chemical characteristic nature of REEs and their role has become very
important in applications of the world economy which include the fields of optics metallurgy
and catalysts industry where they are utilized in permanent magnets, batteries, and catalysts
(Cao et al., 2018; Taggart et al., 2018). The demand for REEs has sharply increased in the past
decade because of their electrochemical, magnetic, and luminescent properties. Such properties
have made REEs widely utilized in advanced technological applications and material
advancements, including electronic communications and clean energy production (Tang et al.,

2018; Taggart et al., 2018; Seredin and Dai, 2012).

Their application is included in wvarious technologies, including Computer memory,
rechargeable batteries, super magnets, autocatalytic converters, mobile phones, LED lighting,
and superconductors (Balaram, 2016; Balaram, 2019). Many REE compounds are found in
smart batteries that power electric vehicles and all REEs are used in producing flat-panel

televisions.
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Nd has been categorized as a critical element and plays an important role in the production of
super magnets, while Ce is used in producing autocatalysts (Balaram, 2019). Ce is produced in
excess and referring to Figure 2.4-1 55% of the REE produced is utilized in catalysts as
compared to other types. Furthermore, a study by Mahmoud et al., (2021) studied the use of La

and Ce have been in the advancement of aluminium, silicon, and copper alloys.

The addition of REEs in the alloys exhibited an increase in the yield strength of 15% of the
alloys from 6%. This is an advantage for South Africa because CFA from the presented power
stations shows to have an abundant amount of Ce and La present and the study by Seleka,
(2021) showed an increased extraction efficiency of Ce using South African CFA. Other critical
raw materials that can be extracted from CFA include Germanium (Ge) with the biggest
producer being China accounting for over 60%. Ge is used in high-speed computer chips and
fiber optic cables as well as in the defence and renewable energy sectors (Annabelle Liang &

Nick Marsh, 2023; Patton et al., 2023).

5% m Catalysts

\ = Ceramics and glass
10% > = Mettalurgy and alloys
55% = Polishing
m Others

15%

Figure 2.4-1: REEs utilized in different industries (Balaram, 2019)

Additionally, the CFA morphology provides an added advantage in the application of modern
material advancement. CFA particles have different shapes and sizes, namely plerospheres,
cenospheres, and ferrospheres. Plerospheres are larger hollow spherical particles encapsulating
smaller spheres, cenospheres are hollow-rich aluminosilicate spheres and ferrospheres are
ferrous-rich spherical particles (Goodarzi and Sanei, 2009; Liu et al., 2016; Seleka, 2021). This
morphology brings about added advantages particularly cenospheres given their properties in
applications that enhance the material's strength and good thermal resistance. Cenospheres can
be used as a coating on diesel engine components, and heat exchangers because of their good
thermal resistance while in cement industries they can be used to make lightweight cement

(Ranjbar and Kuenzel, 2017).
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2.5. Mineralogy and chemical composition

The main minerals present in CFA particles are considered to be quartz (SiO2) and mullite
(3A103 Si0O2) which are composed of silicate and aluminosilicate minerals, respectively
(Cornelius et al., 2021). During the combustion process at high temperatures, CFA will cool
down rapidly from the flue gas resulting in glassy spherical particles that are an indication of
the melted silicates (Mahlaba et al., 2011). The study by Cornelius et al., (2021) showed that
the CFA from the Matla power station in addition to the mentioned mineral phases included
magnetite (Fe3O2) a mineral phase composed of iron (I/Il) oxides and hematite (a- Fe3O»)
mineral phase as well. The aluminosilicate mineral phases are referred to as the glass phase as

they are the result of the cooled down CFA glassy spherical particle from combustion.

The non-volatile nature of REEs allows them to remain unburn during coal combustion and
they are encapsulated in the CFA, hence the REE enrich in the CFA. To better understand the
effective extraction of REEs from CFA, it is important to understand how they occur and
develop effective extraction methods. Pan et al., (2020) investigated the occurrence of REEs in
CFA and identified five modes where the authors classified the modes of occurrence of REEs

in the categories that follow.

1) Ion exchangeable.
2) Acid soluble.
3) Metal oxides.
4) Organic or sulfide.

5) Silicate and Aluminosilicate.

Wu et al., (2017) conducted a study to characterize the leaching rate of REEs from CFA using
the above-mentioned categories and Figure 2.5-1 represents the leaching ratio which is the
weight fraction of each occurrence form of REEs in each category. The aluminosilicate has a
higher peak compared to the other peaks indicating that there is more occurrence of REEs in
the silicate and the aluminosilicate phase. During the combustion process, the phosphates,
carbonates, and sulphates decompose and over 80% of the REEs get adsorbed in the solid glass
phase. The REEs in the water-soluble, ion-exchange, and acid-soluble are transformed into

silicate and aluminosilicate after combustion (Wu et al., 2022).
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Figure 2.5-1: REE occurrence in CFA (Wu et al., 2022)

Kolker et al. (2017) studied the distribution of REEs in CFA using CFA in the U.S., the study
provided the same notion that REEs are enriched in the aluminosilicate glass phase of the CFA.
Additionally, Thompson et al., (2018) also found the aluminosilicate glass phase to be dominant
of REEs. The results of these studies show that if the aim is obtaining higher recoveries of
REEs from CFA, it is vital to consider targeting to destroy the aluminosilicate glass phase to
expose REEs to the leaching acid used. This follows the understanding of using strong leaching
acids/bases at high temperatures to effectively destroy the amorphous phase in CFA (Seleka,
2021; Mokoena, 2021; Wu et al., 2022).

Some elemental oxides are present in the CFA as major and minor oxides and contribute to the
REE enrichment in the spherical particle. The REEs present in the CFA is in close association
with silicon (Si), aluminium (Al), and iron (Fe). The major oxides composition is dependent
on that of the parent coal. The major elements that are found in coal are apatite consisting of
calcium (Ca) and phosphate (P), Dolomite consisting of Ca and magnesium (Mg), gypsum
consisting of Ca, chromite consisting of chromium (Cr), and Mg, ankerite consisting of Ca,
Mg, and manganese (Mn), anatase consisting of tin (Ti), and Rutile (Ti) (Cornelius, 2021) The
analysis by Cornelius et al., (2021) identified the composition of the major elements in CFA
from South African power station, Matla present in Table. The high L.O.I value is due to the
presence of unburned carbon content in the CFA and the moisture content also plays a role in

the reported L.O.I value.
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Table 2.5-1: Major elements in CFA from Matla power station (Cornelius et al., 2021)

Major Elements wt%
Si0; 56.42
AlLOs 27.63
FE‘QOg 6.08
CaO 5.62
TiO; 1.59
MgO 1.57
K,O 0.57
P>, 05 0.36
Na,O 0.09
MnO 0.05
Cry03 0.02
Sum 100.00
L.O.1 7.66

The major oxide elements SiO»>, Al,O3, Fe>Os3, and CaO are in dominant amounts as per data
in Table 2.5-1. These major elements are used to determine the class to which the CFA belongs
as per ASTM C618. Generally, CFA is classified either as Class C or Class F type CFA. Specific
guidelines have been developed by the American Society for Testing and Minerals (ASTM
C618) to classify CFA. The CFA has been classified into two categories by the ASTM C618,
namely Class F and Class C CFA, and those that do not satisfy the ASTM C618 criteria are

categorized as off-specification (Yilmaz et al., 2019).

Class F CFA has a low calcium content of less than 15%, while class C has a calcium content
of more than 15%. According to ASTM C618, Class F should contain a minimum of 70%
pozzolanic compounds while Class C should contain between 50-70% of pozzolanic
compounds. Pozzolanic compounds possess siliceous and aluminous materials that, when in
the presence of moisture, they react chemically with CaO to compounds that possess
cementitious properties. This is an indication that Class C CFA has self-cementitious properties
while Class F only hardens when reacted with calcium hydroxide and water (Kutchko and Kim,
2006; Zerfu and Ekaputri, 2015; Saha, 2018). This classification indicates that the South
African CFA is a Class F type.
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Class C CFA has proved to have high REEs recoveries when extracted as compared to Class F
CFA, this is because the calcium content is high in Class C which means that calcium-bearing
elements will be more soluble in the leaching acid than other elements such as alumina and
silica (Taggart et al., 2016). King et al., (2018) performed the study using US coal and leaching
with hydrochloric acid (HCI), while Taggart et al., (2018) also used CFA from the US leached
with nitric acid (HNO3) both came to the same conclusion that high calcium bearing CFA
yielded high REE recoveries compared to low calcium bearing CFA. Since South African CFA
is classified as Class F pre-treating the CFA before acid leaching is the first step to take before
leaching with acid. Taggart et al., (2016) extracted REEs from CFA with low CaO content and
the recoveries were only 44.1%. To improve recoveries, the CFA was pre-treated with a
sodium-containing element specifically sodium peroxide. The recoveries improved by almost

twice what was recovered before the pre-treatment.

pH and calcium/sulfur ratio are also factors that further classify CFA as acidic CFA, mildly
alkaline CFA, and strongly alkaline CFA, with pH values of 1.2-7, 8-9, and 11-13, respectively
(Kolbe et al., 2011). The use of strong acids mentioned above for leaching has the potential to
co-leach elements that can be useful nutrients to plants such as copper (Cu) and Zinc (Zn).
There also exist traces of harmful elements in addition to REEs in CFA. The trace elements are
found to be embedded in CFA, these include but are not limited to, mercury (Hg), arsenic (As),
selenium (Se), lead (Pb), cadmium (Cd), chromium (Cr), molybdenum (Mo), and zinc (Zn)
(Wang et al., 2020; Zhao et al., 2018; Tang et al., 2018). Furthermore, REE recovery also has
the potential to recover radioactive elements such as Uranium (U) and Thorium (Th) (Taggart
et al., 2018). Therefore, chemical analysis must be efficiently done to determine the
contaminants that may be present in the CFA so that proper handling measurements be put in

place.

2.6. Environmental hazards

High-temperature combustion processes often generate toxic elements, making it crucial to
implement mitigation measures when handling coal fly ash (CFA), as coal contains most
naturally occurring elements (Davison, 1974). A portion of CFA produced by Eskom is sold to
other entities that utilize it like the cement industry, however, still large amounts remain stored

in ash dams near the South African coal-fired power station, Eskom (Vadapalli et al., 2012).
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Another growing concern is that land to dispose of CFA is running out which is an economic
threat to South Africa. This is another reason why exploring CFA as a secondary REE source
is important because that will mitigate the issue of disposing of large amounts. The shortage of
valuable amounts of land is not the only concern with CFA disposal but the bigger threat is the
harmful trace elements contained within CFA such as Hg, As, Se, Pb, Cd, Cr, Mo, and Zn, thus
making CFA an environmental hazard. Therefore, the leaching of these elements during CFA
disposal is of concern because of possible contamination with contact with water which is a

threat to aquatic ecosystems.

In addition to CFA posing a threat to aquatic, human life is also in danger because disposed
dry ash can cause air pollution since the ash particles can easily be mobilised by blowing wind
(Jones and Bérubé et al., 2011). The toxic elements contained within the CFA can affect people
of all ages and prolonged exposures can be severe and cause illnesses that include bronchitis,
silicosis, cancer, kidney diseases, and pneumonitis (Pujari and Dash, 2006). Figure 2.6-1 shows

the associated risks with each of the mentioned toxic elements.
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Figure 2.6-1: Bodily health impact by CFA (Gottlieb et al., 2010)
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Exposure to chronic diseases is largely due to the poor management of CFA. Astudy done in
Mpumalanga, South Africa showed elevated concentrations of As, Mn, Pb, Ni, and Cu in the
soil bearing the CFA. This study by Dalton et al., (2018) was conducted in surrounding areas
of a large coal-fired power plant where CFA is disposed at. This has the potential to reach
groundwater and afterwards contaminate the water source especially during rainy seasons
because due to gravitational force, the water will move down and reach groundwater. Wu et al.,
(2022) showed that harmful trace elements such as Hg can be transformed into forms that can
be easily desorbed at lower temperatures during flux roasting with the aid of adding NaOH. In
the study, the NaOH to CFA ratio of 1.2:1 resulted in no mercury detected after roasting when
compared to the 10.52wt% of mercury that remained when CFA was calcined without the
addition of NaOH. This a potential solution for the Class F type CFA that study by Taggart et
al., (2016) has shown that with the addition of NaOH, recoveries are improved.

However, an important note to make is that while finding optimal leaching conditions for South
African CFA the harmful trace elements mentioned above will also be co-recovered during the
process. This makes it important to determine any hazardous environmental concerns that come
along with the leaching process since it is nonselective in which elements are extracted (Taggart

etal., 2018).

2.6.1. Downstream waste implications

The extraction of REEs from CFA presents a promising opportunity for resource growth and
economic growth in countries like South Africa that have an abundance of CFA stocks.
However, the recovery process generates waste streams that pose significant environmental,
health, and regulatory concerns. The process of recovering REEs from CFA includes the use of
acid and alkaline leaching, which prompts the need to study the implications of generating this
waste and find the best practices to manage the waste to promote a sustainable REE recovery
industry. The process yields waste streams such as the leachate and solid residues, which
contain residual acids and or bases with dissolved heavy metals (Qi et al., 2020). When not
properly managed, these waste streams have the potential to cause long-term environmental

and health consequences.
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The more pressing issue is the potential of the leachates contaminating the surface and
groundwater. The leachates are acidic media that can lower the pH of the receiving water
bodies, hence mobilizing the toxic elements, which are not active in a neutral environment
(Gao et al., 2019). The presence of elements such as uranium and selenium can lead to the
bioaccumulation of aquatic species. In contrast, the toxicity of the lanthanides to aquatic
crustaceans and unicellular algae was used to prove the adverse impact of REE-containing
media on the environment through studying their bioassays (Blinova et al., 2018; Bergmann et

al., 2020; Aharchaou et al., 2020).

The mentioned waste streams above can be considered as hazardous, hence should be treated
as hazardous and managed as per the National Environmental Management: Waste Act (No. 59
of 2008), which requires clarification and licensing of hazardous waste to protect the
environment and human health. Moreover, the National Water Act (No. 36 of 1998) governs
the discharge into water bodies. South Africa is a signatory to the Basel Convention, which
governs the movement of waste that is considered to be hazardous. Aligning the local
regulations with the EU Best Available Techniques (BAT) and ISO 14001 environmental
management standards promotes high chances of compliance and environmental performance

(UNEP, 2019; TIAEA, 2021; WHO, 2017).
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Figure 2.6.1-1: Effects of the REEs waste stream comparison (Jouini et al., 2022)
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Jouini et al. (2022) studied the impact of extracting REE from both primary and secondary
sources and compared the adverse effects it poses on human health, ecosystem quality, and
resources, including the consumption of quality water. However, the most impact was
identified to be more severe with the process involving primary sources compared to the
secondary sources. This was based on the acidification levels and fossil fuel depletion potential,
and terrestrial eutrophication. The authors did specify that more study still needs to be done

where waste streams are carefully studied for better management.

Recovering REEs from CFA has been considered a game changer in terms of the economic
supply of these elements, supporting renewable energy in the energy sector (Balaram, 2019;
Peiravi et al., 2019). The best practice to employ to assist in reducing waste production will
be through process optimization and recycling the media to reduce the volume of hazardous
waste. Additionally, specifically designed leachate collection systems for final disposal can be
directed to a neutralization plant to prevent any contamination. Typically, in industrial
applications, the alkaline leaching method is preferred, using a 50% v/v NaOH concentration,
for which recoveries have reached 99.9% (Alex et al., 1998). The leachate that results is then
treated with ammonia or sodium pyrophosphates to remove the thorium. This method can assist
in the conventional REE extraction process to remove the radioactive element regarded as not

favourable in soil and water (Gad, 2005).

2.6.2. Trace elements in the leachate and solid residue

Comparing the concentration of harmful trace elements (HTEs) recovered to that of the targeted
water quality range (TWQR) can help understand the possibilities of safely disposing of waste
streams resulting from the REE extraction process. This will bring about an added advantage
of determining the economics involved in dealing with waste. Seleka (2021) compared the
HTEs coextracted with the REEs from both the leachate and the solid residue that remained.
The leachate had a high concentration of HTEs that exceeded the set TWQR compared to that
in the solid residue. Additionally, the pH values were found to be lower compared to the
TWQR, but the electrical conductivity was within the acceptable range. However, a correlation
was found between the pH and the concentration of HTEs in the leachate, lower pH resulted
from a leachate media of high trace elements compared to when the pH is high. This

phenomenon was discovered in different South African CFAs (Gitari, 2009).

21



The recovery of trace elements is more concentrated in the leachate, especially when leaching
with a lixiviant with a strong acid like HCI that brings the leaching media to a low pH. HCl is
an effective acid when recovering heavy metals in low pH (King et al., 2018; Huang et al.,
2011). With a high concentration of trace elements in the leachate, the solid residue will be
present with a low concentration of trace elements, making it safely and economically feasible
to dispose of (Mokoena, 2021). The table below is data compiled based on studies presented in
Kind et al. (2018), Haung et al. (2011), and Mokoena (2021). As per the Norms and standards
for the disposal of waste to landfills (2013), REE extraction waste can be classified as
typel/type H waste of which the solid residue is recommended to be disposed of in a landfill
stabilized with lime or cement while the leachate can be neutralized first to bring up the pH

(Department of Environmental Affairs, 2013).

Table 2.6.1-1: Trace Elements associated risks

Element Presence in the Presence in solid | Environmental risk
leachate residue
Arsenic (As) High (In acidic Remains in poorly Carcinogenic,
leachates) leached systems leaches into water
Cadmium (Cd) Moderate to high Low to moderate Bio accumulative in
aquatic systems
Lead (Pb) Low (often remains High (typically Soil contaminant
in the solid residue) | binds in the silicate
phases)
Chromium (Cr) Low to moderate High (remains in Cr (VI) can be toxic
oxide elements)
Uranium (U) Moderate Residual Radioactive and
soluble in water
Selenium (Se) Moderate Low High risk in aquatic
ecosystems
Vanadium (V) Moderate (depends Moderate Moderate risk
on the pH)
Nickel (Ni), Copper | Moderate Remains when the Moderate risk
(Cu), Zinc (Zn) pH is neutral
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2.7. Rare earth elements enrichment

Studies have shown a relationship between CFA particle size and REE concentration to be an
inverse type of relationship. A decrease in CFA particle size gives an increase in REEs
concentrated within the CFA sample (Lin et al, 2017; Seleka, 2021). This relationship can play
a role in maximizing the REE recovery from CFA. Simple methods such as magnetic
separation, particle size separation, and density separation are physical methods that can be

applied to enrich the REE concentration before the acid-leaching step (Pan et al., 2020).

Pan et al., (2020) studied the above-mentioned relationship using different size fractions, e.g.,
150-100 pm, 100-74 pm, 74-55 pm, 55-35 pm, 38-25 pm, and -25 pm. The study showed that

the REE concentration increased from 608 to 896 “Eg with decreasing of the particle size, high

REE concentration was measured at -25 pm.

In a more South African context Seleka, (2021) came to the same conclusion by using Duvha
and Tutuka power stations CFA. Figure 2.7-1: REE concentration in different size fractions (Seleka,
2021; Lin et al., 2017) (a) are the results from the study and with a size fraction <25um over 20
ppm average REE concentration is present within the CFA while that of Figure 2.7-1: REE
concentration in different size fractions (Seleka, 2021; Lin et al., 2017) (b) presents the same high REE

concentration with -25 pm.
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Figure 2.7-1: REE concentration in different size fractions (Seleka, 2021; Lin et al., 2017)

Both studies show that the mentioned inverse relationship exists between decreasing CFA
particle size and REE enrichment with the CFA particle. This means that there is potential for
physical separation of particle sizes to enrich CFA to get high REE recoveries from South
African CFA.
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2.8. Leaching processes for REE recovery from CFA

The predominant phase in CFA is the aluminosilicate glass phase where REEs are most
abundant (Taggart et al., 2018; Wu et al., 2022). A technique to effectively destroy that glass
phase must be developed since it is a phase where REEs reside and to enhance the REE
recovery for South African CFA with low CaO content. A hydrometallurgical process has been
developed to recover alumina from the bauxite ore, and the advantage that CFA has is that it
has a similar chemical composition as the bauxite ore, meaning a similar process can be used
as well. The hydrometallurgical process is used to recover alumina from CFA and is divided
into two types, acidic or base leaching process, and acidic-basic leaching (also referred to as
alkaline acid fusion) process is also adopted in a case of class F CFA to pre-treat before acid

leaching (Shemi, 2013; Wu et al., 2022).

2.8.1. Bioleaching

REE recovery plays a vital role in the world’s economy, not excluding its contribution to green
technology applications. However, there is growing concern when it comes to the environment
and human health as a whole. The bioleaching method uses microorganisms for the recovery
of metals from ores either from primary or secondary sources (Mowafy, 2020). This method is
performed at relatively low temperatures and atmospheric pressures resulting in low energy
costs and low aggressive chemical usage but the disadvantage of using such a method is low
REE recoveries (Mowaty, 2020; Fathollahzadeh et al. 2019; Osman et al. 2019; Zhang et al.
2019).

Some microbiological and physicochemical factors play a role in REE extraction using the
bioleaching process. Those include pre-treatment of the CFA particle, elemental and
leachability of REE compounds, pH, temperature, particle size, aeration rate, stirring, leaching
duration, and the type of microorganisms. Several microorganisms have been studied for
optimal bioleaching extraction processes. Among the studied microorganisms, Acidophilic and
iron sulphur oxidizing microorganisms have been commercially used in the recovery of metals
that include Cu, Ni, Zn, Cobalt (Co), and Gold (Au) (Brierley and Brierley, 2013). From the
studied acidophiles, acidithiobacillus ferroxidants and acidithiobacillus thiooxidans have
shown great potential in mobilizing REEs from their source (Fathollahzadeh, Hackett, et

al.,2018; Funari et al., 2017).

Table 2.8.1-1 and Table 2.8.1-2 below show an overview of REE extraction using the

bioleaching process from both primary and secondary sources, respectively.

24



Table 2.8.1-1: Overview of bioleaching studies from primary sources (Rasoulnia, 2021)

Optimum
Microorganism Pulp growth
Primary used for Identified Leaching density Time Temp  Total REE leaching temp
source REEs present leaching Experiment type agents (acids) (% w/v) (d) (°Q) efficiency (%) Reference (°Q) Reference
Bastnesite- Ce, La, Y, Pr, Streptomyces sp.  Batch, shake flask,  Pyruvic, lactic, 0.5 20 25-28 0.08 Zhang et al. n.a
bearing rock Nd, Sm, Eu, FXJ1.172 spent medium oxalic, (2018)
Gd, Tb siderophores
possibly DFOE
Bastnesite Ce, La, Y, Pr,  Micromonospora  Batch, shake flask, Pyruvic, 0.5 15 25-28 0.1 Zhang et al. 20-40 Genilloud
(Pure) Nd, Sm, Eu, sp. R171 one-step lactic, oxalic (2018) (2015)
Gd, Tb
Carbonaceous na Aspergillus niger  Batch, shake flask,  Citric, oxalic 1 7 30 86 Amin et al. 35-37 Kiick
shales one step (2014) et al. (2009)
Gibbsite ore n.a Acidithiobacillus  Column bioleaching Sulfuric acid n.a n.a 30 67.58 Ibrahim and 30-35 Kelly and
ferrooxidans El-Sheikh Wood (2015)
(2011)
lon-adsorption  La Ce Dy Lu Aspergillus sp. Batch, shake Gluconic, 2 3) 4b3 25 La (72.6), Dy (62.2), Barnett et al. n.a
clay flask, two step citric, oxalic Lu (64.8), Ce (15.3) (2018)
lon-adsorption  La Ce Dy Lu Bacillus sp. Batch, shake Gluconic, 2 3) 4b3 25 La (64.8), Dy (51.2), Barnett et al. n.a
clay flask, two step citric, oxalic Lu (50.8), Ce (14.0) (2018)
Monazite Ce, La, Nd, Pr  Aspergillus terreus Batch, shake Itaconic, succinic 1 6 25-28 3-5 Brisson et al. n.a
strain ML3-1 flask, one step (2016)
Monazite Ce, La, Nd, Pr  Paecilomyces spp. Batch, shake Acetic, 1 6 25-28 3-5 Brisson et al. n.a
strain WE3-F flask, one step gluconic, (2016)
succinic
Monazite Ce Aspergillus niger  Batch, shake Oxalic, acetic, citric, 2 30 30 Ce (100) Keekan et al. 35-37 Kiick et al.
flask, one step succinic, (2017) (2009)
kojic, itaconic
Monazite na Aspergillus ficuum Batch, shake Citric, oxalic 0.6 9 30 754 Hassanien n.a
flask, one-step et al. (2014)
Monazite na Pseudomonas Batch, shake 2-ketogluconic 0.6 8 35 63.5 Hassanien 37 Palleroni
aeruginosa flask, one-step et al. (2014) (2015)
Monazite Ce, La, Nd, Pr, Acetobacter aceti Batch, shake Citric, malic, 16.7 9 30 Ce (0.13), La (0.11) Shin 30 Sievers and
flask, one-step tartaric, acetic et al. (2015) Swings
(2015a)
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Table 2.8.1-2: Overview of bioleaching studies from secondary sources (Rasoulnia, 2021)

Identified Pulp Total REE
Microorganism used Leaching density Time Temp leaching
Secondary source REE for leaching Experiment type agents (acids) (% wiv) (d) (°C) efficiency (%) Reference
Ash slag waste Sc, Y, La, Nd, Sm, Gd, Ce, Acidophilic Batch, shake flask, Sulfuric 3 10 45 15-30 Tsaplina et al.
Pr, Dy, Er, Eu chemolithoautotrophs one step (2015)
Ash slag waste Y, Sc, La, Nd, Gd, Sm Acidophilic Batch, stirred Sulfuric 10 10 45 Sm (26.5), Muravyov et al.
chemolithoautotrophs bioreactor, Gd (27.6) Sc (52), Y (2015)
one step (52.6), La (59.5),
Nd (22.1)
Ash slag waste Y, Sc, La Acidophilic Batch, airlift Sulfuric n.a 60 20-22 Y (31), Sc (30), Muravyov et al.
chemolithoautotrophs percolators La (33) (2015)
Coal fly ash Dy, Y, Sc, Er, Yb, Gd, Eu, Candida bombicola Batch, shake flask, Acidic 1 3+6h 28 Dy, Y, Sc Er, Yb Park and Liang
Sm, La, Ce, Pr, Nd spent medium sophorolipids (60-67), Gd (52), Eu (2019)

(48), Sm (42), La,
Ce, Pr, Nd (27-30)
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pH and temperature are the two most important parameters that must be controlled when using

the bioleaching method for REE extraction because they control the leaching mechanism and

microbial activity as well as REE solubility (Rasoulnia, 2021). Ma et al., (2023) study on using

bioleaching for extracting REEs from CFA reported a recovery mostly on Gd of 46.63% and

the total REEs recovered was 30.91% under a pH of 4 and temperature of 28°C. Table 2.8.1-3

is a comparison of different studies leaching efficiency. From this data, it can be observed that

bioleaching using microorganisms is possible and the microorganism studied thus far for

obtaining REEs from CFA is the Candida bombicola by Park and Liang, (2019). There still

exists a gap in the bioleaching studies and further studies with comparable results using CFA

are still limited.

Table 2.8.1-3: Different studies leaching efficiencies (Park and Liang, 2019)

Pulp Shaking | Leaching
. . Raw Temperature . ; i
Microorganism material °C Duration | density speed | efficiency | References
(%0) (rpm) (%)
) - sc: 52.0%, | Muravyov
Cheﬁ}i‘f}f&ﬁ;hic Avsg:g:g 45 10 10 NA | Y:52.6%, | etal,
La:59.5% (2015)
o Hassanien
Aspergillus ficuum | Monazite 30 9 0.6 NA 751'{]‘5280f et al.,
(2013)
Pseudomonas 63.5 REEs
aeruginosa Thorium— 35 8 0.6 175 La20%; | Desouky et
. 28 1 0.75 175 Ce: 33%, | al., (2011)
Aspergillus ficuum uranium Y:0.11%;
concentrate Y:2.51% -2011
Ibrahim
Acidithiobacillus | Uraniferous 30 67.58% of and El-
ferrooxidans Gibbsite ore NA cycles NA NA REEs Sheikh
(2011)
. Monazite Ce: Shin et al.
Acetobacter aceti bearing-ore 30 9 16.7 180 0.13%; (2015)
La:0.11%
67Y ;9% ) Park and
Candida bombicola | Coal fly ash 28 6 50 e Liang
Er:64.6%,
Sc:63% (2019)
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2.8.2. Solvometallurgy: Ionic liquids and deep eutectic solvent utilization

The extraction of REEs from CFA has advanced through the application of solvometallurgical
techniques, which involve the use of non-aqueous solutions such as ionic liquids (ILs) and deep
eutectic solvents (DESs) (Thomas et al., 2024). These solvents have developed as promising
green alternatives for REE extraction from secondary sources like CFA. While conventional
aqueous systems often struggle with selectivity, ILs and DESs offer unique advantages,
particularly their wide electrochemical window, which allows for electrochemical separation

of REEs (Thomas et al., 2024; Arrachart et al., 2021).

Studies have shown that silica and alumina exhibit lower solubility in ILs and DESs compared
to other metals. However, the enhanced selectivity and reduced corrosiveness of these solvents
make them attractive despite this limitation. ILs typically consist of cationic and anionic
components, while DESs are mixtures of compounds that interact primarily through hydrogen

bonding, lowering their melting points and enabling metal dissolution (Arrachart et al., 2021).

Among ILs, the selective solubility of REE oxides has been investigated using betaine
bis(trifluoromethyl sulfonyl) imide ([Hbet][NTf:]) (Nockemann et al., 2006). However, this IL
demonstrated poor REE solubility, attributed to its weak Brensted acidity due to the carboxyl
group, which forms stable carboxyl complexes with REEs (Arrachart et al., 2021; Thomas et
al., 2024). Although ILs offer several advantages, their high cost and potential toxicity pose

challenges for upscaling and downstream waste.

DESs, on the other hand, are considered more cost-effective and environmentally benign. They
have been shown to achieve higher recovery rates for LREEs compared to HREEs. Karan et
al. (2022) attributed this to the increased basicity in the DES, which facilitates electron
donation and preferential bonding with the protons of LREEs. Nevertheless, Rozelle et al.
(2016) highlighted the need for deeper insight into REE dissolution selectivity in DESs, arguing

that current formulations may not yet justify widespread use for CFA leaching.
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Table 2.8.2-1: Ionic liquids and Deep eutectic solvents comparisons

Ionic liquids (IL)

Deep Eutectic Solvents (DES)

Definition

Salts composed of organic
cations and anions tend to be
liquids at or near room

Comprises hydrogen bonds and
hydrogen acceptors that form
eutectic mixtures.

temperature.
Green chemistry potential Moderate; often toxic, and High; considered to be
expensive. environmentally benign and
cost-effective.
REE selectivity Moderate to high Good for LREEs under high
(Electrochemical separation basicity conditions.
possible).

Solubility limitations

Si0; and Al>,O3 have poor
solubility, including poor REEs

Si0; and Al>O3 have poor
solubility; however, with

solubility. REEs, it varies depending on
formulation.
Cost and availability High costs limit upscaling. Low cost.
Challenges High costs and toxicity. Selective tuning, the process

needs optimization.

2.8.3. Direct and Indirect acid leaching

Acid leaching methods are the most preferred methods for the extraction of alumina from non-
bauxite ores that contain high silica since it is not soluble in acidic solutions unlike in alkaline
solutions (Taggart et al., 2018). Three acids are used for direct acid leaching, it is worth noting
that the mentioned acids are corrosive which makes it important to take note of the
characteristics that each acid possesses to make the right choice of selection about which acidic

solution to use for the leaching process (Shemi, 2013).

Some CFA require pre-treating with an alkaline solution before acid leaching, the purpose of
this step is to improve the REE recoveries in the acid leaching step. The acid and alkaline
solutions adopted in the literature are discussed in detail below to better understand the choice

of their selection.

HCl is used as leachate either in the direct acid leaching process or after pre-treating with an
alkaline solution as a second step. This acid is considered a strong acid among the three that
have been mentioned above however, highly corrosive as well with many industrial uses which
include mining industries for ore and metal treatment/extraction, water treatment, and

purification (Shemi 2013; Hagen and Jarnberg, 2009.
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The downside of using HCl is that it produces corrosive fumes and hydrogen that are a threat

to metal in close proximity (Hagen and Jarnberg, 2009).

HNO;3 is considered the weakest of the three mentioned acids though it is also highly corrosive
and toxic. The primary uses of nitric acid include the production of explosives, purification,
the extraction of gold (Au), and the dissolution of all metals except for the noble ones (Hagen
and Jarnberg, 2009; Shemi, 2013). With direct light and exposure to heat, nitric acid is easily
decomposed. Furthermore, nitric acid when reacted with metals produces ammonia and nitrous
gases. Nitric acid concentrated to approximately 70% is a powerful oxidizing agent that can
react with combustible, organic, and readily oxidizable material (Branday et al., 1996; Hagen

and Jarnberg, 2009).

H>SO4 is a colourless oily liquid when pure and odourless unless it is heated. Sulphuric acid
can react with any metal when cold and increases its reactivity when it is heated up. The acid
is highly exothermic when reacted with water and emits flammable gases when in contact with
metals. It is also a highly corrosive acid and a good dehydrating agent (Greenwood and

Earnshaw, 2012; Hagen and Jarnberg, 2009).

Acid leaching optimization techniques were studied and presented by Kim et al., (2016) and
Yang, (2019), both studies looked at the three above-mentioned acid solutions as lixiviants.

HCI and HNO3 both had high recoveries in both studies than HoSO4 which had low REE
recoveries from CFA. Yang et al., (2019) used lmTOI of each acid concentration and obtained

REE recoveries of 80%, 76%, and 74% from leachate HCl, HNO3, and H>SOj4 respectively.
Kim et al., (2016) used twice the concentration of each leachate and achieved high recoveries

with HCI and HNO3 while with H>SO4 less than 50% of REEs were recovered.

Both of the above-mentioned studies resulted in high REE recoveries with the use of HCI and
HNO3 compared to H>SO4. A study by Cheng-you et al., (2012) explained the shortcomings
of using H2SOq4 as a lixiviant to recover alumina from CFA by the fact that after acid leaching,
what remains in the solid leachate is mullite, quartz, and calcium sulphate (CaSO4). Hence the
low recovers meant that the desired elements did not diffuse in time and remained encapsulated
in the quartz, mullite, and CaSOs. Applying the same notion of logic to REE recoveries,
exposing the H2SO4 solution to the CFA particle sample will form an insoluble layer of CaSOsq,
and the reaction will either slows or stops entirely resulting in low REE recoveries (Yoon and

Bae, 2019; Cheng-you et al., 2012).
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The reactions of these two compounds are inevitable because whenever HoSO4 and Ca are

present together in aqueous solutions the CaSO4 will form (Mokoena, 2021).

The REE-rich aluminosilicate glass phase in the CFA particle is the phase that is also rich in
the major elements such as Fe, Al, and Ca. Reacting that phase with HCI will first attack the
major elemental oxides with the reactions below, then react with REE oxides (Cao et al., 2018;

Tang et al., 2019).

Al,0; + 6HCI — 2AICl; + 3H,0 Eql
Fe,05; + 6HCI — 2FeCl; + 3H,0 Eq2
Ca0 + 2HCI - CaCl, + H,0 Eqg3
RE,03; + 6HCl — 2RECI; + 3H,0 Eq4

This means that there has to be sufficient HCl present when extracting REEs from CFA because
Eql through Eq3 will use it up and limit the REE recovered.

Some CFA will require pre-treatment that will attack the aluminosilicate glass phase aiming to
expose the REEs to the leaching acid. Chemical reactivity in aluminosilicate has been proven
to be motivated by sodium-containing substances such as NaOH and Na>COs to increase the
chemical reactivity of CFA (Yao et al., 2011; Mao et al., 2003). This way the amorphous phase
1s decomposed converting the insoluble layer to the acid-soluble phase within the CFA particle.
Hence their use as fluxing agents for aluminosilicate minerals like CFA has proved to yield

positive results in REE recoveries. The reaction of NaOH with CFA is as follows.

AL,0; + 2NaOH — 2NaAlO, + H,0 Eq5
Fe,05 + 2NaOH — 2NaFeO; + H,0 Eq6

The sodium hydroxide will react with the major elemental oxides enriched in the
aluminosilicate glass phase through equations Eq5 to Eq7. In the second step which is Eq4,
REEs will react with the HCI as the glass phase will be destroyed having exposed the REEs to
the leaching acid. Majchrzak-Kuceba and Nowak, (2011); Bai et al., (2010), proved that NaOH

is a useful flux additive to improve chemical reactivity in CFA for the extraction of alumina.
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Furthermore, their study showed that using sodium-containing substances, specifically NaOH
as a calcination additive improved the alumina extraction while decreasing thermal activation
temperature. Though calcination with Na;COj also improved results, though it came with a

cost of high thermal activation temperature as compared to NaOH (Guo et al., 2013).

2.9. Shrinking core model

Leaching experiments have been studied to get a better understanding of the leaching kinetics
of REEs from CFA, and it has been observed that the reaction takes place on the outer/exposed
surface of the particle to the inner layer of the particle. The shrinking core model has been used
as an aid in understanding what happens as the heterogeneous non-catalytic reactions of the
spherical CFA particle are being attacked by the leaching acid (Safari et al, 2009; Cao et al.,
2018). The shrinking core model has been based on the following assumptions: 1) the particle
is spherical, and 2) there is uniformity in how the model shrinks during the leaching process.
CFA particles can be observed as being spherical, where the reaction zones attack the solid and
generate reacted material while also there is an unreacted core that will shrink, decreasing in

size during the reaction, see Figure 2.9-1 (Ahn and Choi, 2017, Dilip et al., 2016).

Initial unreacted
particle

Time Time

™ > O Particle shrinks with

time, finally disappearing

Flaking ash or gaseous
products cause shrinking in
size

Figure 2.9-1: Shrinking core model (Ray and Ray, 2018)

The aluminosilicate glass phase of the CFA particle has been established that it must be
effectively destroyed to expose the REE to the leachate for high recoveries. The alkali fusion
before acid leaching will dissolve the amorphous phase of the CFA, making it porous. In this
instance, the alkali will react with the amorphous silica and diffuse through the porous silica,

but the inert crystalline phase will remain unaffected by the alkali.
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The aluminosilicate glass phase reaction will continue to be fast through the inert porous phase
dissolving the glassy phase of the CFA. The OH ions from the pre-treatment additive will
diffuse toward the reacting surface while ions from the major elemental oxide SiO; and AL2O3,
SiOs* and Aly” will diffuse from the glass core to the liquid surrounding the CFA particle
(Brouwers and Van Eijk, 2002). As the REEs will be exposed to the acid leachate in the acid
leaching step, the H" molecules will migrate in the solution to react with the REEs given that

they are not limited by the solution concentration and solid-liquid ratio.

The REEs are enclosed in the CFA and the dissolution will take place layer by layer during the
leaching step (Ahn and Choi, 2017; Cao et al 2018, Levenspeil, 1999; Dilip et al, 2016).
Leaching with HCI will not limit the reaction with the major elemental as H>SO4 would by
forming CaSO as previously mentioned. However, the silica gel is expected to form over time
which will limit the reaction thereby reducing the transport of elements to the surface since the

CFA particle size will be reduced.

For this reason, the product layer will be the rate-determining step. Mokoena, (2021) and
Seleka, (2021) observed the formation of the gel layer when using South African CFA, this
explained the low recoveries obtained from the study because the CFA was abundant with
quartz and mullite and it was expected that silica be one of the products that form during acid

leaching.

The formation of this layer was explained to have hindered further REE extraction from the
CFA sample by decreasing the surface and limiting the transport of the minerals to the reacting

arca.

Several factors can affect the recovery efficiencies of REEs from CFA and some studies have
been done to optimize the process. The section that follows will look into detail how these
factors, e.g., acid concentration, stirring speed, flux type, roasting temperature, flux to CFA

ratio, solid to liquid ratio, and leaching temperature affect the REE recoveries from CFA.

2.10. Controlling parameters for REE recovery from CFA

Studies that have been performed have done so intending to optimize and enhance the recovery
of REEs from CFA. Several authors have developed and optimized the mentioned
hydrometallurgical processes, Taggart et al., (2018), Tang et al., (2019), Cao et al., (2018),
Rosita et al., (2024) and Wu et al., (2022). In a more South African context, Mokoena, (2021)
and Seleka, (2021) studied South African CFA intending to optimize REE recovery.
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These studies investigated the parameters that affect the recoveries of REEs from CFA and
presented the optimal recovery efficiencies from their findings. However, it is worth noting

that there is less literature that has performed these studies on South African fly ash (Eze, 2014).

2.10.1. Flux roasting additive and roasting temperature

Taggart et al., (2016) studied the effectiveness of roasting agents using CFA from the Illinois
basin ash and pond ash, the authors found that Na>O», Na,CO3, and NaOH were the effective
roasting reagents for the decomposition of the aluminosilicate glass to extract REEs from CFA.
The major oxides enriched in the aluminosilicate glass phase, SiO2 and Al,O3 in addition to
mullite and quartz have a low reactivity. Sodium-containing compounds will increase their
reactivity and decompose their crystalline structure into an acid-soluble phase (Guo et al, 2013;
Wu et al., 2022). In addition to equations Eq5 to Eq7, with NaOH roasting the equations below
occur equations Eq8 to Eq9. 3A1,03-2S102 (mullite) in addition to quartz (SiO2) and corundum
(Al20O3) also being converted to acid-soluble silicates (Na2Si03), aluminates (NaAlO2) and
aluminosilicates (NaAlISiO4) phase hence exposing the REEs to the acid used for leaching (Wu
et al., 2022).

NaAlO; + SiO2 — NaAlSiOq4 Eq8
6NaOH+ 3A1,03-2Si0; — 2NaAlSiO4 + 4NaAlO; + 3H,0 Eq9
3 NaxCOs3 + 3A1,03-28102 — 2NaAlSiOs + 4NaAlO; + 3CO» Eql10

The study by Mokoena, (2021) used South African CFA from Tutuka, Kendal, and Duvha
power stations. Their analysis showed that the major elemental oxides enriched in the glass
phase were quartz and mullites. And as evident by the above equations, pre-treatment will
decompose the mentioned minerals into acid-soluble minerals to liberate REEs from South
African CFA. Table 2.10.1-1 are results showing REE-bearing phases from three power stations
in Mpumalanga. While with the reaction Eql0 the issue of trying to mitigate the carbon
footprint with large-scale industrialisation using Na>xCOs will become an issue in the long-term

since carbon dioxide is produced as a by-product.
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Table 2.10.1-1: South African CFA REE-bearing phases from three power stations (Mokoena, 2021)

REE-bearing phases Tutuka CFA Kendal CFA Duvha CFA
Plagioclase X X X
Kaolinite X X X
Rutile X X X
Allanite X

Quartz X X X
Aluminosilicate mixture X X X
Zircon X

Apatite X

IImenite X

Actinolite

Zoisite X X X
Hematite X

Goethite X X
Almandine X X X
Calcite X X X
Chlorite-Chamosite X X
Chlorite-Clinochlore X X X
Ankerite X X X
Grossular X X X
Tantalite X X

Table 2.10.1-2: Summary of studies on the type of pre-treatment additive

Flux type REE recovery Study

Na;COs3 <50% Taggart et al., 2018
NaOH >90% Taggart et al., 2018
Nay0» >90% Taggart et al., 2018
NaOH >105% Taggart et al., 2016
Nay0» >90% Taggart et al., 2016

A study by Taggart et al., (2018) investigated the use of pre-treatment additives at different
roasting temperatures, between 150 to 450 °C with an increment of 100°C. The study showed
high recoveries for NaOH and Na,O> with over 90% recovery efficiency. In a study by Taggart
et al., (2016) Na,O» sintering resulted in more than 105% while NaOH resulted in more than
90% REE extraction.
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Seleka, (2021) fused South African CFA with NaOH and compared the results with those that
were not fused with NaOH. The study showed that CFA from Duvha was below the detection
limit for a sample without NaOH pre-treatment while one pre-treated resulted in total REEs of
15.67 ppm. For Tutuka CFA was 4.93 ppm total REEs recovered for a sample without NaOH
pre-treatment while one pre-treated resulted in total REEs of 17.20 ppm. Hower et al., (2016)
reported that Ca and Fe-rich phases are concentrated with REEs. The high recovery from the
Tutuka compared to the Duvha power station can be justified by the analysis of Seleka, (2021)
which revealed that Tutuka CFA is more Ca and Fe concentrated than Duvha power station
CFA. Hence the high recovery from Tutuka during acid leaching meant the high concentration
of Ca and Fe bearing provided concentrated REE minerals increasing the probability to be in

contact with the leaching acid.

The studies had high efficiencies with Na>O; and NaOH as additives and the reason behind
such recoveries is the roasting temperatures used in both studies that were justifiable with the
low melting points of both these additives. The poor recoveries of the Na,COj3 additive can be
attributed to the fact that they have high melting points, and the presented studies were under
low temperatures with the high testing temperature being 450 °C as compared to the 851 °C of
Na2COs. Naz02 is more expensive than NaOH from the two roasting reagents, making the latter

flux the best option for an industrial larger-scale application.

Taggart et al., (2018) used NaOH as a roasting additive to determine the optimal roasting
temperature. The study found that roasting at lower temperatures decreased REE extraction.
Furthermore, the study found that between 450°C and 350 °C REE extraction was significantly
higher than when roasting at temperatures of 250°C and 150°C. This is because Roasting above
the melting temperature of NaOH (318°C) is necessary because the melted form of NaOH
reacts with the CFA converting a high quantity of the aluminosilicate glass phase into an acid-
soluble phase, hence higher REE recoveries. This is because the mullite, quartz, and
aluminosilicate glass phase have low activity and at low temperatures will not react with NaOH

(Shemi, 2013).

Some studies have investigated the optimal roasting temperature using Na;COs, however, the
drawback with this additive is that it requires high roasting temperatures. Tang et al., (2019)
found an optimal temperature of 860°C when using Na>COs3 as an additive. High roasting
temperatures were required to get Na,COs3 in molten form so it can react with the coal fly ash

to expose the REEs to the leachate as compared to the threshold of 450°C for NaOH.
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However, a study by Taggart et al., (2018) using CFA from the USA, Appalachian Illinois, and
the Powder River basins showed a decrease in REEs recovered when using pre-treatment
additives prior to acid leaching. This contradicted the observations discussed above that
supported and showed an increase in the recovery efficiencies of REEs when sodium-
containing solutions are used as pre-treatment since the recoveries were observed to be below
50%. However, this was because CFA from the USA, Appalachian Illinois, and the powder
river basins was rich in calcium oxide. The CFA classification discussed above categorises this
type to be a Class C CFA. This type of CFA was more acid-soluble hence the high REE
recovery efficiencies without the use of sodium-containing compounds. Therefore, CFA with
high CaO content does not require pre-treatment as the addition of such additives does not

assist in achieving high recovery efficiencies.

2.10.2. CFA to Flux ratio

Getting an understanding of the ratio of CFA to Flux will aid in proving the precise amount of
NaOH required to get high REE recoveries because the ratio can either improve or restrict REE
recovery from CFA. Therefore, a precise amount of the additive added to the CFA should be
enough to destroy the aluminosilicate glass phase to liberate the REEs effectively encapsulated

within the CFA spherical particle.

Figure 2.10.2-1 is a graphical summary of the three studies that investigated the CFA to Flux
ratio that is optimal for high REE recovery using NaOH as an additive. The study by Taggart
et al., (2018) found that using a ratio of 1:1 with sodium hydroxide resulted in REE recovery
of more than 70% while the CFA: Flux ratio of 1:5 gave a decline in REE recovery, but the
results did not differ significantly from the 1:1 ratio. Tang et al., (2019) conducted a study with
the same objectives, and the CFA: Flux ratios adopted for the study were 1:1.2 and 1:1.5 with
recoveries of 55.98% and 49.06%, respectively.

Tang et al., (2019) study also came to the same conclusion when using a different CFA: Flux
ratio of 1:1, with NaxCOs. Tang et al., (2019) observed a decrease in REE recovered with a
CFA: Flux ratio of 1:1.5, but a study by Wu et al., (2022) found that a CFA: Flux ratio of 1:1.2
to be the optimal point for REE recovery from CFA with NaOH as a roasting reagent. The
optimal ratio analysis in the Wu et al., (2022) study showed no presence of quartz, mullite, and
amorphous glass. A further increase in the ratio will result in the formation of amorphous salt

with higher reactivity than the crystalline phase (Wu et al., 2022).
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All the presented studies suggest that using fewer additives for pre-treatment does not
compromise the recovery of the desired elements. The studies suggest that the threshold for the

CFA to Flux ratio is between 1:1 and 1:1.2.

B Wu et al., 2022
mTangetal., 2019
B Taggartetal., 2018

1:1

0 20 40 60 80 100
REE recovery (%)

Figure 2.10.2-1: Different CFA to Flux ratios from different studies

2.10.3. Alkaline leaching

Coal fly ash 1s considered solid waste with a complex aluminosilicate glass phase that houses
the REEs. This phase makes it a challenge to break it down in order to liberate the elements of
interest. Previous studies have explored the roasting method whereby different CFA: NaOH
ratios, specifically which of 1:1 have been employed. However, an observation was made with
the current study that following the flux roasting approach may prove to be ineffective since
when the caustic melts, it cakes up on top of the ash hence not all of the ash is exposed. Pre-
desilication has been studied as a method to improve alumina production of which alkaline
leaching is one of the methods used (Guo et al., 2021; Yang et al., 2020; Wu et al., 2020; Zhang
etal., 2021).

An alternative method demonstrating significant potential to enhance REE recovery from CFA
is alkaline leaching, which also employs NaOH as the lixiviant. Unlike the roasting approach,
where NaOH is mixed with CFA and subsequently roasted, alkaline leaching involves
immersing CFA in a concentrated NaOH solution for a designated duration. This process yields
a residue termed disilicate residue, which is then further processed through water leaching and

acid leaching.
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A study by Rosita et al. (2024) reported REE recoveries ranging from 32.2% to 77.6% using
this approach on the desilicated residue, highlighting its efficacy. Yan et al. (2023) explored the
strengthening of this desilicated residue, noting that silica and alumina could be effectively
recovered from the subsequent water-leaching step following alkaline leaching. This sequential
process—alkaline leaching followed by water leaching—shows promise, and its application

will be further investigated in the current study to optimize REE extraction.
SiO,(Quartz) + 2NaOH — Na,SiO;(Sodium silicate) + H,0 Eq 11
6NaOH + 3Al,0;. 2Si0,(aluminosilicate) = 2NaAlSiO; + 4NaAlO, + 3H,0 Eq 12

During the alkaline leaching process, the amorphous phase is dissolved into the caustic solution
hence improving the alumina to silica ratio. This is per reactions 11 and 12 above. Rosita et al.,
(2024) studied the effect of alkaline leaching on the CFA, the amorphous phase displayed a

dissolution from 50 wt. % to less than 40 wt. %.

This finding motivates the current study because, with the added advantage of having all the
CFA samples immersed in the caustic solution, the different molar ratios can be studied to
determine the point at which the amorphous phase can be dissolved. This will be aimed at
destroying the aluminium-containing phase — amorphous aluminosilicate, quartz, and mullite

(Rosita et al., 2024).

The study by Rosita et al. (2024) proved the effectiveness of the desilicated residue being more
porous hence allowing the REEs to react quickly when in contact with the HCI solution during
the acid leaching step. However, it is worth noting that Eq11 dissolves easily compared to Eq
12 due to the silicic acid gel that forms which limits the solubility of REEs during acid leaching.
Hence the water leaching step before acid leaching is essential to recover most of the silica

with the main aim to improve recovery in the final stage (Wu et al., 2022).

The preference for alkaline leaching over roasting is the lower emissions as a result of alkaline
leaching being more environmentally friendly, while roasting at elevated temperatures of 500
to 1000 °C releases harmful gases such as SOz, NOy, and potentially toxic metal fumes (Dludlu
et al., 2017; Nyale et al., 2013). This is adding to the use of more energy, leading to increased
energy demand and hence less economically viable. Additionally, with alkaline leaching, there
is no generation of secondary pollutants that may mobilise toxic species such as arsenic and

selenium (Dludlu et al., 2017; Ndlovu et al., 2017; Ndlovu, 2016; Geneke, 2022).
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The waste produced in alkaline leaching can be more readily treated to neutralize. In terms of
scalability, this approach makes it more advantageous as it would require lower capital and

operational costs.

2.10.4. Stirring speed

In a chemical reaction, particles must remain in motion for a reaction to proceed, and increasing
the particle's motion increases their chances of collision and hence the reaction rate. The
phenomena that have just been explained can be applied to the recovery of REEs from CFA,

this way attacking the aluminosilicate glass can be done in a faster and more effective way.

Moving forward with a theory that increased stirring speed will result in enhanced REE
recoveries. Cao et al., (2018) showed that increasing the stirring speed during acid leaching
promoted REE efficiency. The explanation behind these results was that increasing the stirring
speed increased the contact area between the acid and CFA particles because more particles
were being dispersed in the acid. The study further discussed their analysis, increasing speed
from 100rpm to 200rpm increased the REEs recovery efficiency. But a further increase from
300rpm to 500rpm resulted in a low REE recovery efficiency, therefore the optimal stirring
speed for the study was fixed at 200 rpm.

Tang et al., (2019) discussed that increasing stirring speed has a direct proportional relationship
to the liquid-solid reaction mass transfer. To support this claim, the study was performed to
investigate the stirring speed using HCI, the speed was increased from 0-400rpm, and the
results yielded high recoveries of REEs from the CFA. However, a further increase resulted in
a decline in recoveries and the optimal speed for the authors study was 400 rpm. The
explanation for the observed decline in recovery is that the increased leaching rate of silicon
and iron into the liquor contributed to the creation of a colloidal suspension. As a result, the H

ions from the leaching acid aggravated the results, hence hindering the leaching solution.

The conclusion that can be drawn from both studies is the fact that increasing stirring speed
does result in increased recoveries. However, certain limitations must be considered as well,
and drawing from the discussed studies, the optimal stirring speed may lie between 200-

400rpm which may also depend on the type of CFA and leaching acid applied.
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2.10.5. Solid to Liquid ratio

Solid to liquid ratio is an important factor in solid-liquid reactions (Tang et al., 2019). The
established relationship from the literature is that with decreasing the solid-liquid ratio,
leaching efficiency increases. Cao et al., (2018) investigated ratios from 1:5 to 1:10 and the

REE recovery efficiency increased by 20% from 40%.

A further decrease in the ratio lowered the REE recovery efficiency which was explained by
the fact that the leaching acid was enough to further react with the CFA. A study by Tang et al.,
(2019) investigated ratios of 1:5 to 1:20, which also resulted in increased leaching efficiencies.
A further decrease to 1:30 resulted in steady results. The results only showed a steady increase
because the leaching acid used for extraction was already enough in the solution to react with
CFA powder. The solid-to-liquid ratio was no longer limiting the reaction. From the discussed
studies it is worth noting that at higher solid-to-liquid ratios, higher recoveries will be observed
because the H' ions are not restricted to diffuse into the CFA particle and the contact probability

is higher than at low ratios.

Both studies proved the relationship between the solid-liquid reactions that by decreasing the
solid-liquid ratios, leaching efficiencies with rise. Cao et al., (2018) study had an optimal point
at 1:10 and Tang et al., (2019) study had the optimal results at 1:20. The results suggest that
the threshold lies between 1:10-1:20.

2.10.6. Leaching Temperature

Temperature is one of the key parameters in a chemical reaction, raising the reaction
temperature will increase the rate of reaction because by heating the reactant particles there is
more collision resulting in increased kinetic energy of the reaction (Qu et al., 2006). Cao et al.,
(2018) undertook a study to investigate the possibility to recover REEs from CFA at
atmospheric pressure and temperatures below 100°C. The study was done to contribute to the
means of saving energy while making the process efficient. Temperatures of 20, 30, 45, 60,75,
and 90°C were selected for investigation and the experimental results showed that at
temperatures below 45°C, the recovery of REEs was low and recorded at less than 30%. The
REE recoveries showed a sharp increase when the temperature was raised from 45 to 60°C.
The high recoveries were explained to be because of the reaction rate increasing as the leaching
temperature also increased. At 60 to 90°C there was an increase in REEs recovery however, it
was not a rapid increase. Due to energy constraints, 60°C was selected in the study as the

optimal temperature.
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2.10.7. Leaching time

Tang et al., (2019) compared indirect and direct acid leaching at varying times and showed that
the REE recovery from CFA showed an increasing trend over time. The authors showed that
the REE recoveries increased from a leaching time of 20 minutes to 120 minutes. The optimal

leaching time for the study was found to be 120 minutes.

Cao et al., (2018) studied the same parameter, the authors divided the leaching time to be

investigated into four stages.
Stage one: before 60 minutes.
Stage two: for 60-90 minutes.
Stage three: for 90-120 minutes.
Stage four: after 120 minutes.

In stage one the REE recoveries showed a rapid increase while in stage two the recoveries were
observed to remain unchanged. In stage three a rapid increase was again observed as in the first

stage after that in the last stage recoveries were observed to be slow.

The authors explained this trend in the first stage, to be because the H" molecules are abundant
and the REE that is mainly in the amorphous phase of CFA are easily contacted and resulted
in a rapid reaction which shows the jump/sharp increase in the first stage. In the second stage
of the study experimental results showed a relatively unchanged recovery efficiency, this was
explained to be because the acid is diffusing into the CFA particles which is why the reaction
gets limited in this stage. After the acid has contacted the REE inside the particles after the
diffusion, the reaction is seen to show a rapid increase again in the third stage as more of the
compound inside the particle is now getting in contact with leaching acid. A slight increase in
REE recoveries in the fourth stage, this was because the H" concentration that remains in the
particles is no longer enough to dissociate the compounds that remain thus reducing the contact
area between the acid and the REEs that remain. The optimal leaching time according to this
study and considering the potential economic costs was 120 min, the same as Tang et al.,

(2019).

Referring to Figure 2.10.7-1 after the leaching of 120 minutes results from Cao et al., (2018)
do not have any significant differences and from Tang et al., (2019) at a leaching time of 120
minutes there is very little difference between what Tang et al., (2019) observed from their

study. This suggests that the threshold leaching time for CFA is at 120 minutes.
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There is limited literature available that has investigated the leaching time optimization in a

South African situation.

However, in South African CFA studies where a leaching time of 120 minutes was adopted in
the study by Seleka, (2021) the highest recovery obtained was 38.31% for the Duvha power
station and 36.39% for the Tutuka power station. Mokoena, (2021) recovered 33% of Kendal
and Tutuka power stations and recovered REEs of 34% from CFA in the Duvha power station.
The low recoveries from the South African studies have been linked to the formation of the
silica gel impeding the reaction during acid leaching which can be linked to pre-treatment
conditions not being properly optimized for high recoveries where South African CFA is

concerned.

60

5
H Cao et al. (2019)
mTangetal. (2019)
0
30 60 90 120

Leaching time (Min)

Recpvery (%)
N w Iy
o o o o

—_
o

Figure 2.10.7-1: Leaching time (Tang et al., 2019; Cao et al., 2019)

2.10.8. Acid concentration

The stirring speed affects the collision between reactant particles which in turn affects the rate
of reaction, similarly, the amount of concentration present also brings about an effect on the
rate of reaction. By increasing the concentration of the reactants, the product formation is
accelerated (Peiravi et al., 2017). This phenomenon can also be applied in the acid-leaching

step after the CFA roasting step.
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Studies have investigated that by increasing the acid concentration, REE recovery also

increases rapidly. Tang et al., (2019) investigated the effect of acid concentration on REE

mol

. . . . 1
recovery, the authors presented that increasing the acid concentration from O.l% to 2T

showed a rapid increase in REEs recovered from CFA but a decrease in recoveries was
observed with a further increase in concentration. The increase in acid concentration resulted

in an increased overall REE recovery from 0.03% to 59.78%.

. 1 .
The poor recoveries observed before 2% are because of a shortage of HCI solution in the

leaching process thus a surplus of alkali-fusion minerals dominates A further increase in
concentrations showed an increase in REEs recovered, this was because the contact area

between the H" and REEs in the CFA was increased but a decline in the recoveries followed by
going over the 2mT01. The increased concentration led to the increased dissolution of Si and Fe

hence forming a product hindering the free transportation of the minerals to the leaching acid.

A similar trend was observed in a study by Cao et al., (2018), the authors observed an increase

mol mol . . . .
from 1T to 3T resulting in a sharp increase in REE recovery. However, when the
. . mol . . .
concentration was further increased to 3T there was no further increase in the recoveries. The

low recoveries at the concentration of lmTOI were insufficient to leach the REEs in the CFA
because the HCI was depleted by the major elemental oxides Al,O3, FeOs, and CaO. At

. mol ..
concentrations of 3T the recoveries increased because the HCI content was enough to react

. . . 1 .
with major elemental oxides and REEs. However, at 3% no further increase was observed.
This was because the partially encapsulated REEs cannot be in contact with the leaching acid

even though the H" ions are not limited to mobilising into the CFA particle.

A South African study by Mokoena, (2021) studied the same trend, at an HCI concentration of
lmTOI the REEs recovered was 0%, a further increase to 2mT01 gave recoveries of 34% for the
Duvha power station and 33% for the Tutuka and Kendal power stations. A decline in

. . . 1 . .
recoveries with an HCI concentration of 3% was observed. The study explained this trend to

be associated with the Ca content playing a role during acid leaching forming a silica gel which

forms a layer. The silica gel layer was observed on the three studied concentrations where with

. 1 .
a concentration of 3% the layer was thicker.
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Figure 2.10.8-1: Acid concentration
The optimal HCI concentration for Cao et al., (2018) 3mT°1 while for Tang et al., (2019) and

Mokoena, (2021) is ZmTOI. Mokoena argued that the low recoveries may be due to the non-

optimal conditions for pre-treatment of South African CFA before acid leaching in addition to
the formation of the silica gel during acid leaching. Therefore, optimal conditions pose a

possibility to either shift the optimal HCI concentration from the study by getting more than

2mT°l or remain at that optimal concentration with higher REE recoveries.
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Table 2.10.8-1: Different leaching methods conditions

Leaching Acid types Temperature | Recovery Environmental | Reference
method (°C) rates (%) impact
Acid HCI, HNO:s;, | 25-90 30-80% High risk due to | Taggart et al., 2018;
leaching H>SO4 the generation | Tang et al.,, 2019;
of acidic | Cao et al., 2018; Wu
effluents, and | etal., 2022
heavy metals.
Alkaline NaOH, 80-150 Mainly Al & | Less risk: | Rosita et al., 2024
leaching Na;COs3 Si Caustic streams
recovered. generated have
a less
significant
impact on metal
solubilization.
Roasting High thermal | Roasting: 60-90 High risk: The | Mokoena, 2021;
followed by | temperatures — | 500-1000, roasting process | Seleka 2021; Wu et
acid leaching | HCI/H2SOq4 Leach: 25- is energy- | al., 2022
90 intensive,
releasing gases
and an acidic
waste stream.
Bioleaching | Utilizes 25-40 20-60 Low risk: | Zhang et al., 2015
mostly materials  are
microbial biodegradable,
activity to have low
assist in emissions, and
element have slower
recovery. kinetics.
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Chapter Summary

The chapter has reviewed relevant literature on coal fly ash to better understand the elements
encapsulated within the spherical particles, a by-product of coal combustion. The elements
found within the CFA are referred to as rare earth elements which are widely used in today’s
modern technology for advancement purposes and alleviating the threat the world faces,
greenhouse gases. Due to their similar geochemical properties, REEs consist of 15 lanthanides,
yttrium, and scandium. The elements are classified as heavy, medium, and light rare earth

elements. Heavy REEs being the more valuable since they are in high demand and low in

supply.

However, a rising concern is the disposal of CFA in landfills/ash dams which brings about
environmental concerns and health concerns as well. The CFA has the potential to leach into
the water source leading to contamination of the drinkable water. And given that coal is a
dependable source of electricity generation, the continued growth in the world's population will
result in a rise in electricity demand, hence more CFA being dumped on the ash dams. This
issue prompts for seeking alternative uses for CFA and because REEs are encapsulated within
it, economical, optimal, and efficient methods to extract the REEs from CFA must be developed

to better mitigate the environmental and health concerns.

Since coal is the parent material for the CFA, the mineralogy, physical and chemical properties
of the parent coal are crucial parts that must be reviewed since they are dependent. The above
sections have discussed studies that have investigated the optimal and efficient methods that
can be adopted to extract REEs from CFA including parameters that play a key role in their
extraction, it is worth noting that very limited literature has explored these methods for South

African CFA.

Hydrometallurgical processes which include direct and indirect acid leaching are methods that
have been developed to effectively extract REEs from CFA. Since the spherical CFA particles
are mainly mullite, quartz, and aluminosilicate glass phase, studies by Wu et al., (2020), Seleka,
(20210, and Mokoena, (2021) have shown that REEs mainly reside in the glass phase and
enriching either by physical separation or acid leaching alone has proved to be ineffective.
Low CaO (Class F CFA) content bearing CFA should first be pre-treated with sodium-
containing solutions to activate the inert material within the CFA by decomposing the

amorphous phase into an acid-soluble crystalline phase.
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By so doing, the material will dissociate into an acid-soluble material that can be easily leached
into the acid to effectively extract the compounds within the particles. NaOH is the preferred
roasting additive because of its low melting point and the ability to effectively react with quartz,
and mullite mineral phases which makes it advantageous since it can be used at relatively low
temperatures which will aid in reducing processing costs and also it is not expensive. According
to the literature, HCI is the preferred leaching acid since it yields high recovery efficiencies,
and leaching with enough quantity exposes the H+ molecules to contact the compounds within

the CFA and not get depleted by the major oxide elements on the surface.

Furthermore, other factors control the extraction efficiencies of REEs from CFA and those
include the solid-liquid ratio, leaching time, leaching concentration, etc. However, since the
study will focus on South African CFA, it is important to optimize the CFA: Flux ratio and the
roasting temperatures to obtain high REE recoveries. The reason behind this focus is that the
South African CFA is a Class F, therefore must be pre-treated to effectively destroy the glass
phase so that the REEs can be exposed to the leaching acid. Mokoena, (2021) and Seleka,
(2021) had high amounts of REEs retained in the solid residue after acid leaching and both
studies pointed out that this was due to non-optimal CFA pre-treatment conditions where South

African CFA is concerned.
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3.1.

3.2

3. Methodology

Introduction

This chapter provides a comprehensive overview of the study sites along with a detailed
explanation of the research methodologies employed. Additionally, it delves into the analytical
and statistical methods utilized to assess the effectiveness of rare earth elements (REEs)

extraction from Sasol Coal Fly Ash (CFA) in the Free-State, Sasolburg area.

Several studies conducted by Taggart et al. (2018), Tang et al. (2019), and Wu et al. (2022)
have demonstrated that indirect acid leaching yields superior results for REE extraction
compared to direct acid leaching methods, however, this finding is more aligned with class F
CFA. In alignment with these findings, the current study adopts a similar approach. CFA

samples were collected from Sasol plants, specifically steam stations 1 and 2 in Sasolburg.

Site description

3.2.1. Steam Stations sampling site

Sasol's SS1 and 2, established in 1954 and 1980 respectively according to Sasol, (2024), are
integral components of the Sasolburg infrastructure. Predominantly, the coal required for
operation at both steam stations was sourced from the Mooikral mine, facilitated by conveyor
belt systems. Upon arrival, the coal undergoes pulverization in mills, transforming it into

powder form before being injected into heated boilers, where it undergoes spontaneous

combustion (Caddick et al., 2012)

The residual ash from coal combustion is collected in ash hoppers during this process. To
maintain operational efficiency, a continuous flow of ash water facilitates the removal of ash
from the hoppers. Subsequently, the collected ash is conveyed to the Ash plants for further

treatment. Following treatment, the ash is disposed of in designated ash dams (Sasol, 2023).
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Figure 3.2.1-1: Location of SS1 and SS2

Sample collection

Samples were retrieved directly from designated sample points within the ash hoppers, with
the cooperation of plant operators who facilitated the process using 10 Liter tin cans. To
mitigate any potential contamination, stringent measures were employed to ensure the samples
were tightly sealed, thus preventing the ingress of air. Subsequently, these sealed samples were

stored at ambient room temperatures to maintain their integrity until further analysis.

Experimental flow

The flow diagram in Figure 3.4-1 shows the steps to recover REEs from coal fly ash. The
adopted leaching procedure is the alkali acid leaching procedure adopted from Taggart et al.,
(2018), Wu et al., (2022), and Rosita et al., (2024). Two South African studies by Seleka, (2021)
and Mokoena (2021) have used coal fly ash where the studies investigated the relationship
between coal fly ash particle size and rare earth elements concentration as well as HCI
concentration that is optimal for high rare earth elements recovery. The current study will adopt

the findings and improve recovery.
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Figure 3.4-1: Experimental flow diagram

3.5. Alkali-fusion/sintering procedure

Coal fly ash (CFA) samples from SS1 and SS2 underwent roasting in a furnace. For this
process, 10 g of CFA was combined with powdered NaOH at CFA-to-NaOH ratios of 1:0.6,
1:0.8, 1:1, and 1:1.2. The mixtures were then subjected to roasting by placing them in a muffle
furnace at 400 °C for 2 hours. After this sintering period, the mixtures, now referred to as fused
CFA, were allowed to cool to 25 °C. Upon cooling, the fused samples, which had caked
together, were ground using a mortar and pestle. The resulting fused, ground CFA powder was

subsequently utilized in the acid-leaching step of the experiment.

An additional test was conducted as a substitute for the roasting step, wherein alkaline leaching
was selected over the conventional CFA roasting method. This choice was made to address the
limitations associated with the distribution of NaOH during the roasting process. In the roasting
method, NaOH tends to form a hardened layer on the upper surface of the CFA, restricting
reactions to the exposed portions and leaving a significant fraction of the CFA unreacted
(Gollakota et al., 2019). This phenomenon ultimately reduces the solubility of the target
elements. In contrast, alkaline leaching enables the complete immersion of CFA in a

concentrated NaOH solution, facilitating a more uniform and thorough interaction.
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3.6.

This approach enhances the decomposition of the amorphous aluminosilicate glass phase,
thereby improving the recovery of valuable elements (Rosita et al., 2024). With alkaline
leaching, four different concentrations were studied to optimize the pre-treatment of CFA
before HCI leaching, namely, 3 M, 8 M, 12 M, and 16 M. These conditions were selected to
cover a range of mild to highly alkaline conditions, allowing a space for testing the limits and

identifying an optimal zone that maximises REE recovery in the subsequent HCI step.

Leaching procedure

In preparation for the leaching procedure, the following equation 3.1 was adopted to get the

volume of the flask that will contain the solution as per equation 3.2 below.

C1V1 = 62V2 31
y, = 2% 32
C1

Figure 3.6-1 below is a demonstration of the experimental apparatus employed in the leaching

experimental phase, alkaline leaching, water leaching, and acid leaching.

Thermometer

Erlenmeyer
[?p I flask
[Eoa] g
Water {

. - Magnetic stirrer
container /

Hot plate with
magnetic stirring

Figure 3.6-1: Acid leaching of fused CFA in HCI (Pan et al., 2020)

The study aimed to enhance the REE recovery by initially pre-treating CFA with NaOH,
followed by water leaching and subsequent acid leaching, utilizing the described setup.
Furthermore, sodium hydroxide was added to deionized water creating a concentrated caustic
solution. This setup comprised a hotplate with magnetic stirring, a water container, and a flask
containing the solution sealed at the top to prevent vapor escape. A thermometer monitored the

temperature throughout the 2-hour duration of each leaching experiment.
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The experiment comprised three leaching steps as previously stated. The mass of the CFA was
kept constant at 10g. An HCI concentration of 2 mol/L was employed, based on the study by
Mokoena (2021). To ensure compatibility across all experiments, the volume of HCI leachate
was standardised, ensuring a constant solid-to-liquid (S/L) ratio. For each of the leaching
conditions, the same CFA mass was leached with a fixed volume of the acid solution. This
method ensured that the differences in REE recovery can be attributed to the acid concentration

rather than variations in the volume of the leachate.

Table 3.6-1: Leaching conditions

Leaching steps | Temperature (°C) | Stirring speed | Alkaline Water HCI Leaching L/S ratio
(rpm) Leaching time (h)
Leaching .
time (h)
time (h)
Alkaline 90 350 2 - - 10:1
leaching
Water leaching 90 400 - 2 - 10:1
Acid leaching 60 400 - - 2 10:1

3.7. Filtration procedure

After leaching, the solution underwent vacuum filtration to enhance the filtration rate, utilizing
the setup depicted in Figure 3.7-1. The resulting liquid (leachate) was collected in a flask
(yellow liquid) while the residue remained in the funnel. The leachate was stored in sampling
bottles and stored in a refrigerator, pending analysis of REE concentration. The ash residue was
oven-dried at 60°C and then stored inside Ziploc bags for analysis. The samples were analysed
using X-ray fluorescence (XRF) and Laser Ablation-Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS). Further details are provided below.
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Figure 3.7-1: Vacuum Filtration

3.8. Technical analyses

This section will provide detailed analyses of the experiment that will be done on the fresh CFA
sample, the leachate, and the solid residue that remained after the leaching step of the

experiment.

3.8.1. XRF

To determine the major elements of the CFA, thereby assisting in its characterization for the
study, X-ray fluorescence spectrometry (XRF) analysis was utilized to identify elemental
composition and concentration (Skoog et al., 2017). XRF excited the inner shell electrons with
incident X-ray radiation, creating vacancies that were filled by electrons from the outer shell.
The emitted energy allowed for the identification of elements present in the sample, facilitating

the estimation of elemental abundance (Weltje and Tjallingii, 2008).

The samples were submitted already in fine form, which allowed the samples to be set for XRF
analysis to determine the major elements. The Norrish Fusion technique (Norrish & Hutton,
1969) was employed, incorporating in-house correction procedures. For the analysis of the
major elements present in the sample, the fusion disks were prepared using an automated
Claisse M4 gas fusion instrument with ultrapure Claisse flux while keeping the sample to flux
ratio of 1:10, with a minimum mass allowed was a crushed 5g sample. A chip of the prepared
sample was then mounted into a 2.4 cm round resin disk. The mounted samples were then
mapped and polished to ensure suitability for analysis. This is a technique commonly used to
determine the elemental composition of a solid sample.
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XRF has limitations, including its ability to detect only elements with atomic weights higher
than fluorine. The analysis required a substantial sample size of a minimum of 5g due to the
sample preparation method. Additionally, for trace element analysis, the accuracy of XRF does

not match the precision offered by other well-established methods (Eze, 2014).

3.8.2. XRD

X-ray powder diffraction (XRD) was employed as an analytical technique to determine the
crystalline phases within the CFA. The working principle of XRD involves using the diffraction
pattern created by the interference of a monochromatic beam of X-rays to determine the crystal
structure. When incident rays interacted with the sample, they resulted in constructive
interference and the generation of a diffracted ray. The X-ray diffraction pattern obtained
served as a distinctive "fingerprint" for the crystals within the sample, enabling the

identification of the crystal structure (Fatoba, 2007; Eze, 2014).

The sample to be analyzed was finely grounded and homogenized before analysis. Identifying
crystalline phases involved comparing calculated peaks with measured ones until all phases
were recognized within the resolution limits of the results. An inherent limitation of XRD lies
in its heightened accuracy for measuring large crystalline structures. Small structures in trace

amounts often escaped detection, potentially leading to biased results (Johnson, 2021).

The samples sent for analysis did not have to go for further sample preparation as they had
already in powder form, thus suitable for sample analysis using the XRD technique. This
technique was used to analyse the raw CFA sample to determine the major phases that are
present within the Sasol steam station sample. The analysis was conducting through employing
the Bruker D8-Advance multi-purpose X-ray diffractometer, which was operated in continuous
0—-20 scanning mode with Cu-ka radiation under locked-coupled conditions. The sample was
placed at the centre of the glass slide that was mounted on the sample holder and then adjusted

to the appropriate height to ensure optimal data acquisition.

3.8.3. ICP-MS

Laser ablation inductively coupled plasma mass spectrometry (La-ICP-MS) and inductively
coupled plasma-mass spectrometry (ICP-MS) were two analytical methods employed to
determine REE concentration within the CFA. This system has gained popularity in
laboratories due to its low detection limits and high productivity. They, however, have
significant differences in how the samples are introduced and measured. Both are powerful

tools to use for elemental and isotopic analysis.
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In ICP-MS the sample introduced is typically liquid that is dissolved in a solution nebulized in
a fine aerosol. The samples were introduced into argon plasma as aerosol droplets. The plasma
dried the aerosol, dissociated the molecules, and removed an electron from the components,
forming singly charged ions. These ions were then directed into a mass-filtering device called
the mass spectrometer. Upon exiting the mass spectrometer, the ions struck the first dynode of
an electron multiplier, functioning as a detector. The impact of the ions triggered a cascade of
electrons, progressively amplifying until they produced a measurable pulse (PerkinElmer,

2011).

The aqueous solutions obtained from the leaching step underwent filtration through an
estimated 0.45 um membrane to eliminate suspended solids and were then diluted with
demineralized water. Subsequently, the samples were introduced to the ICP using a high-

sensitivity glass, a single-pass cyclone spray chamber, and a conical nebulizer with argon gas.

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) is a technique
wherein a solid sample is vaporized, and the resulting particles are transported into the ICP-
MS for ionization and analysis. This method is particularly suited for analysing solid samples,
as it enables elemental mapping across the sample or the analysis of specific regions within it.
A significant advantage of LA-ICP-MS is that it eliminates the need for extensive sample
dissolution, thereby preserving the sample's integrity and minimizing preparation
requirements. This feature makes the technique highly effective for studying materials such as
CFA. However, certain limitations exist, including reduced precision for specific elements

compared to solution-based ICP-MS methods.

Key differences between the two methods are that LA-ICP-MS handles solid samples, and the
ICP-MS handles liquid samples. The mentioned methods have been proven highly effective for
analyzing REEs, as evidenced by similar studies (King et al., 2018; Taggart et al., 2018; Tang
et al., 2019; Pan et al., 2020; Mokoena, 2021; Seleka, 2021). Notably, one of the major
advantages of this technique is its sensitivity and precision, enabling the quantification of

elements in various sources.
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3.9. Recovery of Rare Earth Element

3.10

The effectiveness of the employed approach to recover REEs was determined using the below

equation Eq 13. Results are presented in chapter 4.

Recovery(%) = ;—CCZ %X 100% Eq 13
1

V: Volume of the leachate (mL)

Ci: REE concentration in the sample in %‘g

M: Mass of the CFA sample in g

Hg

C»: REE concentration in the leachate in L

Statistical analysis

The experimental results were statistically analysed using the Anaconda Python environment,
specifically leveraging Jupyter Notebook. Three distinct statistical tests were performed:

regression analysis, the Shapiro-Wilk test, and the Kruskal-Wallis H test.

3.10.1. Regression analysis

Regression analysis was employed to model the relationship between varying CFA: NaOH
ratios and caustic solution molarities with REE recovery yields. This analysis provided insights
into how changes in these variables influence recovery efficiency. The results demonstrated a
significant relationship, with the regression coefficients indicating that an increase in the CFA:
NaOH ratio corresponded to an increase in REE recovery yields. These findings emphasize the
critical role of optimizing the CFA: NaOH ratio to enhance recovery efficiency. The behaviour
was observed when different NaOH concentration solutions were used in the alkaline leaching

step.

3.10.2. Shapiro-Wilk Test

The Shapiro-Wilk test was conducted to evaluate the normality of the REE recovery data. This
test assesses the extent to which the data conforms to a normal distribution under the null
hypothesis that the sample population is normally distributed. The W statistic, where values
closer to 1 indicate normality, measures the fit of the data to a normal distribution. Additionally,

the p-value provides a threshold for statistical significance, commonly set at 0.05.
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If the p-value is less than 0.05, the null hypothesis is rejected, suggesting that the data
significantly deviates from normality. Conversely, if the p-value exceeds 0.05, the null

hypothesis is accepted, indicating that the data aligns with a normal distribution.

3.10.3. Kruskal-Wallis H Test

The Kruskal-Wallis H test, a non-parametric one-way ANOVA, was utilized to assess
significant differences between REE recovery yields across various CFA: NaOH ratios and
NaOH molar concentrations. This test evaluates whether the medians of the groups differ
significantly under the null hypothesis that the medians are equal. If the p-value is less than
0.05, the null hypothesis is rejected, indicating significant differences between the medians.
Conversely, a p-value greater than 0.05 supports the null hypothesis, suggesting that the

medians are statistically equivalent.

These statistical analyses collectively provided robust insights into the relationships and
variations within the dataset, contributing to a deeper understanding of the factors influencing

REE recovery efficiency when optimizing the pre-treatment stage of the CFA.

Chapter Summary

The experimental flow presented in this chapter outlines a systematic approach for the recovery
of rare earth elements (REEs) from coal fly ash (CFA). Drawing on established procedures
from Taggart et al. (2018) and insights from South African studies by Seleka (2021) and
Mokoena (2021), the current study aims to leverage existing knowledge for enhanced REE

recovery.

The process begins with the sieving procedure, where raw CFA samples the pre-treatment step.
This step entails making the CFA surface particles more porous, allowing for easy access of H"
protons for acid leaching. The alkali-fusion/sintering procedure involves roasting the oven-
dried sample with sodium hydroxide, resulting in fused CFA. The fused CFA is then ground
for the subsequent acid-leaching step. The second option involved alkaline leaching where the
sodium hydroxide was added into deionized water creating different concentrations while the

CFA mass was kept constant.
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The leaching procedure adopts a specific equation to determine flask volume, and a detailed
apparatus is depicted for the acid leaching phase. Deionized water is used before acid leaching,
with specific conditions such as a CFA to HCl ratio of 1:10, stirring speed of 400 rpm, and a 2-

hour leaching time at an HCI concentration of 2 mol/L.

Post-leaching, the filtration procedure employs vacuum filtration to separate the leachate from
the residue. The leachate is stored for REE concentration analysis, while the ash residue

undergoes drying for further analysis using XRF and LA: ICP-MS.

The technical analyses section outlines the methodologies for analyzing major elements (XRF),
crystalline phases (XRD), and REE concentration (ICP-MS and La- ICP-MS). Each technique

is described, including sample preparation steps and potential limitations.

In conclusion, the chapter emphasizes the systematic and comprehensive nature of the
experimental approach, incorporating established methods and innovative insights to enhance

the recovery of valuable rare earth elements from coal fly ash.
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4. Results

The coal fly ash (CFA) from Sasol SS1 and SS2, located in Sasolburg in the Free State region
of South Africa, was examined in this study. Initial raw samples were collected and subjected
to elemental analysis to determine the concentrations of trace and REEs. Trace elements and
REEs were analysed using laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS), while major elements essential for CFA characterization were determined via X-ray
fluorescence (XRF). The major phases present in the ash were analysed through X-ray
diffraction (XRD) to determine the mineralogical phases. Subsequent analyses included liquid
sample examination through inductively coupled plasma mass spectrometry (ICP-MS), while
residual samples underwent further LA-ICP-MS assessment. The findings obtained from these
analytical techniques are presented in the following sections. However, it is worth noting that

the results mostly focused on the SS1 CFA analysis.

4.1. Mineralogical analysis
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Figure 4.1-1: Mineralogical analysis

Figure 4.1-1 illustrates the predominant crystalline phases present within Sasol CFA, with
quartz and mullite being the most significant phases identified. Magnetite is also detectable,
though it appears in smaller quantities relative to quartz and mullite. Additionally, calcite is
observed, though in a relatively minor concentration. This phase composition highlights the
mineralogical complexity of Sasol CFA and offers insight into its potential behaviour and

applications in various industrial processes.
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The analysis did not identify any of the primary mineral phases typically associated with rare
earth elements (REEs). The primary mineral phases associated with rare earth elements (REEs)
in coal fly ash (CFA) include aluminosilicates, quartz, kaolinite, monazite, and hematite. These
phases typically occur in low concentrations, often below the detection limit of conventional
X-ray diffraction (XRD) techniques. Additionally, the presence of a glassy amorphous matrix,
formed during the rapid cooling of molten ash, contributes to the structural disorder of
aluminosilicates, further complicating phase identification. The complexity is exacerbated by
peak overlapping in the XRD patterns, particularly with abundant phases such as quartz and
mullite, which can obscure or mask the signals of REE-bearing minerals. As a result, the
detection and characterization of these REE-hosting phases often require the use of more

sensitive and localized analytical methods.

This suggests that REEs are likely incorporated within the amorphous glass phase of the CFA,
rather than occurring as discrete mineral phases. Given that XRD is primarily effective for
detecting crystalline structures, the presence of REEs within the glassy phase remains
undetectable by this technique. This limitation underscores the need for complementary
analytical methods, such as ICP-MS, to confirm the distribution and concentration of REEs in
CFA. The association of REEs with the glassy phase further implies that their extraction may
require targeted leaching strategies capable of breaking down the amorphous aluminosilicate

matrix to enhance recovery efficiencies.
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4.2.

REE Comparison

Table 4.2-1: REE concentration comparison (Wagner and Matiane, 2018)

REE Concentration in parts per million (ppm)
Upper
continental Jungar Power | Tutuka Power | Matla Power Sasol Steam Sasol Steam
REE crust station station station Station 1 Station 2
La 30 85.4 91.4 81.55 89.36 83.60
Ce 64 141 182.4 189.78 181.41 173.36
Pr 7.1 17.3 19.7 18.35 19.31 18.32
Nd 26 58.5 71.8 63.5 71.72 68.02
Sm 4.5 20.6 14.4 11.93 13.30 12.83
Eu 0.88 1.8 2.7 2.35 2.23 2.14
Gd 3.8 9.1 12.6 10.4 11.36 11.02
Tb 0.64 1.4 1.9 1.6 1.75 1.68
Y 22 42.1 64.9 523 56.40 52.78
Dy 3.5 8.6 11.9 9.5 10.57 10.13
Ho 0.8 1.7 24 1.97 2.02 1.94
Er 23 4.9 6.7 5.38 5.79 5.57
Tm 0.33 0.7 1 0.77 0.79 0.77
Yb 2.2 4.8 6.5 5.27 5.15 4.97
Lu 0.32 0.7 0.9 0.72 0.73 0.71
Sc 11 - 26.5 24.94 14.42 14.83
Total 168.37 398.60 491.20 455.37 471.89 447.84

Table compares the data of the previously studied CFAs from the Jungar power station,

and Eskom stations with that of Sasol Steam stations in Sasolburg, Free State. Though the

Eskom power stations may still display the high REE concentration it is, however, not a

significant difference to that of Sasol’s CFA.

The above table displays total values that still put Sasol CFA in a competitive advantage, in

addition to that the REE concentration is still the highest when compared to the Jungar power

station and the upper continental crust. While the CFAs from Eskom power stations exhibit

relatively high REE concentrations, the differences in total REE content between Eskom and

Sasol CFAs remain statistically modest, thereby maintaining Sasol CFA's competitive standing.

62




The Jungar power station is used a typical benchmark due to the fact that it utilizes the same
low rank coal as the South African power stations (Global energy monitor, nd.). Additionally,
the Jungar power station has been used in various economic and environmental studies where
REEs are concerned, thus making the comparison suitable with South African power stations.
Notably, Sasol CFA shows the highest overall REE concentration when benchmarked against

both the Jungar power station and the average upper continental crust values.

4.3. REE Classification

Table 4.3-1: REE raw data classification

REE Concentration in parts per million (ppm)
Upper Jungar Tutuka Matla
RE continental Power Power Power Sasol Steam | Sasol Steam
Es crust station station station Station 1 Station 2
La 30 85,4 91,4 81,55 89,36 83,60
Ce 64 141 182,4 189,78 181,41 173,36
Pr 7,1 17,3 19,7 18,35 19,31 18,32
Nd 26 58,5 71,8 63,5 71,72 68,02 E
Sm 4,5 20,6 14,4 11,93 13,30 12,83 5
§ 131,6 322,8 379,7 365,11 375,10 356,13
Eu 0,88 1,8 2,7 2,35 2,23 2,14
Gd 3,8 9,1 12,6 10,4 11,36 11,02
Tb 0,64 1,4 1,9 1,6 1,75 1,68
Y 22 42,1 64,9 52,3 56,40 52,78 E
Dy 3,5 8,6 11,9 9,5 10,57 10,13 =
§ 30,82 63.00 94.00 76,15 82,31 77,76
Ho 0,8 1,7 2,4 1,97 2,02 1,94
Er 2,3 4,9 6,7 5,38 5,79 5,57
Tm 0,33 0,7 1 0,77 0,79 0,77 -
Yb 2,2 4,8 6,5 5,27 5,15 4,97 §
Lu 0,32 0,7 0,9 0,72 0,73 0,71 T
§ 5,95 12,80 17,50 14,11 14,49 13,95
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Figure 4.3-1: REE raw sample analysis

The characterization of CFA from Sasol indicates its potential as a source for REE extraction,
as illustrated in Figure 4.3.1. LA-ICP-MS analysis of the ash reveals significant elemental
concentrations, particularly among the LREEs, including lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), and samarium (Sm). Notably, cerium (Ce) exhibits the

highest concentration, reaching 181.41 ppm.

Among the studied CFAs, the Tutuka power station and Sasol Steam Station 1 (SS1)
demonstrate the highest REE concentrations from Eskom and Sasol, respectively as evident in
Table 4.2-1. However, the total REE concentration in CFA from Eskom’s Tutuka power station
is higher than that of Sasol’s SS1 by 19.31 ppm. This discrepancy may be attributed to
geological variations in the coal sources utilized by each power station, as well as differences

in combustion processes.

Tutuka power station employs pulverized coal combustion, whereas Sasol’s SS1 operates
within a synthetic fuel framework. The CFA produced by Eskom is consequently finer and
exhibits a well-developed amorphous glass phase, where REEs tend to be more concentrated.
This structural difference likely accounts for the higher detected REE concentrations in

Eskom's CFA (Rampfumedzi, 2024).
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4.4. Trace Elements

Table 4.4-1: Concentration of Trace Elements in ppm for Sasol Steam Station 1

Elements (ppm) SS1
Li 255,81
P 754,72
Ti 9126,29
\Y% 118,33
Cr 146,66
Co 15,52
Ni 80,49
Cu 37,26
Zn 61,23
Ga 57,84
Rb 19,37
Sr 1242,04
Zr 351,56

Nb 25,49
Sn 12,92
Sb 1,29
Cs 2,49
Ba 1339,58
Hf 8,38
Ta 1,43
\Y 3,05
Tl 0,33
Pb 62,02
Th 37,33
0] 12,33

Using laser ablation inductively coupled plasma mass spectrometry (La-ICP MS), the
concentrations of toxic elements in the coal fly ash (CFA) were quantified, with the results
detailed in Table 4.4-1. Tin (Ti) was found to be the most concentrated element, reaching
9126.29 ppm, while antimony (Sb) exhibited the lowest concentration at 1.29 ppm. The highly

concencentrate in order are Ti>Ba>Sr>P>Zr>V.
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Lead (Pb), chromium (Cr), thorium (Th), and uranium (U)—recognized as highly toxic to
human and animal health (Eze, 2014)—were also identified within the CFA matrix. The
concentrations of these elements were 62.02 ppm for Pb, 146.66 ppm for Cr, 37.33 ppm for Th,
and 12.33 ppm for U. This toxic element profile provides critical insight into the potential
environmental and health implications associated with CFA utilization and disposal,

highlighting the importance of targeted mitigation strategies in CFA management.
4.5. Major Elements
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Figure 4.5-1: Major Elements (Raw Sample)

The elemental composition of Sasol CFA was characterized using X-ray fluorescence (XRF)
analysis, with the results presented graphically in Figure 4.5-1. Silicon dioxide (SiO2) is
identified as the predominant major element which is in agreement with the XRD that identified
quartz as the major phase, followed by aluminium oxide (Al:Os). Additionally, ferric oxide
(Fe205) and calcium oxide (CaO) are present in notable quantities within the CFA matrix. This
elemental distribution highlights the mineralogical complexity of Sasol CFA and provides
valuable insights into its chemical behaviour, informing potential applications in materials

science and industrial processes.
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4.6. Alkaline Leaching XRF
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Figure 4.6-1: XRF Analysis from alkaline leaching (NaOH: CFA)
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Figure 4.6-2: XRF Analysis from alkaline leaching (NaOH Molarity)

Following the alkaline leaching process, XRF analysis was conducted on the residual CFA to
identify the predominant phases post-leaching. The progressive addition of NaOH
demonstrated a reduction in the silicon dioxide (SiO2) phase within the ash, possible facilitating
the liberation of rare earth elements (REEs). This phase alteration suggests that alkaline
treatment may play a role in modifying the CFA matrix, potentially improving REE
accessibility. These findings indicate the possibility of optimizing extraction processes in

resource recovery applications, though further investigation is required to confirm the extent

of this effect.
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While the decreasing trend was observed in Figure 4.6-1, a similar observed trend in Figure
4.6-2 can be seen. However, it displayed a noticeable peak where an increase in NaOH molarity

increased the silica that remained on the ash before undertaking HCI leaching.

4.7. REE Recovery
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Figure 4.7-1: REE recovery via NaOH: CFA
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Figure 4.7-2: REE Recovery via NaOH Molarity Variation
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The recovery of REEs displayed an increase with an increase with NaOH added, Eq 13 was
adopted to calculate the recovery percentages. In the appendix, Figure A-3 displays the data for
REEs present in the leachate, while Figure A-4 is for the elements that remained in the solid
residue after leaching. Figure 4.7-1 focused on keeping the CFA mass constant at 10g while
varying the NaOH mass from 6 g, 8 g, 10 g, and 12 g. The experiment showed a high recovery
in MREEs compared to LREEs and HREEs, which were recovered the least. The high recovery
was at 78% at CFA: NaOH ratio of 1:1.2, increasing from 59% where the ratio was 1:0.6.
HREE:s recovered the least were recovered at 15% to 18% from a CFA: NaOH ratio of 1:0.6 to
1:1.2.

Further increasing the NaOH content in the CFA led to focusing on the molarity of the caustic
solution. The concentration ranged from 8 M to 16 M with an increase of 4M concentration. A
similar trend can be observed in Figure 4.7-2 where an optimal recovery was observed at a
concentration of 12M with MREESs recovered at 94%, LREEs at 79% and HREEs recovered at
32%. A higher concentration of the caustic solution displayed a decrease in recoveries where

MREE:s dropped to a low of 64% showing a 30% decrease in recoveries.
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Figure 4.7-3: Total REE Recovery via NaOH: CFA
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Figure 4.7-4: Total REE Recovery via NaOH Molarity variation

Total REE Recovery

The total recoveries presented in Figure 4.7-3 and Figure 4.7-4 demonstrated a positive trend
in the recovery of REEs, with optimal recovery observed at a 12M NaOH concentration,
achieving a maximum recovery of 92% of total REEs (TREESs). To assess the normality of the
REE recovery data, the Shapiro-Wilk test was conducted. Additionally, the Kruskal-Wallis H
test was performed to evaluate the significance of differences in TREE recovery as a function

of NaOH molarity.

The results of the Shapiro-Wilk test indicated that the TREE recovery data were normally
distributed (p > 0.05) across all CFA: NaOH ratios, including tests that considered both the
ratios and the caustic solution concentration. Furthermore, the Kruskal-Wallis H test, a non-
parametric method, revealed no statistically significant differences in TREE recovery between
the tested conditions (p > 0.05). Specifically, the Shapiro-Wilk test yielded a p-value of 0.94,
while the Kruskal-Wallis H test produced an H-value of 0.0884 and a corresponding p-value
of 0.96.
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Figure 4.7-5: CFA: NaOH regression analysis
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Figure 4.7-6: NaOH solution molarity regression analysis

A regression analysis was performed to evaluate the influence of NaOH addition as a lixiviant
on enhancing the porosity of CFA and its subsequent effect on the recovery of rare earth
elements (REEs). The regression results, presented in Figures 4.7-5 and 4.7-6, reveal positive
correlations with coefficient of determination (R?) values of 0.62 and 0.78, respectively. These
findings underscore a favourable relationship between the introduction of NaOH and the

improved recovery of REEs in the leachate.

Analysis of the dataset revealed notable differences in elemental abundances. High mean
concentrations were observed for certum (Ce) and lanthanum (La), with values of 3.92 ppm
and 2.31 ppm, respectively, indicating their relative abundance in the samples. Conversely, low
mean concentrations were recorded for erbium (Er), dysprosium (Dy), and ytterbium (Yb), at
0.052 ppm, 0.167 ppm, and 0.039 ppm, respectively. Elemental variability was also evident,
with yttrium (Y) displaying a wide range (min: 2.72 ppm, max: 4.675 ppm), while Ce exhibited
a narrower range (min: 3.39 ppm, max: 4.32 ppm). Samarium (Sm), in particular, showed a

consistently narrow range, with values ranging from 0.17 ppm to 0.22 ppm.

The standard deviation (std), which measures the spread of values around the mean, varied
significantly among the elements. Y, Ce, and La exhibited higher standard deviations of 0.85
ppm, 0.40 ppm, and 0.31 ppm, respectively, indicating greater variability in their
concentrations. In contrast, elements such as Er and Yb displayed low standard deviations of
0.011 ppm and 0.01 ppm, respectively, reflecting their consistent concentrations across
samples. Certain elements, including europium (Eu), terbium (Tb), thulium (Tm), and lutetium
(Lu), exhibited a standard deviation of zero, as their concentrations were uniformly represented

as 1 due to their non-detection in the leachate.
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These findings suggest that REEs with higher mean concentrations, such as Ce and La, are
more abundant and hold greater potential for recovery. Elements with low variability, such as
Sm, Er, and Yb, indicate predictable recovery trends, which is advantageous for process
optimization. Conversely, elements with higher variability, such as Y, warrant further
investigation to ascertain whether these variations arise from experimental inconsistencies or

natural heterogeneity within the samples.

4.8. REEs in Solid Residue
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Figure 4.8-1: REE:s in solid residue (CFA: NaOH)
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Figure 4.8-2: REE:s in solid residue (NaOH molarity variations)
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Figure 4.8-3: Classified REEs in solid residue (CFA: NaOH)
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Figure 4.8-4: Classified REEs in solid residue (NaOH molarity variations)

The solid residue remaining after the leaching step was analysed to assess its chemical
composition and determine the retention of the target elements, REEs. This analysis was

conducted using LA-ICP-MS to quantify the residual concentrations of the elements of interest

Figures 4.8.1 and 4.8.2 present the results of the analysis. Initially, the total rare earth elements
(TREE) concentration in the solid residue was measured at 471.89 ppm. Following the
optimization process using a 12M NaOH concentration in the alkaline leaching solution, the
TREE concentration was significantly reduced to 93.49 ppm after the HCI leaching step, as
shown in Figure A-1 in the appendix section. The most abundant element, Ce was at 181.41
ppm, and after the leaching procedure, less than 30 ppm remains. This reduction highlights the
effectiveness of the leaching procedure adopted in extracting the targeted elements,

demonstrating a favourable outcome for the experiment.
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4.9. Harmful Trace Elements in Solid Residue
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Figure 4.9-1: Harmful trace elements in solid residue (CFA: NaOH)
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Figure 4.9-2: Harmful trace elements in solid residue (NaOH Molarity variation)

A positive correlation was observed between the increasing concentration of NaOH and the
extraction efficiency of REEs from CFA. A similar trend was noted for barium (Ba); however,
the concentration of Ba was significantly lower compared to the 9786.58 ppm observed for
titanium (T1). Conversely, the concentrations of highly radioactive elements, such as uranium

(U) and thorium (Th), exhibited a decreasing trend with increasing NaOH concentration.
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Chapter Summary

This chapter focused on the comprehensive characterization and analysis of coal fly ash (CFA)
from Sasol Steam Stations 1 and 2, located in Sasolburg, South Africa while the results mostly
focused on SS1. The study utilized a range of advanced analytical techniques, including Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), X-ray fluorescence
(XRF), and X-ray diffraction (XRD), to assess the chemical and mineralogical composition of

CFA, with a specific focus on rare earth elements (REEs).

The mineralogical composition of Sasol CFA was dominated by quartz and mullite, with minor
phases of magnetite and calcite. This complexity provides insight into the behaviour of CFA in
various industrial processes. The REE analysis highlighted notable concentrations, especially
among the light rare earth elements (LREEs), with cerium (Ce) being the most abundant at 180
ppm. Heavy rare earth elements (HREEs) were comparatively less concentrated. Sasol CFA
demonstrated significant REE potential, with total concentrations reaching 471.89 ppm in
sample SS1 and 447.84 ppm in sample SS2, positioning it as a competitive source for REE
extraction. A comparison with CFAs from other power stations and the upper continental crust
confirmed that Sasol CFA exhibits one of the highest REE concentrations, further underscoring

its resource potential.

Alkaline leaching experiments, using NaOH at varying concentrations, revealed that increasing
NaOH concentration enhances the accessibility of REEs by reducing silica content in CFA.
Optimal extraction efficiency was observed at a 12M NaOH concentration, where the highest
recovery rates for medium rare earth elements (MREEs) and LREEs were achieved. REE
recovery was significantly influenced by the CFA: NaOH ratio and NaOH molarity. Recovery
rates peaked at 92% for total REEs (TREEs) at 12M NaOH. Regression analysis indicated a
positive relationship between NaOH addition and recovery efficiency, with a coefficient of

determination (R?) reaching 0.78.

The analysis identified toxic trace elements, including uranium (U), thorium (Th), and lead
(Pb), which are of environmental concern. Encouragingly, concentrations of U and Th
decreased with increasing NaOH concentration, indicating the potential for reduced
environmental risks in the optimized process. Post-leaching analysis of the solid residue
confirmed the effectiveness of the leaching procedure, with the TREE concentration reduced
from 471.89 ppm to 98.47 ppm. This significant reduction highlights the success of the process

in extracting the target elements.
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The findings presented in this chapter demonstrate the feasibility of utilizing Sasol CFA as a
resource for REE recovery. The process optimization through alkaline leaching, followed by
acid treatment, shows promising outcomes in enhancing REE recovery while mitigating the
retention of harmful trace elements. These results contribute valuable insights into the

sustainable utilization of CFA in resource recovery applications.
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5. Discussion

The chapter will outline in detail the results obtained for the current study which explored the
optimization of the pre-treatment stage of the CFA through acid-alkali leaching process for the

class F CFA.

5.1. Major and Trace Elements

Coal fly ash (CFA) is categorized into Class C or Class F under ASTM C618 (1993) standards,
making the characterization of Sasol CFA elemental composition crucial for accurate
classification. X-ray fluorescence (XRF) analysis identified silicon dioxide (SiO:) as the
primary constituent, followed by aluminium oxide (Al0:), with ferric oxide (Fe20s) and
calcium oxide (CaQ) also present in significant quantities. This elemental profile not only
highlights the mineralogical complexity of Sasol CFA but also provides insights into its

chemical properties, informing potential applications in materials science and industry.

A comparison with prior analyses of Sasol Steam Station 1 ash by Matjie et al. (2005) revealed
a similar composition: SiO: at 54.3 wt%, Al2Os at 27.8%, Fe20s at 3.1%, and CaO at 5.9%,
classifying the ash as Class F. In the current study, the analysis yielded SiO: at 45 wt%, AlOs
at 37%, Fe20s at 4%, and CaO at 6.5%, consistent with Class F classification as well. Given
that Class F CFAs typically contain lower CaO levels, prior research indicates that pre-
treatment is necessary to enhance REE recoveries (Taggart et al., 2018; Seleka, 2021;
Mokoena, 2021), which has informed the current study’s adoption of an alkaline-acid leaching
process. Optimizing the pre-treatment phase is critical, as it will directly impact the
effectiveness of REE liberation from the ash matrix. Moreover, Table 4.4-1 presents the
concentrations of trace elements within Sasol CFA, including highly radioactive thorium (Th)
and uranium (U), highlighting the importance of monitoring these elements due to their
potential for recovery in the extraction process. This emphasis on thorough trace element
analysis supports a comprehensive understanding of Sasol CFA's utility and its implications for

sustainable resource recovery.
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5.2. Rare Earth Elements Analysis on Sasol CFA

The total REEs identified for the Sasol Steam Station 1 CFA was 471,89 ppm. Where Table
compares the Sasol ash with the Eskom as well as the Jungar power station. The comparison
did put the study’s ash in the competitive run increasing South Africa’s edge to be on the market
for the elements. The analysis showed the LREEs to be abundant compared to the rest of the
elements with the following order of abundance, Ce>La>Nd>Pr. However, it is worth noting

that Sc and Y are also dominant, and they don’t fall under the LREE category.

As per Table 4.3-1, heavy rare earth elements (HREEs) such as Ho, Er, Tm, Yb, and Lu are
present in comparatively low concentrations, totalling 14.49 ppm for SS1 CFA. The
distribution of REEs is characterized by 375.10 ppm of LREEs, 82.31 ppm of medium rare
earth elements (MREESs), while for SS2, LREEs are 356.13 ppm, MREEs are 77.76 ppm, and
HREEs are 13.95 ppm and significant total REE concentrations of 471.89 ppm for sample SS1
and 447.843 ppm for sample SS2. This REE profile highlights Sasol CFA’s considerable
potential as a source for REE recovery and suggests distinct implications for its utility in
various extraction processes. The slightly notable yet negligible difference of 24.05 ppm
between SS1 and SS2 can be attributed to the fact that SS1 utilizes high-quality coal from the
Mooikral mine, an underground bituminous coal mine in the Sasolburg, Free State region,
while SS2 is a combination of first-quality coal and run-of-mine coal (Matjie et al., 2005).
However, even though the SS2 total REEs are less than that of SS1, the distribution still follows
the same trend of LREE>MREE>HREE.

5.3. Mineralogical Analysis

X-ray diffraction (XRD) analysis was employed to identify the predominant crystalline phases
in Sasol coal fly ash (CFA), with quartz and mullite emerging as the principal components, as
depicted in Figure 4.1-1. Additionally, minor quantities of magnetite and calcium carbonate
were detected. These results align with findings from Franus (2019), who observed similar
phase compositions in bituminous coal, consistent with Sasol CFA’s origin from low-rank

bituminous coal, corroborating previous studies, including that of Mokoena (2021).

During coal combustion, quartz has been observed to remain chemically stable, persisting as a
primary mineral. Mullite, in contrast, forms as a secondary mineral not originally present in
coal but arising from the thermal decomposition of kaolinite, a common aluminosilicate

mineral within the coal matrix (Eze, 2014; Malatjie et al., 2005; Ward et al., 2009).
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A key focus of this study involves understanding the location of rare earth elements (REEs)
within the CFA structure, particularly in relation to the amorphous glass phase. Prior research
supports the theory that REEs are predominantly embedded within this amorphous phase
(Taggart et al., 2016; Cao et al., 2018; Kolker et al., 2017), underscoring the rationale for
conducting XRD analysis. By determining the dominant amorphous phase within Sasol CFA,
the study aims to refine the choice of method to effectively disrupt this phase, enhancing the
liberation of REEs for recovery. This targeted approach leverages mineralogical insights to
optimize the extraction of REEs from CFA, offering potential advancements in resource

recovery techniques.

5.4. [Effect of Alkaline leaching

The present study investigated two methods for optimizing the pre-treatment stage prior to acid
leaching. Initially, four distinct ratios of CFA to NaOH were evaluated. However, it was
observed that NaOH melted and subsequently solidified on the surface of the ash, leaving the
majority of the ash at the bottom of the dish. To address this limitation, an alternative approach
was explored to ensure the complete immersion of CFA in NaOH, thereby facilitating full
reaction. This method involved alkaline leaching, which utilized a caustic solution (NaOH
dissolved in water) and was studied using the flux roasting ratios initially examined. This
alternative approach, referred to as the digestion process (Rosita et al., 2024), retained the use

of NaOH and aimed to enhance the efficiency of the pre-treatment process.

An analysis of the desilicated residue (CFA that remained after alkaline leaching) was
conducted to evaluate the efficacy of the improved method in disrupting silica and alumina
bonds within the ash. Figure 4.6-1 and 4.6-2 illustrate a decreasing concentration of silica and
alumina alongside an increase in CaO. This further facilitated improving the porous nature of
the CFA that will allow the HCI lixiviant to attack the ash and improve REE recovery. This
indicates that the amorphous phase, which is predominantly associated with these components,
gradually diminishes with increasing caustic concentration. These findings align with those
reported by Rosita et al. (2024), who observed a similar trend and attributed it to the weakening
of Si-O and Al-O bond energies, thereby facilitating their disruption. Additionally, this trend
resulted in an increased dissolution of REEs during the acid-leaching step, as depicted in Figure

4.7-1 and 4.7-2.
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5.5. REE Recoveries

Figure 4.7-1 through Figure 4.7-4 specifically highlight the recovery of REEs from light
(LREE), medium (MREE), and heavy (HREE) rare earth elements, as well as the total rare
earth element (TREE) recovery. The alkaline leaching method demonstrated improved REE
recovery, with MREE recovery being the most pronounced. Notably, a CFA-to-NaOH ratio of
1:1.2 achieved a peak TREE recovery of 81%, and the recovery trend continued to increase.
This prompted further investigation into the alkaline leaching method using four NaOH
concentrations: 3M, 8M, 12M, and 16M. Optimal REE recovery was observed at 12M with a
TREE of 92%, suggesting the method's efficacy. Furthermore, at this concentration, the CFA
exhibited greater enrichment with REEs compared to lower concentrations, reinforcing the

potential of this approach for pre-treatment optimization.

However, when the concentration of the caustic solution was increased to 16M the amount of
TREEs recovered dropped by 4% while the MREEs dropped by 30%. This can be attributed to
the formation of REE hydroxide even though the glass phase deformation increased. Other
researchers had a similar observation when the caustic concentration was increased which was
the opposite of the expectations (Rosita et al., 2024; Rosita et al., 2020; Arauz and Aurich,
2020). The hydroxide formation happened when in the reaction with NaOH and the REEs a
hydroxide gel would form as per the reaction below. Hence, the decrease in REEs recovered
from the HCI leaching step can be associated with the REE lost when the elements dissolved
in the REE hydroxide gel. This would have represented a limiting factor however, the recovery

rate was over 90% which is satisfactory.

REE,0, + 6NaOH — 2REE,(OH), + 3Na,0 Eq 14
The caustic solution also had a significant impact on the CFA material, primarily by increasing
the porosity of the CFA particles. This effect was observed in the formation of surface
porosities on the particles (Wen et al., 2022). The enhanced recoveries of REEs, as discussed
previously, can be attributed to this increased porosity. The formation of pores facilitated the
easier penetration of H' protons, which were able to more effectively attack the weakened

amorphous glass phases. Consequently, this led to a higher recovery of REEs.
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It 1s important to note that the scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDS) technique was not employed in this study due to its unavailability.
As a result, the characterization of the amorphous glass phase relied on its association with
quartz. This limitation precluded the distinction between amorphous and crystalline phases
containing calcite and quartz minerals, which may have further clarified the observed
phenomena. For the Sasol CFA, cerium (Ce) was the most abundant REE and consequently
exhibited the highest recovery rate. The light rare earth elements (LREEs) collectively showed
the greatest abundance, with a concentration of 375.099 ppm. Recovery rates achieved a peak

of 74% at a CFA-to-NaOH ratio of 1:1.2 and 79% using a 12M caustic solution.

This high recovery rate represents a significant advantage due to the diverse industrial
applications of LREEs, including their use in catalysts, permanent magnets, and the optics
industry. Furthermore, the rising demand for REEs driven by the growth of electric vehicles
(EVs) and renewable energy technologies highlights the economic potential of these elements
(Seaman, 2010). These advancements position South Africa advantageously in the global
market for REEs, which is projected to reach a value of 8.14 billion USD by 2032 which is
projecting a compounding growth of over 10% from the year 2023 (Fortune Business Insight,

2024).

The experimental results demonstrated a positive upward trend in the recovery of MREEs and
LREEs compared to HREEs. The recovery efficiency of MREEs and LREEs underscores their
potential for prioritization in subsequent optimization efforts at a larger scale. By focusing on
the enhanced recovery of these classifications, South Africa can strengthen its competitive
position in the global REE market. This strategic emphasis aligns with the increasing demand
for REEs, driven by advancements in renewable energy technologies, electric vehicles, and
other high-tech industries, further solidifying South Africa's role as a key supplier in this critical

sector.
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5.6. REE and Harmful Trace Elements remaining on the solid residue

The recovery of TREEs exceeded 90%, indicating that a small portion remained in the solid
residue alongside harmful trace elements (HTEs). These residual trace elements are of
particular concern due to their potential environmental hazards. Consequently, quantifying
their concentrations is essential to ensure the implementation of effective health and safety
measures. A detailed understanding of the distribution of TREEs and HTEs in the residue is

critical for mitigating environmental risks and aligning with regulatory compliance standards.

The porosity introduced to the CFA during the leaching process facilitated the detectability of
harmful trace elements in the solid residue. As illustrated in Figures 4.9-1 and 4.9-2, titanium
(T1) concentrations exhibited an increase in the residue following leaching, rising from 9126.29
ppm in the untreated sample to values of 11020.57 ppm, 11019.35 ppm, 9786.58 ppm, and
9860.33 ppm for NaOH molarities of 3M, 8M, 12M, and 16M, respectively. Similarly, for
CFA: NaOH ratios of 1:0.6, 1:0.8, 1:1, and 1:1.2, Ti concentrations were observed to be
10428.25 ppm, 10322.88 ppm, 9919.32 ppm, and 9917.94 ppm, respectively.

This trend is attributed to the increased exposure of Ti at the surface as the CFA becomes
demineralized during leaching. It is noteworthy that although the concentration of trace
elements decreased with increasing NaOH addition, the reduction was not substantial. In
addition to Ti, barium (Ba) was detected in significant amounts but remained below 2000 ppm.
Toxic elements such as lead (Pb), thorium (Th), and uranium (U) were present in relatively low

concentrations, with radioactive elements, specifically uranium, observed at levels below 10

A particularly significant finding was the recovery of TREEs, with a residual concentration of
93.49 ppm detected in the solid residue for LREEs, 20.22 ppm for MREEs, and 3.71 ppm for
HREE:s, as shown in Table A-4 in the appendix section. This outcome underscores the efficacy
of the leaching methods employed, as detailed in Chapter 3, in maximizing TREE recovery
while minimizing the retention of hazardous trace elements. These results reinforce the
potential of the adopted process for sustainable resource recovery with reduced environmental

impact.

82



5.7. Scale-up feasibility

To scale the use of 12 M NaOH requires careful consideration of both economic and operational
factors. The price of NaOH is approximately R59.57/kg, depending on the purity, which
significantly contributes to the overall cost of the process (Bright Pack, n.d.). At a concentration
of 12 M, the NaOH requirement can be estimated at 480 kg/m*. For an industrial-scale
operation utilizing approximately 10 m* of 12 M NaOH per day, this equates to a daily

consumption of 4.8 tonnes, resulting in a reagent cost of approximately R286,000 per day.

In addition to reagent costs, further expenditures arise from the need for a neutralization plant
and associated pH monitoring equipment, both of which require regular maintenance to ensure
that effluent streams do not pose environmental risks. Furthermore, additional chemicals for
neutralization and specialized equipment designed to handle highly caustic solutions contribute

to the overall capital and operational costs of the process.

Although HCI is considered highly corrosive to equipment, an alternative such as H.SO4 has
been used as a substitute. While H>SOu is also corrosive, its effect is comparatively less severe.
This reduces maintenance and operational costs, making industrial production more favourable

due to easier handling and lower expenses (Pan et al., 2020).

Moreover, although H-SO4 may be preferable in some respects, the study by Xie et al. (2023)
reported recoveries of 21% and 12% for HCI and H>SOs, respectively. To improve recovery
rates, it would be advantageous to extend leaching durations, especially considering that
industrial-scale operations are likely to employ low irrigation rates in heap leaching reactors,
which allow for more controlled processing. Low irrigation rates have been shown to facilitate
easy percolation of the lixiviant while improving recoveries (Kappusamy and Holuszko, 2023;

Javed et al., 2024; Makaula et al., 2017).

Additionally, H>SO4 is economically available in industry and easy to handle. Its environmental
impacts have been studied extensively and are better understood. When scaling up, H2SOa
would be a more desirable reagent in terms of operational costs, corrosiveness, process

simplicity, and handling (Stopi and Friedrich, 2018; Sridah, 1988).
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5.8. Life Cycle Assessment

An environmental assessment of the waste stream and the process of recovering REEs is an
important aspect, as it provides mitigation strategies for proper handling. Currently, the life
cycle assessment (LCA) method has proven to be objective and is widely accepted (Ness et al.,
2007). This process is a core tool adopted by companies and governments in sustainable
development and environmental policy-making (Guinee et al., 2010). The LCA method offers
a comprehensive pathway and provides a clear overview of the environmental impacts arising

from the proposed process, extending through to waste disposal.

Following the scale-up of the optimized 12 M NaOH concentration, the water requirement will
need to be supplied by the municipality, along with electricity from the grid to support day-to-
day operations. According to the life cycle inventory, carbon dioxide emissions can be
estimated at 1,200 kg CO:-eq. Additionally, this aligns with the global warming potential
impact, given the possibility of CO: generation during the alkaline leaching step (Navarro and

Zhao, 2014).

Below is the proposed LCA flowchart, which will aid in understanding the environmental

impacts of the process.

Alkaline leaching
(NaOH)

Water leaching

.

Acid leaching

|

Figure 5.8-1: Suggested LCA
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Chapter Summary

This study investigates the optimization of the pre-treatment stage for Class F CFA using an
acid-alkali leaching process, with a focus on REE recovery. Sasol CFA was characterized to
establish its composition and suitability for REE extraction, employing techniques such as XRF
and XRD. The elemental analysis confirmed Sasol CFA as Class F, dominated by SiO- (45
wt%), Al20s (37 wt%), Fe20s (4 wt%), and CaO (6.5 wt%), consistent with prior studies. XRD
identified quartz and mullite as the principal crystalline phases, with minor amounts of
magnetite and calcite. The findings emphasized that REEs are primarily embedded within the

amorphous glass phase, informing the development of effective pre-treatment methods.

Two approaches were evaluated to enhance the disruption of Si-O and AI-O bonds in CFA:
flux roasting and alkaline leaching. The latter, utilizing NaOH in various molarities (3M, 8M,
12M, and 16M), proved effective. Optimal results were achieved at a 12M NaOH
concentration, significantly increasing porosity and facilitating REE liberation during

subsequent acid leaching.

The TREE recovery peaked at 92%, with medium (MREEs) and light (LREEs) rare earth
elements showing the highest recoveries. Increasing NaOH concentration beyond 12M led to
reduced recovery due to REE hydroxide gel formation. The study highlighted the industrial
relevance of LREEs, particularly cerium (Ce), which was the most abundant and recovered
element. Residual harmful trace elements (HTEs) such as titanium (T1), barium (Ba), lead (Pb),
chromium (Cr), thorium (Th), and uranium (U) were quantified. Ti concentrations increased
post-leaching, attributed to CFA demineralization. While Ba was detected in significant
amounts, Pb, Cr, Th, and U remained below 30 ppm, with uranium levels under 10 ppm. These

findings underscore the importance of monitoring HTEs to mitigate environmental risks.

The study demonstrated the efficacy of alkaline-acid leaching for REE recovery while
minimizing environmental hazards. The optimized methods and high TREE recovery rates
position Sasol CFA as a competitive resource for REE extraction, aligning with the global
demand driven by advancements in renewable energy technologies and electric vehicles. These
insights contribute to the sustainable utilization of CFA and its economic potential in the REE

market.
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6. Conclusion and Recommendations

The growing global interest in rare earth elements (REEs) is attributed to their extensive
applications in various advanced technologies, including aeronautical engineering, mobile
devices, and electric vehicles (Taggart et al., 2018; Tang et al., 2019; Wang et al., 2019). This
increasing demand has driven the exploration of secondary sources of REEs, such as coal
deposits and combustion residues, particularly those from coal-fired power plants. Coal fly ash
(CFA), a byproduct of coal combustion, has garnered significant attention due to its notable

REE concentrations and its ready availability as a waste product.

In South Africa, CFA has been extensively studied, with comparisons made to REE-rich
sources such as China's deposits. Notably, studies by Seleka (2021) and Mokoena (2021)
focused on CFA from Eskom coal-fired power plants in Mpumalanga, reporting REE
concentrations exceeding those found at the Jungar power station in China. These promising
findings provided the impetus for the current investigation, which examines CFA from the
Sasol steam stations in the Sasolburg region. This region was specifically chosen as previous

studies had already focused on CFA from Mpumalanga.

The current study employed an alkali-acid leaching methodology, incorporating a significant
modification to the pre-treatment step. Unlike previous studies that relied on roasting the CFA,
alkaline leaching was identified as a more effective pre-treatment approach. One key challenge
observed in earlier research was the low recovery of REEs, which was attributed to the low
porosity of the ash, hindering REE liberation during the HCI leaching process. To address this,
the present study optimized the pre-treatment step, achieving a recovery rate exceeding 90%

for total REEs.

A range of analytical techniques was utilized to ensure robust interpretation of the results,
including X-ray fluorescence (XRF), X-ray diffraction (XRD), inductively coupled plasma
mass spectrometry (ICP-MS), and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). These techniques facilitated the comprehensive analysis required

for drawing sound conclusions from the study.

86



6.1. Conclusion

This study focused on enhancing the porosity of the CFA surface to facilitate the liberation of
REEs during the HCI leaching process. This was achieved through the pre-treatment step,
referred to as the digestion phase, a method that proved to be more efficient than the roasting
technology, which utilized alkaline leaching. The digestion process was optimized to determine
the ideal quantity of NaOH required to enrich the CFA effectively, thereby enabling high
recoveries of REEs. An optimal NaOH concentration of 12M was identified, yielding a total

REE (TREE) recovery rate of 92%.

In terms of REE classification, medium rare earth elements (MREEs) exhibited the highest
recovery rate at 94%, followed by light rare earth elements (LREEs) at 79% and heavy rare
earth elements (HREEs) at 32%. Alkaline leaching proved to be an efficient method for
dissolving the aluminosilicate glass phase, which encases the REEs of interest, thereby

significantly enhancing their recovery during subsequent processing steps.

6.2. Recommendations

e The experimental approach adopted in this study was conducted on a small scale. Future
research should focus on scaling up the process to assess the feasibility of REE recovery
on a larger scale. One potential method to explore is heap leaching, which could offer
a practical and cost-effective approach for processing CFA.

e Exploring this technology could provide valuable insights into hydrodynamic column
testing at various heap heights, which would help determine the feasibility of leaching
in taller heaps. Given that CFA is typically disposed of in layered formations resembling
heaps, this approach could offer a practical pathway to assess and optimize the leaching
process under conditions that closely mimic real-world scenarios.

e Additionally, further development of advanced technologies tailored to efficiently
recover REEs from the leachate is necessary. Such technologies should focus on
enhancing selectivity and efficiency while minimizing environmental and operational

costs.
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A- Appendices

Table A-1: Statistical analysis data (CFA: NaOH)

Sc Y La Ce Pr Nd Sm Eu | Gd Tb | Dy Ho | Er Tm | Yb Lu
Mean | 1.363 | 1.807 | 2.315 | 3.919 | 0.439 2.029 1 0.195 | Nd | 0.217 Nd | 0.167 Nd | 0.0511 | Nd | 0.0399 Nd
Max 1.581 | 1.944 | 2.799 | 3.395 | 0.476 2.177 | 0.222 | Nd | 0.238 Nd | 0.193 Nd | 0.0656 | Nd | 0.0518 Nd
Min 1.117 | 1.671 | 2.092 | 4.313 | 0.368 1.782 | 0.166 | Nd | 0.195 Nd | 0.147 Nd | 0.0396 | Nd | 0.0283 Nd
STD | 0.168 | 0.114 | 0.326 | 0.413 | 0.0484 | 0.178 | 0.023 | Nd | 0.0178 | Nd | 0.0197 | Nd | 0.0109 | Nd | 0.00962 | Nd
Table A-2: Statistical analysis data (NaOH molarity variations)
Sc |Y La Ce Pr Nd Sm Eu | Gd Tb | Dy Ho | Er Tm | YD Lu
Mean | Nd | 3.717 | 2.315 | 3.919 | 0.439 2.029 | 0.195 Nd | 0.217 Nd | 0.167 Nd | 0.0511 Nd | 0.0399 Nd
Max | Nd | 4.675 | 2.799 | 4315 | 0.476 2.177 | 0.222 Nd | 0.238 Nd | 0.193 Nd | 0.0656 Nd | 0.0518 Nd
Min Nd | 2.723 | 2.092 | 3.395 | 0.368 1.782 | 0.166 Nd | 0.195 Nd | 0.147 Nd | 0.0396 Nd | 0.0283 Nd
STD | Nd | 0.819 | 0.413 | 0.413 | 0.0485 | 0.179 | 0.0227 | Nd | 0.0178 | Nd | 0.0197 | Nd | 0.01087 | Nd | 0.00962 | Nd
Table A-3: REE concentration in the leachate
3M SM 12M 16M 1:0.6 1:0.8 1:1 1:1.2

Sc 6,571731 7,817401 9,452554 8,715454 3,460689 3,730266 4761673 6,138173

Y 41,09181 4233748 45,08022 44,01217 21,03664 22,32498 26,42279 27,79929

La 64,18887 65,43454 66,57991 65,58261 26,2978 26,16343 30,45331 31,82981

Ce 131,6003 132,8459 154,266 144,8404 59,03365 55,21823 70,24347 71,61997

Pr 13,19008 14,43575 14,87852 14,51657 5,569028 5,310535 6,354926 7,731426

Nd 52,97681 54,22248 55,78842 54,79745 24,83279 23,84639 26,89233 28,26883

Sm 8,902928 10,1486 10,43277 10,23989 4,940534 4,837062 5,293901 6,670401

Eu 0,43878 1,68445 1,720558 1,690579 0,783848 0,805684 0,882125 1,958625

Gd 7,290946 8,536616 8.,784734 8,655873 3,892437 4,004181 4451517 5,828017

Tb 0,099735 1,345405 1,373633 1,351526 0,63373 0,647609 0,711259 1,717759

Dy 6,929963 8,175633 8,30994 8,201983 3,8086 4,022029 4,366573 5,743073

Ho 0,309626 1,555296 1,576587 1,563643 0,72249 0,764225 0,835305 1,211805

Er 3,156493 4,402163 4,480187 4,418898 1,901195 2,070577 2,317117 3,693617

Tm 0,65802 0,587648 0,60103 0,593941 0,230908 0,265258 0,301712 0,792418

Yb 2,460323 3,705993 3,801873 3,754092 1,321539 1,561792 1,785068 3,161568

Lu 0,72813 0,517535 0,533531 0,523163 0,179239 0,214857 0,254412 0,630912

Total 337,8222 357,7529 387,6605 373,4583 158,6451 155,7871 186,3275 204,7957

Units: ppm

Nd: Not detected
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Units: ppm

Table A-4: REEs remaining in solid residue

LREE 3M &M 12M 16M 1:0.6 1:0.8 1:1 1:1.2

La 25,17402 23,928355 22,78298 23,78029 63,065088 63,199461 58,910 57,533

Ce 49,80524 48,559566 27,13947 36,56506 122,37184 126,18727 111,162 109,786

Pr 6,117377 4,8717069 4,428932 4,790882 13,738427 13,99692 12,953 11,576

Nd 18,74683 17,501158 15,93522 16,92619 46,890847 47,877242 44,831 43,455

Sm 4,397217 3,151547 2,867377 3,060256 8,3596107 8,4630833 8,006 6,630
Total 104,2407 98,012333 73,15397 85,12267 254,42582 259,72397 235,861695 228,9791945
MREE 3M &M 12M 16M 1:0.6 1:0.8 1:1 1:1.2

Eu 1,792835 0,5471648 0,511057 0,541036 1,4477666 1,425931 1,349 0,273

Gd 4,067301 2,8216313 2,573513 2,702374 7,4658098 7,3540662 6,907 5,530

Tb 1,651482 0,4058119 0,377584 0,399691 1,1174873 1,1036078 1,040 0,033

Y 15,30328 14,057611 11,31487 12,38291 35,358445 34,070107 29,9722935 28,59579351

Dy 3,638909 2,3932391 2,258932 2,36689 6,7602727 6,5468435 6,202 4,826
Total 26,45381 20,225458 17,03595 18,39291 52,149781 50,500556 45,4707713 39,25827134
HREE 3M &M 12M 16M 1:0.6 1:0.8 1:1 1:1.2

Ho 1,708958 0,4632884 0,441997 0,454941 1,296094 1,2543589 1,1832792 0,806779201

Er 2,629314 1,3836442 1,30562 1,366909 3,8846119 3,7152301 3,46868992 2,092189921

Tm 1,45044 0,2047703 0,191388 0,198478 0,56151 0,52716 0,49070568 0,000000000

Yb 2,694158 1,4484878 1,352607 1,400389 3,8329412 3,5926882 3,36941243 1,992912428

Lu 1,462351 0,2166811 0,200685 0,211054 0,5549772 0,5193596 0,47980409 0,103304091
Total 9,945222 3,7168718 3,492297 3,63177 10,130134 9,6087969 8,99189132 4,995185642
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Table A-5: Trace Elements remaining in the solid residue

ppm M &M 12M 16M 1:0.6 1:0.8 1:1 1:1.2
P 392,995 391,750 291,164 343,846 356,980 372,004 303,560 302,184
Ti 11020,596 | 11019,350 | 9786,582 9860,326 10428,246 | 10322,880 | 9919,315 9917,939
\'% 45,286 44,041 41,717 52,501 54,390 57,572 61,288 59,911
Cr 187,959 186,713 167,623 209,916 132,154 135,228 138,125 136,749
Co 7,286 6,040 5,100 5,708 12,380 12,306 11,859 10,483
Ni 52,669 51,423 47,870 54,880 64,883 65,230 64,114 62,737
Cu 12,188 10,943 11,747 12,297 28,944 27,204 26,620 25,243
Zn 40,738 39,492 18,429 22,715 49,747 46,659 44,487 43,110
Ga 36,865 35,619 28,217 36,773 45,920 45,746 43,560 42,183
Rb 2,293 1,047 0,783 1,261 30,490 30,474 25,937 24,560
Sr 246,482 245,236 261,485 220,524 796,560 747,062 677,368 675,991
Zr 347,300 346,054 332,998 353,031 415,160 424,214 427,189 425,812
Nb 48,853 47,607 34,695 40,485 36,615 36,161 32,078 30,702
Sn 5,901 4,655 3,917 3,997 7,559 7,716 7,753 6,376
Sb 1,720 0,475 0,291 0,339 0,749 0,759 0,799 0,423
Cs 1,500 0,254 0,238 0,380 4,761 4,577 4,338 2,962
Ba 1216,488 1215,242 1245,373 1384,695 831,254 823,002 842,136 840,759
Hf 9,553 8,307 7,700 7,978 10,479 10,493 10,635 9,258
Ta 4,568 3,322 2,452 2,454 2,956 2,788 2,281 0,904
W 4,198 2,952 2,176 2,789 2,749 2,631 2,506 1,130
Tl 2,016 0,770 0,653 0,795 0,518 0,491 0,486 0,109
Pb 12,837 11,592 7,011 7,815 75,634 69,531 65,030 63,654
Th 25,926 24,680 20,044 18,111 43,897 42,074 36,796 35,419
U 7,073 5,827 5,424 5,643 10,420 9,950 9,594 8,218

Total | 13733,288 | 13703,392 | 12323,690 | 12649,260 | 13443,444 | 13296,752 | 12757,852 | 12726,816
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Figure A-1: REEs remaining in the solid residue
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Leachate:

. _ REE-0 ppm
Alkaline ] _(Waterleachlng -
CFA ;
leaching .
104 CFA Residue:
REE 471.9 ppm ©.8% ot
: -9 pp REE-466.94 ppm Residue:
Si0,-45% , N
SI02-42.6% 8.29 ¢ CFA
ALO;-37% 0.-359 coE
AlLO;-35% REE-466.94 ppm
v
Leachate:
REE-4.96 ppm
Si0,-2.4% Acid leaching Leachate:
-20, :
AlL,Os-2% REE-373.86 ppm

Residue:
4.81 g CFA
REE-93.49 ppm

Figure A-2: REE balance
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