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ABSTRACT

Three medium rank C coals and a discard coal from different coalfields within the
Karoo Basin were investigated. In this study, physico-chemical properties, ash fusion
tests, quantitative single particle -electron probe X-ray microanalysis (SPA-
EPXMA), petrography, X-ray diffraction (XRD), Fourier Transform Infrared
(FTIR), and micro-Raman spectroscopy (mRs) were used as analytical techniques of
choice to investigate the heterogeneous nature of coals, including mineralogical
structure, mode of occurrence, and association of mineral matter in coals. The aim of
the work was to highlight the significance of understanding the heterogeneous nature
of coals, and to develop comprehensive and reliable approaches of characterising
coals, coal ashes, and predict the behaviour of coals in coal conversion processes.
The FTIR technique identified a well ordered kaolinite of authigenetic origin,
characterised by inner hydroxyl group with H,O vibration at 3618 cm™ absorption bands as
the major mineral. Smectite and muscovite were identified at peaks 797 cm™ and 799
cm respectively, with quartz confirmed by the v (Si-O-Si) and & (Si-O) bands. The
SPA-EPXMA data, modelled using principal component analysis (PCA) and
chemical boundary classification (CBC), identified a diverse range of minerals such
as alunite, chlorite, fayalite, almandine, anatase, ilmenite, brushite, goyazite,
gypsum, dolomite, calcite, sodalite, rhodochrocite, and halite in raw coal samples.
The mRs technique showed that in addition to bassinite, other oxidation products that
formed at low temperature included lepidocrite and coquimbite. The technique
proved to be ideal for the characterisation of high temperature ashes. High spatial
resolution of mRs confirmed the presence of mixtures of anatase, brookite, and
rutile, hematite, nephaline, apatite, crednerite and apatite in high temperature ashes.
The SPA-EPMXA and mRs technique probed minerals on a micro-scale and their
application could be extended to prediction of slagging and fouling behaviour in
coals. The multiple technique approach revealed the importance of using a
combination of techniques to characterise coals, and provided useful information that

can help understand and relate the mineralogical and elemental composition of coals.
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This knowledge could be useful in designing conversion processes, and necessary
downstream manipulations.

Keywords: Characterisation, mineral matter, single particle analyses-electron probe micro X-

ray, micro-Raman spectroscopy, Fourier Transform Infrared spectroscopy (FTIR), X-ray
diffraction (XRD), coal ashes.
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CHAPTER 1: INTRODUCTORY CHAPTER

1.1 Introduction

The introductory chapter gives insight on the background of the study, highlighting key areas
that influenced the conceptualisation of this research investigation. This chapter also gives a
brief overview of the research study; it introduces the hypothesis, research questions, aims,
and objectives of the investigation. The last section of the chapter gives the breakdown,

layout and scope of the research work.

1.2 Background

Energy generation using fossil fuels is in a global crisis, with the local coal industry facing
challenges to meet soaring energy demands that are fuelled by economic growth, and
industrialisation of the developing nations [Rubiera et al., 2002]. In South Africa (SA), the
steadily increasing energy demand is projected to increase at a rate of 1000 MW per annum
[Engelbrecht et al., 2008]. However, with the aging power generation fleet, and the low
power plant efficiencies that are below 40%, it is becoming almost impossible to meet the

required energy demands.

In an attempt to curb electricity shortages, Eskom embarked on expanding the capacity of its
existing power generation fleet by building new power stations (Medupi and Kusile), with a
nominal capacity of 4800 MW. The newly built power plants are designed to operate at
supercritical conditions to improve plant efficiencies, and reduce CO, emissions by nearly

22%.



Another probable solution aimed at increasing power plant efficiencies, and reducing CO,
emissions, is based on using renewable resources (biomass) derived from various sources such
as sewage sludge, bio-solids, woody plants, municipal green waste, forestry, agricultural, and
organic waste by-products [Tchapda and Pisupati, 2014]. It is anticipated that the renewable
energy sources will become increasingly important [Buhre et al., 2005] and supplement the
declining fossil fuel resource. The inclination towards using renewable resources has led to a
steady increase in funds estimated at $4.8 billion, to conduct feasibility studies of introducing

renewable energy in SA [Baker, 2015].

Strydom et al. (2015) investigated the influence of biomass such as hardwood, softwood, and
pinewood chips (supplied by Sappi forest division, SA), and sugarcane bagasse (supplied by
TSB sugar company, SA) on the co-pyrolysis of medium rank C South African coal. The
results of the investigation indicated that co-pyrolysis of the different coals blended with

biomass showed a slight improvement on the pyrolysis rate of medium rank bituminous coals.

Moreover, the realisation of the practical application of using biomass can be noted with the
recent increases in the number of European countries that are adopting co-firing processes.
The biomass-coal ratio is expected to increase from the current 20 wt. % to 30 wt. % in utility
boilers [Izquierdo et al., 2008], particularly in countries (Belgium, The Netherlands, UK,
Spain, Italy, Poland) where co-firing of biomass in coal-fired power plants is subsidised by
governments. It has also been estimated that the use of biomass will contribute 17% towards

total energy generation by 2020 [Scarlat et al., 2015].

Despite the attractive benefits of co-firing with biomass, which include among other benefits,
the reduction of greenhouse gas (GHG) emissions, there are technological problems related

with biomass-firing technologies.




The alkali and alkali earth inorganic compounds (K,0, Na,O, Ca0, and CI) found in biomass
are known to cause operational problems such as slagging, fouling, and corrosion on super
heater tubes, reactors, furnaces, turbines, and emission control devices [Demirbas, 2005;

Nutalapi et al., 2007].

Slagging and fouling reduces heat transfer of combustor surfaces, whilst corrosion and erosion
reduce the lifespan of equipment [Demirbas, 2005]. However, this challenge can be controlled
by using water leaching pre-treatment to removes water soluble ions such as Na, K, Ca, Mg,
and ClI, subsequently improving ash fusion temperatures, and slagging, fouling and corrosion

conditions [Arvelakis et al., 2001, Liu and Bi 2011].

Although there are few viable energy source alternatives (biomass, nuclear, and solar) other
than fossil fuels, it is predicted that these energy sources will not completely replace fossil
fuels. Therefore, coal will remain the primary source of energy for a foreseeable future
[Buhre et al., 2005], primarily because coal is abundant and relatively cheap compared to

other energy source alternatives.

While coal usage is still relevant and important, the challenges related to coal quality remain
valid and therefore need to be addressed. Detailed coal quality and holistic coal
characterisation is critical in predicting coal behaviour, particularly its influence on
technological performance, health impact, and the environment [Reyes et al., 2003; Oliviera
et al., 2011]. Therefore, a comprehensive investigation of mineral matter should encompass
and identify minerals of economic value and minerals that may have a negative effect during

coal exploration, processing, and subsequent saleability and applicability of coals.



Unfortunately, the coal resources are becoming depleted, and the grade is becoming low and
poorer on a global scale. In SA, high grade coal from Witbank-Highveld coalfields are
decreasing, and the extraction of the remaining coal is becoming challenging to access due to
difficult mining conditions [Jeffrey, 2005]. The decline in coal reserves was also reported in

the recent evaluations conducted by the Council of Geosciences (CGS) [Hartnardy, 2010].

As the low grade coals dominate the markets, coal users are compelled to pursue benign
innovative solutions by using advanced characterisation techniques, and burning coal
efficiently using clean coal technology (CCT) processes such as: integrated gasification
combined cycle (IGCC), pressurised fluidised bed combustion (PFBC) or alternatively,
retrofit the current pulverised fuel combustion processes with low NOy burners and flue gas

desulphurisation technologies, and also underground coal gasification(UCG) processes.

The new technologies are designed to minimise greenhouse gas emissions, and allow for
capture and sequestration of CO; gas [Buhre et al., 2005]. However, it is to be acknowledged
that not all CCTs will be applicable and suitable to the South African context, mainly because
of the difference in the quality and mineralogical structure of the local coal, to that of the

northern hemisphere coals.

The challenge presented by low grade coals is often related to the abundance and composition
of mineral matter, which negatively influences the potential end use of coal. Over $1.2 billion
are lost annually in coal utilisation processes [Harding and Connor, 2007; Nayak, 2013] due

to slagging, fouling, erosion and plant shutdowns [Oliviera et al., 2011].



Several well documented studies [Gupta et al., 1999; Pinetown et al., 2007; Swaine, 2000;
Wells et al., 2004; Wells et al., 2005; Hai-tao et al., 2015] have shown that problems related
to mineral matter are pronounced at various processing stages that includes mining activities,
beneficiation, conversion (i.e. combustion, pyrolysis, gasification, and liquefaction), and
emissions of gases (NOx, SOx, CO,), trace elements (TEs), and particulate matter (PM) into

the environment [Ozbayoglu and Ozbayoglu, 2006].

With coal quality at the centre stage of improving coal conversion processes, it is understood
that detailed and comprehensive information derived from mineral matter, but not
exclusively, such as the nature, amount, and the mode of occurrence of mineral matter in
coals is becoming increasingly necessary in various coal conversion processes that use coal
as the heterogeneous feedstock [Babat et al., 2011; Matjie et al., 2011; Oliviera et al., 2011;

Soundarrajan et al., 2012].

With the developments in various studies conducted on coal mineral matter, it has been
acknowledged that detailed knowledge about mineral matter and its association in coals is
fundamental and crucial in addressing the underlying challenges presented by mineral matter
mining, transportation, pyrolysis, gasification, liquefaction, combustion and pollution [Liu et
al., 2005; Saikia and Ninomiya, 2011; Matjie et al., 2011; Matjie et al., 2016; Vassilev and

Tascon, 2003].

The success of addressing complex issues presented by the heterogeneous nature of coal
depends mainly on the correct choice of advanced characterisation methods, for both
qualitative and quantitative analyses of mineral matter. For these reasons, adequate
understanding of coal geochemistry, chemical composition, association, and abundance of
mineral matter using multidisciplinary techniques provides insight, with less ambiguity on the

suitability of a specific type of coal, in various coal conversion processes.




As such, consideration is to be given to the selection and suitability of characterisation
methods employed, so that useful information can be derived to influence decision making

regarding unit designs, and the optimisation of production rate.

Studies in literature have shown that interest in understanding mineral matter has been on the
rise since the early 1960’s, when some of the first publications were made available. Early
work of mineral matter in coals involved studies on the occurrence and distribution of
mineral matter in Australian coals [Kemezys and Taylor, 1964]. Similar studies were
conducted by Garcia-Valles et al. (1993), Kimura (1998); Ward et al. (1999), and Ward

(2002).

Spears (1987) studied the origin, composition and mode of occurrence of mineral matter in
coals from East Pennine and Midlands coalfields, whilst other studies focused on the
behaviour and impact of various mineral matter on coal conversion processes [Shirazi et al.,

1995; Gupta et al., 2006; Matjie et al., 2011; Soundarrajan et al., 2012].

The work described in this thesis involves a detailed investigation of a combination of
characterisation techniques that will be used to determine the character and nature of mineral
matter in coals, to add on the understanding and knowledge of mineral matter in SA coals,

and to possibly help predict coal behaviour and their impact on combustion performance.

This research work will focus on using traditional physico-chemical analyses, single particle
analyses with electron probe micro X-ray analyses (SPA-EPXMA), coal petrography, X-ray
diffraction (XRD), and spectroscopic techniques such as Fourier Transform Infrared (FTIR)

and micro-Raman spectroscopy (mRs), to characterise mineral matter in coals.




A more robust approach to determine elemental composition of major and minor elements
can be obtained by employing SPA-EPXMA methods. The SPA-EPXMA method allows for
very small particles (< 1 um) to be analysed individually. The analysis of single particles is
well established within environmental studies, which involve characterisation of PM
[Jambers et al., 1997; Stefaniak et al., 2009; Jung et al., 2014]. The use of SPA-EPXMA is
adopted in this study to determine composition and the mode of occurrence of mineral matter
in coal samples. The FTIR and mRS are complementary techniques, and they will be used to
analyse raw coals and coal ashes. The use of these techniques is to address among other

reasons, the shortcomings presented by XRD and related traditional methods.

1.3 Coal overview and challenges presented by mineral matter in coal conversion

processes

Coal remains the primary, most abundant, inexpensive energy source (compared to gas, oil,
and alternatives such as nuclear power, wind, biomass and solar energy) used for power
generation worldwide. The available coal resources are supplying an estimated 42% of the
total global energy sector [Speight, 2013], with an estimated 245 million tonnes of coal
produced annually from South African coalfields. SA is ranked the 7" largest producer of
coal in the world [Hancox and Gotz, 2014], with economical reserves of approximately 55
billion tonnes. The available economical reserves are expected to last a foreseeable 40-50

years at the current consumption rate.

Coals produced in SA are utilised by various industries, with the electricity generating sector
being the major consumer. An estimated 46% of the annual coal produced in SA, is utilised
by Eskom for the production of electricity in coal-fired thermal power plants designed

specifically to handle South African low grade coals.




The Eskom power plants have a total nominal capacity of 42011 MW, and a net maximum
capacity of 36208 MW, making Eskom the third largest company in the world producing

electricity from coal [Steyn and Minnit, 2010].

About 26% of coal produced in SA is exported to various countries including Europe, South
America, China and India; 18% of the coal is consumed by the coal to liquid (CTL) synthetic
fuels conversion process via gasification process (SASOL); and only 9% of the total coal
produced is utilised by the metallurgical industry, for making coking coal. The coking coal is
used as a reducing agent in the production of metals such as titanium, ferrochrome,
ferromanganese, and steel. Only a small percentage of coal is used for domestic purposes

[Hancox and Gotz, 2014].

Every sector that consumes coal has different specifications in terms of coal quality, thermal
characteristics, particle size, compositional make up, and physical properties. The coal fed
into South African boilers and gasifiers is typically a low grade high volatile bituminous coal.
The typical specifications are high ash content of approximately 20-33 wt. %, and a calorific
value between 20-23 MJ/kg [Snyman and Botha, 1993; Steyn and Minnitt, 2010; Matjie et
al., 2011]. However, the use of low grade coal, the nature of mineral matter; its composition,
mode of occurrence, association, particle size, and operating conditions may present serious
technological and environmental challenges in coal conversion processes if not correctly
understood [Wee et al., 2005; Steyn and Minnitt, 2010; Matjie et al., 2011; Matjie et al.,

2016].



Numerous studies have shown that challenges related to mineral matter are pronounced at
various stages of coal processing, from mining activities, which involves beneficiation
problems such as grindability characteristics and washability, heat transfer and efficiencies in
conversion processes, and lastly emission of toxic gases (SOx, NOy, CO;) and particulate
matter (PM) into the environment [Gupta et al., 1999; Ozbayoglu and Ozbayoglu, 2006]. For
example, the presence of pyrite mineral in coal leads to the acid mine drainage (AMD)
phenomenon. Hard minerals such as pyrite and quartz, with high Mohr’s index cause
abrasion and wear on milling equipment. High ash content leads to operational problems such
as slagging, fouling, corrosion, and erosion [Raask, 1985]. It is therefore apparent that the

effect and impact of mineral matter in coal conversion processes remain quite significant.

Some of the challenges highlighted will be briefly discussed in subsequent sections. The
major areas that are addressed but are not within the scope of this research work include
challenges and negative impact of coal activities that leads to the formation of AMD. A more
detailed discussion on the subject of the effect of mineral matter on coal combustion (i.e.

slagging and fouling) is addressed in Chapter 3.

1.3.1 Acid mine drainage (AMD)

It is generally considered that a prominent environmental problem associated with mineral
matter and coal mining activities is the generation and production of the controversial AMD
phenomenon. Therefore, the AMD phenomenon is a crucial subject around the world and

particularly in a water stressed country such as SA.



The AMD is a waterborne contaminant that is formed as a result of the removal of the
overburden rock, leaving behind sulphide minerals such as pyrite exposed to oxidation
[McCarthy, 2011]. The AMD problem has raised concerns over the long term effect the coal
mining industry will have, most especially over the future prospects and coal mining
activities around the Waterberg coalfield, which is being explored for future supply of coal to

the new Eskom power stations.

Hill and Bates [1979] investigated the effect of increasing coal usage, and its impact on
AMD. From the study it was found that different morphological structure of pyrite minerals
oxidised differently. According to the results, it was found that crystalline pyrite was less
susceptible to weathering and oxidation, compared to amorphous pyrite. Therefore, the
amount and rate at which the acid is formed depend on the type of pyrite found in the
overburden rock. Other factors that influence the amount and rate of acid formation include
[Silva et al., 2012]:

Q) the rate of oxidation,

(i) the amount of available water,

(iii))  oxygen concentration, and

(iv)  the microbial population, (oxidising ferrooxidans).

The formation of AMD is an intensively investigated process that follows a complex series of

reactions as illustrated by Equations 1-1 to 1-4 [Rios et al., 2008, McCarthy, 2011; Silva et

al., 2013].
FeS, +3.50,+ H,0 > Fe?* +2S0? +2Ht - - —- - —— — — — — — — — — — — Equation1—1
4Fe** + 0, +4HY 5 4Fe3*+2H,0 - - — - — - — - — — — —— — — — — — — — Equation 1 —2
4Fe3* + 12H,0 » 4Fe(OH;)(s) + 12H — - - — — — — — — — — — — — — — — — Equation1—3
FeS, + 14Fe3* + 8H,0 - 15Fe?t + 250%™ +16H" — — - — — — — — — — — — — Equation 1 — 4
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The reactions described in Equations 1-1 to 1-4 show that pyrite undergoes oxidation
following a two-stage process. The first stage produces sulphuric acid and ferrous sulphate.
The second stage produces ferric hydroxide from oxidation of Fe?" ions, and more sulphuric
acid, as described by Equation 1-2 [McCarthy, 2011]. In the third reaction described in
Equation 1-3, Fe®" (ferric hydroxide) is hydrolyzed by water at pH above 3.5, forming ferric
hydroxide precipitates such as ferrihydrite, goethite, jarosite, lepidocrocite, and more acid.
The last Equation 1-4, shows a further oxidation process of FeS, by Fe**. A successful
oxidation process of FeS, is dependent on the presence of bacterial species, particularly the
acidithiobacillus ferroxidans, whose growth rate is pH dependent. Although the formation of
AMD follows the sequence of reactions described in Equations 1-1 to 1-4, it is important to
note that there are other factors such as the geology of the environment, which significantly
contribute to the amount of acid formation. However these vary substantially from one region

to the next.

In an acidic environment of pH below 3, the AMD phenomenon leads to an increase in the
mobility and solubilisation of toxic heavy metals such as Fe**, AI**, Cr**, Cu®*, Zn*, Cd*",
Pb* and Mn®" found in the surrounding rocks, and metal ions associated with pyrite
[Willscher et al., 2007]. The accumulation of non-biodegradable heavy metals in the
environment has a detrimental effect on humans and the ecological systems [Chen et al.,
2014]. The overall effect of the AMD phenomenon results in the depletion of oxygen in water

solutions, and heavy metals contamination of domestic, aquatic, and industrial water.
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The major source of AMD in SA is from drainage of underground mine shafts, runoff mines,
discharge from open pit mines, waste dumps, tailings, and ore stockpiles [Potgieter, 2010].
AMD is a major concern, particularly within the Witwatersrand area, and around several
coalfields that are either still operational or abandoned around the Witbhank coal mines
[Geldenhuis, and Bell, 1998; McCarthy, 2011; Moyo et al., 2011]. Water contamination
around the Loskop dam and Olifants River, is also linked to the AMD phenomenon

[McCarthy, 2011; Moyo et al., 2011].

A case study by Geldenhuis and Bell (1998) found that AMD at the Loubert mine
(Mpumalanga province) was emanating from an old backfilled open cast mine, and Figure 1-
1 shows acidic water that formed due to high concentrations of iron that was emanating from

a collapsed mine [McCarthy and Pretorius, 2009].

Figure 1-1. Acidic, iron-rich water filling a collapsed coal mine [McCarthy and Pretorius, 2009]

Dams around the Middelburg and Witbank area in SA are experiencing ever increasing
concentrations of heavy metals such as iron, manganese, and aluminium. The oxidation of
these heavy metal leads to a reduction in pH levels of water to 3.7, resulting in toxic water

that has serious biological effects [McCarthy and Humphries, 2013].
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It has been reported that the sulphate concentration in Witbank dam exceeds 200 mg/L,
which is above the recommended maximum concentration allowed in domestic water

[McCarthy, 2011].

The mode of occurrence and association of mineral matter in coal provides crucial
information that helps understand the formation of AMD. Pinetown et al. (2007) investigated
the quantitative distribution of minerals and their potential impact on AMD of coals from

Witbank and Highveld coalfields.

Low temperature ashing (LTA) and high temperature ashing (HTA) samples were prepared
and studied to evaluate the distribution of mineral matter in coals. The net neutralizing
potential (NNP) acid-base accounting method was adopted and used as a screening criterion
to quantify the potential impact of AMD on the two coalfields. According to the study, it was

found that the No. 4 upper and No.5 coal seams had the potential to cause AMD.

Other future impacts of AMD in SA include the deterioration of water quality of the Olifant’s
River, which may be fueled by unmined coalfields around the Olifant’s catchments
[McCarthy, 2011]. The longer term impact of AMD, particularly by the coal mining industry
is expected to create severe damage in SA more than any other countries. It is understood that
the problem will be aggravated by the geography, climate, population distribution and the

scale of coal deposits found in SA [McCarthy, 2011].
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1.3.2 Emissions from coal utilisation processes

Coal fired power plants are the major consumers of coal, and the major contributors of
gaseous emissions, which have deleterious implications towards human health and the
environment. The effect of gaseous emissions from coal combustion has seen most countries,
including developing nations, setting stringent environmental laws and regulations to reduce
gaseous emissions. The greenhouse gas emissions are enforced by the Kyoto Protocol, which
was adopted in Kyoto, Japan in December 1997 at the United Nations Framework
Convention on Climate Change (UFCCC). The global reduction targets were set at 5% below
the 1990 levels, and this were to be achieved during the 2008-2012 period [Thitakamol et al.,

2007].

The amount of CO, emitted from coal fired power plants in SA were estimated at 340 Mt in
2006, making SA the 15th largest emitter of CO, globally [McCarthy and Humphries, 2013].
Other emissions include carbon monoxide (CO), sulphur oxides (SOy), nitrogen oxides
(NOy), ash, particulate matter (PM), volatile organic compounds (VOCs), and trace elements
(TEs). These emissions are associated with mineral matter rather that their maceral

counterparts [Liu et al., 2005].

During the pyrolysis stage, nitrogen present in coal volatilises and form compounds such as
tar-N, HCN, NHs, and N,. The N-compounds formed release the three forms of nitrogen
oxide, (NO, NO,, and N,0O). The conversion of N-compounds to NO is dependent on coal
rank [Wang et al., 1994], and NO is the dominant form of NOy released into the environment.
The work by Hindmarsh et al. (1994) indicated that semifusinite tends to release more NO
gas compared to other sub-group macerals. The adverse effect of the release of NOy is the

subsequent formation of acid rain, which is harmful to the environment.
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Coal fired power plants are also the major producer of anthropogenic VOCs. The emitted
VOCs account for approximately 37% of total anthropogenic emissions. Moreover, VOCs
can easily react with NOx, forming photochemical smog, in the presence of strong sunlight,

low wind and low humidity [Ferndndez-Martinez et al., 2001].

1.3.2.1 Particulate matter (PM)

Particulate matter (PM) is a complex air pollutant, made up of a complex mixture of
extremely small solid and liquid droplets of acids, organic chemicals, metals, soil or dust
particles [United States Environmental Protection Agency, 2010]. Pulverised coal
combustion is one of the major sources of PM found in the atmosphere [Ninomiya et al.,

2004].

Coal rank, type, particle size, oxygen content and mineral matter are some of the factors that
determine the emission of PM into the environment [Wang et al., 2008]. During coal
combustion, PM is released into the environment in the form of dust or ash particles [Zhang
et al., 2006] causing adverse toxicological effects such as cardiovascular and respiratory
diseases on human health [Schwartz et al., 1996]. The deposition of PM into the lung system
can cause respiratory ailments, chronic bronchitis, and fatal premature death [Hanapi and

Dai, 2012].

Ninomiya et al. (2004) investigated the influence of particle size on PM emissions. The test
was conducted in a constant environment, whilst the particle size of coals was varied. The
findings showed that a decrease in particle size of coal led to an increase in the generation of
fine PMy, (particle diameter less than 10 um), PM, s (particle size of 2.5 pum or less) and PM;

(particles size of less than 1 pm).
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The PM has a high probability of escaping without being captured by air pollution control
devices (APCD). The APCDs such as electrostatic precipitators (ESP) and fabric filters are
generally installed in power plants worldwide to control and reduce the amount of PM
emissions emitted into the environment. An ESP operates by directing PM (<30 pum) in the
flue gas onto electrically charged metal plates, whilst fabric filters (FF) collect PM by passing
flue gas through a porous membrane. The collection efficiency of an ESP decreases with
increasing particle size. The FF on the other hand is superior at controlling PM, and once the
filter cake has formed, the efficiencies may reach 100% [Sager, 2013]. Both the ESP and FF

are used in SA coal-fired power stations to control emissions [Dabrowski et al., 2008].

1.3.2.2 Trace elements (TES)

Coal contains potential toxic elements released into the environment via coal combustion
processes. The toxic elements released into the environment via bottom ash, fly ash, or flue
gas effluent streams are responsible for air, water, and soil contamination. However, it is
important to note that the characteristics and composition of bottom ash and fly ash depends

largely on the feed coal, and the combustion process.

Fly ash is an inorganic solid waste material made up of micro-sized, translucent spherical
particles which consists mainly of alumina, silica, iron oxides, and unburnt carbon, with
traces of hazardous elements such as As, Pb, Ba, and Hg. TEs concentrated in the fly ash and
flue gasses are released through stacks, and frequently escape without being captured by the
cleaning systems such as the ESP and scrubbers. Moreover, the ESPs display poor efficiency
in removing Hg from flue gas, with only 30% removal efficiency of Hg. However, the wet
flue gas scrubbers (FGCs) conditioning system used to remove SO,, and NO gases together
with FF have been successful in addressing Hg emissions into the environment [Dabrowski et

al., 2008].
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In order to protect the environment, a number of regulations such as the clean air act, were
adopted. These regulations have led to ongoing research related to the association of TEs in
coal and fly ash. There is a wealth of research studies that focused on determining the mode
of occurrence of TE in coals [Raask, 1985; Finkelman, 1994; Diehl et al., 2004; Vejahati et
al., 2010; Riley et al., 2012], and the studies showed that TEs are associated with both the

organic and mineral matter in coals.

Trace elements associated with maceral matter are either organically bound, ionically bound
or soluble in maceral pore moisture. The organically bound TEs are covalently or ionically
bound to the organic matter as carboxylic acids, phenolic hydroxyl, mercapto, or imino
groups. Carboxylic association of TEs in coal is common in brown coals and lignite coals
[Gluskoter et al., 1977; Swaine, 1992; Clarke, 1993; Laumb et al., 2008], with a high
concentrations of TEs associated with vitrinite maceral group. Figure 1-2 shows the

association of TEs in coal, as described by Vejahati et al. (2010).

Trace elements J

[

Organic Association Inorganic association
[ I
v v v
Chemically bound Physically bound Discrete mineral
Organic groups: Fine-grained ¢
Carboxylic acid mineral matter in Substitution of non-essential
(-COOH) organic matrix trace elements in mineral
Phenolic hydroxyl structure
(-OH) A
Imino (=NH) Essential elements
A in mineral structure

Complexes and chelates

Figure 1-2: Association of trace elements in coal [Vejahati et al., 2010]
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The majority of TEs are associated with mineral matter, present either as discrete minerals,
replacement ions in minerals, or adsorbed on mineral particles. Pyrite, kaolinite, and illite are
the major minerals associated with TEs in coals [Davidson, 1996]. Heavy metal impurities
such as lead (Pb), arsenic (As) and mercury (Hg) are hosted primarily in pyrite and marcasite
minerals [Shirazi et al., 1995]. Limic and Valkovic (1986) found that germanium (Ge),
beryllium (Be) and boron (B) were strongly associated with organic matter, whilst B, Be,
calcium (Ca), molybdenum (Mo), sulphur (S), strontium (Sr), and uranium (U) were
associated with mineral matter in lower rank coals. Similar observations have been reported

for South African coals [Wagner and Tlotleng, 2012].

1.3.3 Clean coal technologies (CCT)

Clean coal technology (CCT) is a broad term used to describe measures to improve coal
quality, increase efficiencies, and reduce noxious gaseous emissions in the atmosphere. In
view of the challenges discussed, a major drive towards producing ultra clean coals (UCCs)
and implementing CCTs is progressing globally. The UCCs are treated coals with an overall
ash content of less than 1wt. % [Jorjani et al., 2011]. The UCCs are considered a possible
solution towards achieving increased efficiencies and near zero non CO, emissions in coal

conversion processes [Steel and Patrick, 2001; Wijaya et al., 2011].

Generally, the physical beneficiation methods are not sufficient to produce UCCs because of
poor washability characteristics of coals. Consequently, successive methods that utilises both
physical and chemical approaches are used. In some cases, pure chemical leaching routes are

selected as preferred methods of reducing ash content in coals.
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Nonetheless, research studies have indicated that significant reduction of mineral matter
content can be achieved by utilising chemical leaching methods [Wijaya et al., 2011],
whereby various chemical reagents such as caustic soda (NaOH), acids (HCI, HNO3, H,SQO,,
HF), oxidising agents (H,O,, FeCls), and mixture of caustic soda and acids (NaOH/HCI/HF)
are used in sequential leaching processes [Jorjani et al., 2011]. Nabeel et al. (2009) used
alkali-acid sequential leaching method to produce UCCs from low grade coals. The
concentration of NaOH and H,SO, and the stirring time were varied. Considerable degree of
demineralization of up to 80% was obtained during the second stage, after alkali treated coal

was demineralised with H,SO,.

Studies on burning UCC in gas turbine combined cycle (GTCC) and direct carbon fuel cell
(DCFC) systems have reported net power generation efficiency of about 48% and 60%,
respectively, whilst CO, emissions were reduced by up to 25-35% compared to conventional
coal-fired power stations [Wijaya et al., 2011]. However, despite the success to produce
UCC, it has been reported that there is currently only one UCC technology used to treat
Australian bituminous coals because the technology has not emerged as an economically
viable process due to cost implications, and the corrosive nature of reagents used to

demineralize coals [Wijaya et al., 2011].

Clean coal technologies have emerged as the preferred approach to help reduce emissions and
the carbon footprint. Some of the emerging CCT proposed towards future burning of coals
include:

(i) oxy-fuel circulating fluidised bed combustion (CFBC),

(i) intergrated gasification combined cycle (IGCC) technology,

(iii) oxy-fuel coal combustion (OFCC),

(iv) ultra-supercritical pulverised coal combustion (SCPCC),
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(v) circulating fluidised bed combustion, and

(vi) post combustion CO, capture.

The oxy-fuel circulating fluidised bed combustion (CFBC) utilises pure O, to combust coal,
producing CO; and H,0 in the flue gas stream [Buhre et al., 2005]. The oxy-fuel technology
was first introduced for co-firing of pulverised coals. The technology was classified as CCT
because of improved efficiencies, low NOy emission and the incorporation of in situ removal
of SO, using sorbents. The advantage presented by the technology is its capability to combust

coals that are not easy to burn in conventional pulverised fuel combustion.

The IGCC technology was identified as a potential CCT to advance future power generation
in SA [Engelbrecht et al., 2008] because of its high efficiencies, lower pollutant emissions,
potential carbon capture and sequestration, capability to handle a variety of feedstock, and the
ability to utilize by-products in various industries. Although CCTs can be beneficial in coal
conversion processes an in-depth research and understanding of mineral matter is still a

necessity [Matjie et al., 2011; Matjie et al., 2012].

Limited understanding of mineral matter has led to recurring problems such as slagging,
fouling, bed agglomeration, degradation of refractory materials; syngas exit blockage, and
defluidization in various types of gasifiers [Krishnamoorthy and Pisupati, 2015]. Coal
characterisation is still deemed the ultimate first step towards addressing problems related to
mineral matter in coal combustion and gasification processes, and often coal characterisation
is used as the most important step towards adhering to stringent environmental legislation and
attaining desired conversion efficiencies. As a result, more analytical approaches have been
introduced and improved over the years, to resolve the underlying complexities presented by
coals in conversion processes [Aktas et al., 1998; Ward et al., 1999; Huggins, 2002; van Dyk

et al., 2006; Gupta, 2007].
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The different analytical techniques have provided answers in three key research areas that
involved elemental analysis, coal mineralogy, and inorganic speciation [Huggins, 2002]. A

detailed discussion of the different analytical tools is presented in Chapter 4.

1.4 Motivation for research

South African coals are typically characterised by a high concentration of mineral matter in
coals. Thus, the effect of mineral matter in coals is to be well understood, since knowledge of
composition of mineral matter in coals has a large influence on equipment design, efficiency,

coal quality, and emissions.

Despite the role played by mineral matter and coal quality in coal conversion processes, only
a limited account of research on detailed characterisation of South African mineral matter in
conversion processes is found in literature [Waanders et al., 2003; van Dyk et al., 2006;
Mahlaba et al., 2011; Matjie et al., 2011; Matjie et al., 2012; Matjie et al., 2016; Everson et

al., 2013].

Characterisation of mineral matter depends largely on the availability of analytical tools.
Although bulk analyses such as XRD, and XRF analyses are preferred, these techniques only
give general information, without taking into consideration the complexity and heterogeneity
of coals. The analyses treat coal as a homogenous material, significantly reducing the
possibility of assessing the contribution and interaction of individual particles. However,
coupling optical microscopes with mRs, and performing SPA-EPXMA, allow for direct
characterisation of specific maceral and mineral matter over a small area of interest, with a
spatial resolution of < 1 um [Guedes et al., 2010]. Comparing SPA-EPMXA to bulk analyses,
it is apparent that the technique provides additional information such as particle size, and the

association of mineral matter in coals.
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The current work proposes to use mRs as an additional technique in conjunction with other
complementary techniques such as SPA-EPXMA, FTIR, XRD, and coal petrography to
characterise the complex make up of mineral matter. The use of SPA-EPMXA and mRs, as
particle to particle techniques, will probe material on a micro scale. It is expected that probing
coals on a microscopic level will address some of the challenges related to mineral matter in

coals.

The mRs technique is considered one of the most rapid analytical tools used for the
characterisation of materials in many fields of research [Michel et al., 1996; Liem et al., 2000;
Smith and Dent, 2005]. The technique has advanced significantly over the past 35 years, and
the arrival of the laser source has significantly improved the prospects of the technique [Smith
and Dent, 2005]. The mRs technique provides structural information of material, with
minimal sample preparation required. Unlike XRD, mRs can be used to investigate local

molecular structure, and provide information of elemental speciation in a mineral.

The technique can identify elements of different oxidation state, crystallinity and mineral
symmetry. Compared to FTIR, the mRs spectra are relatively narrow, making it easy to

distinguish minerals in mixtures [Das and Hendry, 2011].

A systematic study of determination of elemental composition in coal using SPA-EPXMA
will be used to characterise mineral matter. Chemical boundary classification (CBC) and
principal component analysis (PCA) will be used as statistical packages to classify the
different mineral groups and determine the mode of occurrence of mineral matter in coals. To
the knowledge of the author, little work has been conducted, where CBC and PCA are used to

study coals.
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Khare et al. (2011) used a statistical approach to establish correlation between activation
energy and properties of coals. Sharma et al. (2014) followed a similar approach, using
hierarchical cluster analysis (HCA) and PCA to determine the origin, geochemical formation
environment, and ash chemistry using geochemical and statistical parameters. Thus,
previously gained knowledge based on CBC and PCA will be adopted, to determine elemental
composition of raw coals, using SPA-EPXMA, and to establish the mode of occurrence, and

association of mineral matter in SA coals.

The proposed approach to characterise mineral matter of selected SA coal samples has not
been reported anywhere in literature. The knowledge gap identified led to the
conceptualisation of this research work. Therefore, it is envisaged that this work will provide
further understanding of coal mineral matter for application that can be transferred to CCT
processes. Furthermore, improved coal characterisation is to benefit the beneficiation process,
which will have enhanced effect on assessing environmental impact of coal and the by-

products formed.

1.5 Research questions

Some of the research questions raised and addressed in the study are:

(i) Isthere a need for multi-technique characterisation of mineral matter in coals?

(i)  How does a multi-technique approach benefit the coal industry?

(iii) What are the benefits of using mRs over traditional analytical techniques?

(iv) What are the possibilities of using mRs as an on-line technique?

(v) How does chemical composition of mineral matter in coals influence slagging,

fouling and ash fusion behaviour in combustion processes?
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1.6 Hypothesis

It is postulated that the application of multiple characterisation techniques, including mRs,
will provide highly suitable technological information for accurate and complete

determination of mineral matter in coals, and for monitoring coal quality.

1.7 Aim and objectives of the research

Given the relevance and need to understand mineral matter occurrence and distribution in
coal, and to overcome the limitations presented by mineral matter, it is imperative to device
characterisation methods that will help reduce the ambiguity presented by bulk
characterisation methods. The main aim of this research work was to perform a
comprehensive characterisation study of mineral matter, restricted to coals from different
geological settings in SA. The work will involve fusing existing techniques and knowledge
together with a novel approach that focuses on using mRs as the primary characterisation

technique and SPA-EPXMA for elemental analyses.

The study is conducted to further elucidate the benefit of integrating advanced multi-
techniques to characterise mineral matter in coals. The aim of this work was achieved through

the following objectives:

e Review the present knowledge of mineral matter in SA coals.
e Determine major and minor elements in coals using XRF.
e Study mineral matter in SA coals using mRs in conjunction with other techniques such

as SPA-EPXMA, coal petrography, XRD analyses, and FTIR spectroscopy.
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e Establish the correlation between elemental composition and mineral speciation of
mineral matter in SPA analysis using principle component analysis (PCA) and chemical
boundary classification (CBC) methods.

e Use advanced characterisation techniques to characterise LTAs and HTAs.

1.8 Approach

To achieve the aim and objectives stated in Section 1.7, the research work was divided into

three phases.

(1) Phase one: Characterisation of mineral matter in raw coal samples

The first phase of the study was conducted on four different South African coals. The three
coals studied were obtained from three different coalfields, the fourth coal being a discard
coal. The coal properties were determined by conducting proximate and ultimate analyses;
XRF was used to determine ash chemistry, AFT was conducted on prepared coal ashes to
determine slagging and fouling propensities of the coals. The SPA-EPXMA was used to

determine elemental compositions of coals.

The mineralogical composition of the coals was determined by petrographic methods.
Structural analyses were determined using XRD, FTIR and mRs techniques. Thermodynamic

modelling using the FactSage package was use to predict high temperature phases.

(i) Phase two: Characterisation of coal ashes

The second phase of the research was to isolate mineral matter from coal using low and high
temperature ashing methods. The XRD, FTIR, and mRs techniques were used for structural

identification of mineral matter in the LTA and HTA coal ashes.
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(iii) Phase three: Data analyses and correlations

This phase of the work included pulling the data together and drawing up correlations for coal

samples studied.

1.9 Layout of thesis

e Chapter 1: Introduces the concepts and discusses the motivation, research questions,
hypothesis, aim, objectives, and approach of the research study.

e Chapter 2: A literature review on the geochemistry of coal, and the mode of
occurrence and association of mineral matter with organic matter.

e Chapter 3: Provides a summary of the impact and the effect of mineral matter on coal
utilisation processes.

e Chapter 4: Addresses the role played by analytical tools in coal studies, with an
overview of the different characterisation techniques used within the coal industry.

e Chapter 5: Outlines the experimental procedures conducted to execute the objectives
outlined in Section 1.7 of Chapter 1.

e Chapter 6: Presents the physico-chemical, elemental composition, thermodynamic
modelling, petrographic and mineralogical analyses results obtained from the
characterisation of raw coal samples, prepared LTA and HTA samples. The chapter
also provides a consolidated discussion of the investigation.

e Chapter 7: This chapter presents the main findings and conclusions of the work.
Recommendations are also suggested at the end of the chapter.

o A reference list is included at the end of the thesis, with raw analytical data included in

the appendices.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This review chapter gives a broad overview of the geology and coal stratigraphy of SA coals.
The makeup and chemical composition of coals, including the mode of occurrence, and

association of mineral matter in coal, are also addressed in this chapter.

2.2 Geological setting of coal deposits in South Africa

Coal is broadly defined as a sedimentary fossil fuel rock formed from plant debris remains
that were buried and exposed to enhanced temperatures and pressures, over a long period of
time. Coals are classified according to their chemical structure and physical properties. These
properties vary widely from one coal seam to the other and from one coalfield to the next
throughout the world. Variations in coal properties are mainly due to the different conditions

encountered within the depositional environments [Falcon and Ham, 1988].

The depositional environment have a direct influence on both the coal composition and coal
quality (i.e. type, grade, and rank), and the economic value of the respective coal seam. In
retrospect, the time of formation of coal plays an important role in the overall composition

and conversion behaviour of coals.

South African coals were formed during the Permian age through to mid-Triassic age in the
Gondwana Karoo Basin, under a climatic regime that changed from cold to cool to warm
[Snyman and Botha, 1993]. The environmental conditions ranged from the lagoonal, marine

deltaic, lacustrine deltaic, fluviodeltaic, and alluvial fan settings [Catuneanu et al., 1998].
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However, the deposits in southern Africa are believed to be primarily of deltaic and fluvial
environmental settings [Cairncross, 2001]. A review of coal deposits in southern Africa is
presented by Cairncross (2001), and the description of coal stratigraphy, coal seam, and coal
quality is detailed in earlier work by Snyman and Botha (1993), and Smith et al. (1993), with

the most recent studies conducted by Hancock and Goétz (2014).

The formation of the Karoo Supergroup stratigraphy occurred during the early Permian and
the late Permian age [Cairncross, 2001], due to glacial sedimentation, that lead to the
deposition of the basal Dwyka Group. The end of glaciation, with the melting of ice, left
behind a shallow sea. Clays and mud accumulated within the region, forming the Lower Ecca
group, whilst the Upper Ecca group was formed by alluvial plain deposits, occurring in a
warmer climate. As a result, the early Permian coals are characterised by sandstone, whilst

the late Permian coals are associated with mudstones [Cairncross, 2001].

The Molteno formation was deposited into the central part of the basin where debris fans
concentrated. The periodic floods due to glacial wet season resulted in the formation of
coarse grained deposits. The sediment of coarse grained deposits together with aeolian sand
dune deposits were preserved as the Clarens Formation. Lastly, the volcanic flow of the
Drakensberg Group was formed at the end of the Karoo Supergroup Formation [Cairncross,

2001]

It is evident from the description of the different deposits, that SA coals experienced lateral
and vertical regional differences, with diverse structural and sedimentary settings, and a wide
range of plant communities, which included lycopids, shenopsids, marattialean ferns,
glossopterids, and gangamopterids. The palaeoflora of the Vryheid Formation was more

diverse than the preceding Dwyka [Glasspool, 2003].
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The lithostratigraphy results summarised in Table 2-1 clearly show that the occurrence of the

different formations/groups took place at different climate and geological times [Snyman and

Botha, 1993]. The lateral regional differences, variable plant communities, changing climate,

and geological time led to a diverse structure of coal maturation, organic composition, and

mineral matter constituents throughout the different coalfields in the country [Falcon, 1986].

Table 2-1: Lithostratigraphy of the Karoo sequence in the main basin and inferred climate conditions
[Snyman and Botha, 1993]

shale: also drop

stones

conglomerate

Formation/Group | Southern Facies | Northern Facies Climate Age
Drakensberg Flood basalt Early Jurassic
Formation 187+7 Ma
Clarens Aeolian sandstone, Red Arid Late Triassic
Formation/Elliot mudstone and sandstone
Formation
Molteno Sandstone, mudstone, Middle Triassic
Formation minor coal
Beaufort Group Greenish bluish Carbonaceous shale, Semi-arid Early Triassic
grey sandstone sandstone
Ecca Group Grey to black Shale coal: Volksrust Cool temperature | Early Permian
shale, minor Formation Feldspatic to peri-glacial
sandstone sandstone
Shale, coal: Vryheid
Formation
Shale: Pietermaritzburg
Formation
Dwyka Formation | Tillite, varved Tillite: Fluvio-glacial Glacial Late

carboniferous
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The coal reserves in SA are widely spread over the Ecca group in the Karoo super-group
stratigraphy, as indicated in Figure 2-1. The Ecca coal group constitutes over a third of coal
reserves in the southern hemisphere. In SA there are 19 coalfields stretching over 700 km
from north to south and 500 km from east to west. The coalfields are located in five provinces
namely: Limpopo, Free Sate, Mpumalanga, Kwazulu-Natal and the Eastern Cape [Jeffrey,

2005].
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Figure 2-1: Map of coal deposition in South Africa [Jeffrey, 2005]

The main coal reserves of industrial importance are found in the central Karoo Basin, which
includes the Witbank, Highveld, and Ermelo coalfields, located in Mpumalanga Province.
Figure 2-2 gives a summary of the coalfield rankings based on production rate of the different
coal mines. It can be seen Witbank coalfield is the largest producer of coal, with over 50% of
the ROM produced from the coalfield. The Highveld coalfield is the second largest producer

of coal in SA, producing approximately 21% of ROM [Xmp consulting, 2009].
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Figure 2-2: Coalfield ranking by ROM production [Xmp consulting, 2009]

2.2.1 Lithostratigraphies of South African coalfields

This section presents a discussion of the lithostratigraphy of coalfields that are of economic

importance in SA.

e Witbank coalfield

The Witbank coalfield extends from Brakpan in the West through to Belfast in the East. Both
the Witbank and the Highveld coalfields are characterised by numerous post-Karoo age
dolerite sills and dykes, and rocks of the Vryheid Formation of the Ecca Group that cover
most of the area. The coal seams are relatively shallow, and less than 200 m below surface

[Jeffrey, 2005].

The sedimentological and coal petrographic studies based on seventy logged boreholes
drilled on a 100 m x 50 m grid pattern provided data for the investigation of the Permo-
Carboniferous Karoo sequence in the Witbank coalfield. The coalfield consists of 6 seams
numbered in ascending order from No. 1 to No. 6. The No.1 seam is at the base of the

sequence, and the No. 6 seam is at the surface of the coal mine [Holland et al., 1989].
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The coal seams formed in fluvial environment are characterized by thick and laterally
continuous seams, with high inertinite content. The typical concentration of inertinite ranges
from 20-80 wt. %, and the mineral matter content can be up to 25 wt. %. Coals that are
formed in lower delta plain environment are comprised of thin and discontinuous seams

[Holland et al., 1989].

The Witbank coalfield produces a wide range of products. The No. 2 seam produces good
quality export steam coal. The No. 5 seam consists of bright coal with thin shale and
mudstone partings, and produces metallurgical coal. The low grade middlings from the No. 5
and No. 2 seam are utilised by Eskom for generating electricity. The No. 1 seam is the least
economical, and consists mainly of lustrous to dull coal, with local shale and sandstone
parting [Snyman, 1998; Jeffrey, 2005]. According to a study by Falcon (1986), the macro and
micro-floral evidence pertaining to the geological area gives an indication that the No. 2, 3,
and 4 coal seams accumulated in both postglacial dry and wet forest environments, whilst the

No.1 coal seam accumulated in a paraglacial climatic setting.

e Ermelo coalfield

The Ermelo coalfield is situated east of the Highveld coalfield in Mpumalanga. The coalfield
forms part of the Vryheid formation. The nomenclature used to describe the economical
seams is A, B, C, D, and E. However, the large part of seam A has been eroded. The B seam
is of low quality, and is comprised mostly of dull coals which contain fewer vitrain bands
compared to the lower portion of C upper seam. The C seam is divided into the upper half
and a lower half. The lower C seam is about 1.5 m thick and the most economical. The seam
consists of bright coal, with ash content ranging between 13-18 wt.% [Horsfall, 1992]. The
high grade steam coal from the lower C seam is exported. The C upper seam is of a lower

quality, with no in-seam partings.
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Coal from the D seam is of high quality, and has no clastic partings. The seam has a high
concentration of vitrain, and minor durain bands. The E seam is of a fair quality. However,
the potential to mine the seam is reduced southwards, because of the rich torbanite and shale

contents [Jeffrey, 2005].

e Highveld coalfield

The Highveld coalfield is located in south eastern Mpumalanga Province. The width of the
coalfield stretches over a 95 km distance, covering an area of about 7000 km? Highveld
coalfield is the second largest producing mine in South Africa. The coalfield is made up of
five seams (No. 1, No. 2, No. 3, No. 4, and No. 5) in the Vryheid formation. The No. 1 seam
is thin and discontinuous. The No. 2 seam is about 1.5 to 4 m in thickness, with irregular
shale partings. The No.2 seam consists of low grade bituminous coals with ash content

between 22-35 wt. %, and a calorific value (CV) of 20-23 MJ/kg.

The No. 3 seam is thin, discontinuous and of poor quality. The No. 4 seam is about 1-12 m
thick. This seam is continuous and the most economical within the Highveld coalfield. The
sandstone parting separates the No. 4 upper seam, which is about 1 to 4 m thick. The No. 4
lower seam is about 4-12 m, thin and discontinuous. The No. 4A seam occurs above the No.
4 upper seam, and the No. 5 seam is about 1-2 m thick [Jeffrey, 2005]. Figure 2-3 shows the
coal seam stratigraphy of Witbank, Highveld, Ermelo, and Kwa-Zulu Natal coalfields found

in the main Karoo basin.
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Figure 2-3. Diagrammatic representation of the coal seam stratigraphy and lithology in the main Karoo
basin [McCarthy and Pretorius, 2009]

e Waterberg coalfield

There are distinct differences between coals from the Karoo and the outlying Karoo basins.
Coalfields on the outlying Karoo basins (Waterberg, Springbok Flats, and Limpopo) are
found in the Limpopo province. This outlying basin experienced a different depositional
environment compared to the central Karoo Basin. The outlying deposits are faulted, as well

as being intruded by dolerite.

The Waterberg coalfield is situated north-west of the Karoo basin. The formation of faults
produced grabens, with shallow deposits, 500 m below surface. The geology of the
Waterberg coalfield is made up of two formations, namely: the Vryheid and the Grootgeluk
formation. The stratigraphy of the Waterberg coalfield is depicted in Figure 2-4. The Vryheid
formation is about 55 m thick, made up of allochtonous 4 coal zones and 5 seams interbedded

with sandstone and shale. The thickness of the seams ranges from 1.5 to 9 m.
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The coal quality within the coal-mudstone sequence is increasing vertically up, from an ash
content of 43 wt.% to 60 wt.% in the upper seam [Cairncross, 2001]. The Grootgeluk
formation is made out of autochthonous 60 m thick seams. The carbonaceous mudstones are

interbedded with thin coal seams.

e v v
L_E_G.EN__D "« |Drakeasberg Fm
i B Coalfield \
|~ River l Waterberg
e Molteno Fm
e il Coalfield =L
7 - ’ : Besstorn Pm < | LITHOLOGIES
- |
1 [v] Lava
| 8 Sst & mudrock
Grootegeluk Fm |
. Mudrock
S« [ Cosl & mudrock
O Sandstone
Voyheid e B8 (@ Diamictite
<| (+] Gneiss/qtz
Q|
Pietermaritbarg ()| -~ Discoaformity
Fm. m

| b —
* o°| DwykaFm. |

* .| Basement ‘w""‘-'

Figure 2-4: Stratigraphy of Waterberg coalfield [Wagner and Tlotleng, 2012]

The coal mined from the Waterberg coalfield is used primarily in steel production and power
generation, supplying Matimba and the new Medupi power station. The coal that is deeply
buried and unminable in the Waterberg coalfield is being explored for potential use as

coalbed methane [Cairncross, 2001; Jeffrey, 2005].

The Waterberg coalfield is to be further explored for future supply of coal in southern Africa
as resources in the Witbank/Highveld coalfields are being depleted; and currently there is

only one producing mine (Grootegeluk) in the Waterberg area.
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However, challenges related with mining coal in Limpopo province are a serious concern.
Some of these challenges include water shortage in the province, environmental
considerations, lack of infrastructure, and the complex geology of the coalfield [Jeffrey,

2005].

e Free State and Kwa-Zulu Natal coalfields

The Free State coalfields to the western side of the main Karoo Basin, are typically of lower
rank, and inertinite-rich, when compared to the higher rank Kwazulu-Natal coalfields to the
east, which contain anthracite and semi-anthracite, formed by higher geothermal temperatures
and igneous intrusions. The higher rank anthracite coals are typically used as reducing agents
in the production of titanium, ferrochrome, ferromanganese, iron, and steel in the

metallurgical industry [Jeffrey, 2005].

The coal stratigraphy and composition of South African coalfields is quite vast, variable and
of different coal quality. Table 2-2 gives a summary of the typical physico-chemical
properties of some of the raw coals from the different coalfields within the Karoo Basin. For
detailed discussions related to lithostratigraphy, and the geology of SA coals, the reader is
requested to refer to Snyman and Botha (1993); Smith et al. (1993); Jeffrey (2005); and

Hancock and Go6tz (2014) for further information.
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Table 2-2: Typical analyses of raw coal for coalfields on the Karoo basin [Cairncross, 2001]

Locality (coalfield) Seam H,0 (%) | Ash (%) | VM (%) CV ((MJ/kg)
Witbank 1 1.7 254 21.0 24.0
2 53 23.3 215 21.2
4 2.6 27.6 20.7 22.2
5 25 131 32.0 28.7
Highveld 2 3.8 29.3 19.9 205
4 25 27.9 20.2 21.9
5 3.2 171 32.7 25.9
Mpumalanga E 2.7 20.4 315 255
D 25 23.0 26.7 24.0
C 3.6 19.9 32.0 253
B 2.8 29.5 23.7 21.1
Vereeniging Composite 4.4 40.8 18.6 16.3
Free State Bottom 5.6 27.7 21.4 20.5
Utrecht Coking 1.6 9.1 23.8 31.4
Dundas 1.9 10.3 28.3 30.2
Gus 14 142 10.6 29.5
Alfred 1.2 40.3 11.7
Vryheid Gus 2.1 16.5 20.8 28.9
Viefontein Bottom 6.7 25.8 211 20.7
Koppies land2 4.5 32.6 21.0 18.7
Kroonstad Bottom 4.0 39.1 21.2 17.2
Welkom Bottom 4.5 36.7 205 16.7
Top 3.9 34.1 21.8 20.7
Dwyka 3.9 38.6 22.3 17.6




2.3 Coal chemistry and petrographic composition

Coal is a heterogeneous mixture formed by bacterial decomposition of peat, and made up of
both the organic and mineral matter. Elements such as C, H, N, O, and S are the main
constituents that make up the organic structure of coal, and are also referred to as the maceral
matter. The term maceral was first proposed by Marie Stopes in the 1900s to describe the
microscopic organic matter in coals [Stopes, 1935]. South African coals are typically

characterised by low S, N, and P.

The different organic functional groups found in coal structure include hydroxyl, alkyl
substituted aromatics, and heteroatomic rings, connected by methylene and ether linkage. The
type and distribution of functional groups, aromacity, surface features, covalent and non-
covalent cross links, and surface features are all related to coal rank, and determine physical

and reactive properties of coal.

2.4 Maceral groups

The three main groups of macerals found in coals are: vitrinite, inertinite, and liptinite.
Macerals are derived from terrestrial, lacustrine, and marine plant remains. The different
organic matter are distinguished from one another on the basis of their physico-optical and
technological properties [Falcon and Ham, 1988], and are classified by the International

Committee for Coal and Organic Petrology (ICCP) classification system (1998).
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2.4.1 Vitrinite maceral group

Vitrinite is the most abundant and reactive maceral group common in the northern
Hemisphere coals. It originates from wood or bark, formed by successive processes of
humification, biochemical, and geochemical gelification process, under aerobic conditions.
The chemical properties of vitrinite found in low rank bituminous coals are rich in volatile

matter, and have high hydrogen content.

The chemical structure of vitrinite is made up of aromatic compounds, with aliphatic
peripheral compounds in lower rank coals. An increase in rank results in the loss of the
aliphatic peripheral groups (OH, COOH, and CHy3), with the aromatic compounds becoming
larger, and the structure more ordered. As a result, the carbon content and aromaticity
increase with an increase in rank, and consequently the reflectance [Falcon and Ham, 1988;

Smith and Smith, 2007].

Collonite, tellinite and pseudo-vitrinite are some of the sub-maceral groups of vitrinite. The
amount of vitrinite is South African coals is variable, with an average concentration of about
40 wt. % [Falcon and Ham, 1988]. The positive correlation between vitrinite content and
sulphur in coals of Vryheid Formation indicates that vitrinite has a higher sulphur content

than inertinite [Roberts, 1988].
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2.4.2 Liptinite maceral group

Liptinite is formed from spores, resin, algae, and cuticle remains. The liptinite macerals
includes: cutinite, resinite, sporinite, alginate, suberinite, and liptodetrinite, named after the
plant source from which the maceral is formed [Scott, 2002]. For example, cutinite is formed
from leaves and needle-like cuticles, resinite from plant resin, sporinite is formed by spores,

and alginate is formed by algal remains.

The structure of liptinite consists of aliphatic-aromatic compounds, with aliphatic side chains
that are rich in peripheral groups. However, liptinite in lower rank coals is less aromatic than
vitrinite, with smaller aromatic nuclei [Falcon and Ham, 1988]. Liptinite has a high yield of
volatile matter, higher than vitrinite upon heating, producing bitumen and tar. When
subjected to high temperatures, the aliphatic groups are lost, and the aromaticity increases,
making liptinite more inert. As a result, it becomes difficult to distinguish between liptinite
and vitrinite under the reflected light microscope in higher rank coal, as the shades of grey all

converge to white.

SA coals typically have less than 10% liptinite, but reaches a maximum of 15%, with rare
occurrence of alginate in coals formed in deeper waters [Falcon and Ham, 1988; Holland et

al., 1989; Snyman and Botha, 1993].

2.4.3 Inertinite maceral group

Inertinite, as the name implies, is considered to be more inert than other macerals; however,
not all inertinite maceral groups are inert, but are also semi-reactive. The inertinite maceral

groups are: fusinite, semifusinite, inertodetrinite, micrinite and sclerotinite.
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South African coals are typically found to be inertinite-rich, with inertinite content greater
than 55%, but ranging from 20 to 80% [Holland et al., 1989]. A significant amount of
inertinite found in SA coals is semi-reactive inertodetrinite [Snyman and Botha, 1993]. The
low water table, due to slower rate of subsidence of peat swap, and oxidising conditions, are
the result of the inertinite rich coals found in SA, which have been found to have similar

characteristics across all Gondwana coals [Weeber et al., 2000].

The inertinite macerals are derived from plant remains that are altered and degraded before
deposition or at the peat accumulation stage [ICCP, 2001]. These macerals exhibit a high
degree of aromatisation and condensation, compared to vitrinite and liptinite in low rank
coals. The aromatic nuclei of inertinite maceral groups are much bigger and randomly
orientated, with fewer and shorter aliphatic chains. The molecular structure of inertinite is
characterised by low volatile matter and hydrogen contents. Table 2-3 summarises the
different maceral groups found in carbonaceous materials, showing the different macerals

with corresponding morphology, and respective origin.

Table 2-3: Macerals and group macerals recognised in hard coals [McCabe, 1984]

Group
maceral Maceral Morphology Origin
Telinite Cellular structure Cell walls of trunks, branches, roots,
Vitint o e 65, .
(Huminite) Collinite Structureless Reprempl_tatlon of dissolved organic
matter in a gel form
Vitrodetrinite Fragments of vitrinite Very early degradation of plant and
humic peat particles
Sporinite Fossil form Mega- and microspores
Cutinite Bands which may have Cuticles—the outer layer of leaves,
appendages shoots and thin stems
Exinite Resinite Cell filling, layers or dispersed Plant resins, waxes and other
(Liptinite) B ] secretions
Alginite Fossil form Algae
Liptodetrinite Fragments of exinite Degradation residues
Fusinite Empty or mineral filled cellular Oxidized plant material—mostly
structure. Cell structure usually charcoal due to burning of
well preserved vegetation
Semifusimte Cellular structure Partly oxidized plant material
Macrinite Amorphous ‘cement’ Oxidized gel material
Inertodetrinite Small particles of fusinite, semi- Redeposited inertinites
Intertinite fusinite and/or macrinite

Micrinite

Sclerotinite

Granular: rounded grains~ 1 um
in diameter
Fossil form

Degradation of macerals, especially
exinites, during coalification
Mainly fungal remains
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Variation in chemical and physical properties of macerals and coal rank influence
combustion, gasification, hydrogenation, and pyrolysis processes [Stach et al., 1982; Cloke et
al., 1997; Borrego et al., 1997]. It is therefore important to understand the effect of maceral
matter on conversion processes. However, since macerals are intimately associated with each
other in coal, it can be challenging to access the effect of an individual maceral group. As a
result, different separation methods (chemical fractionation, density separation, centrifuging)
have been applied to better understand the structural characteristics and chemical reactivity of

the individual maceral groups.

The two main macerals of interest that have been extensively researched for their respective
roles in combustion processes are vitrinite and inertinite. Pyrolysis behaviour of vitrinite and
inertinite was investigated by Zhao et al. (2011), using TG-MS and a fixed bed reactor. The
study found that inertinite had a higher thermal stability and water yield, with lower tar and

gas yields than vitrinite.

Sun et al. (2003) investigated the structural characteristics of Chinese Shemnu bituminous
coal macerals during pyrolysis stage. The study showed that vitrinite chars had higher
hydrogen and lower carbon content than inertinite chars when pyrolysis was conducted at the
same temperatures. The vitrinite macerals had more aliphatic C-H, hydrogen bonding and
lower aromaticity. An increase in temperature yielded a structure with more aromatic C-H,

and a decrease in aliphatic C-H.
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A study by Roets et al. (2015) indicated that acid washing had an effect on the pyrolysis
products derived from a vitrinite-rich bituminous coal. The results further indicated that an
acid washed coal produced low water and tar yield compared to a raw coal. The tar produced
from the acid washed coal was more aromatic. From the study, it could be concluded that

acid washing influenced pyrolysis products.

Van Niekerk et al. (2008) investigated the structural characteristics of inertinite-rich coals
from the Highveld coalfield and vitrinite-rich coals from the Waterberg coalfield. From the
study it was found that inertinite-rich coals were more ordered and aromatic than vitrinite rich
coals. Chars derived from inertinite-rich and vitrinite-rich coals from SA coalfields showed
that inertinite rich coals formed thick walled dense chars, whilst vitrinite derived chars were

more isotropic, with increased surface area and micro pores [Roberts et al., 2015].

2.5 Mineral matter in coal

Mineral matter is as a collective name that represents all the forms of inorganic components
present in coal. Similar to organic matter, minerals are a product of a complex geological
process that is related to the conditions of burial, including the source rock, lithology,
temperature, pressure, pH, Ep, degree of weathering, migration of components within the
seam, peat accumulation, and rank advance [Vassilev et al., 2010]. The different mineral
assemblages in run-off mines are present in varying quantities that range between 10-50 wt.%
[Shirazi et al., 1995]. These differences are due to varying depositional history and
lithologies during coal formation. The inorganic matter is distributed and associated with coal

in different forms, namely [Gluskoter, 1975; Ward, 2002]:

(i) dissolved salts,

(ii) discrete inorganic particles,
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(i) crystalline particles,
(iv) inorganic elements dissolved in pore water, and

(v) inorganic elements associated with organic matrix in coals.

2.5.1 Dissolved salts

Dissolved inorganic elements such as Na and Cl, are present in coal pores, and originate from
surface or ground water around the peat swamp. Low rank coals such as brown coal typically
consist of high moisture content, in which inorganic compounds or ions are dissolved. The
inorganic compounds from vegetation plants include alkali and alkali earth metal cations,

such as Na*, K*, Mg?*, and Ca?".

These metal cations are present as salts of carboxylic acids in coals, replacing protons on
oxygenated functional groups, phenolic hydroxyl, carboxylate, and esters. Dissolved anions
may include CI', HPO,*, H,PO,, SO,*, and OH". Inorganic elements forming chelates and
organo-metallic complexes are common, particularly in low rank coals such as brown coal
[Durie, 1961; Kiss and King, 1977; Kiss and King, 1979; Given and Miller, 1987]. TEs may

be present as organo-metallic complexes.

2.5.2 Inorganic elements associated with organic matrix

The inorganic elements associated with organic matrix are either inorganically or covalently
bound to the fuel matrix. The ionically bound elements are associated with oxygen containing
anionic, organic functional groups such as carboxylic acids (- COOH) which can act as
bonding site for metal cations (Na*, K*, Ca**). The organically bound non-metallic elements

(S, P, and CI) are covalently bonded to the organic matrix [Ward, 2002].
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2.5.3 Discrete inorganic particles

Discrete minerals such as clays, sulphides, oxides, silicates and carbonates are the major
mineral groups found in high rank coals [Vuthaluru and French, 2008]. Typically higher rank
coals have low mineral matter contents, and subsequent low ash contents, whilst low rank
coals are comprised of high mineral matter contents. The total amount of mineral matter

present in coals determines the grade of coals [Falcon and Ham, 1988].

2.6 Formation of mineral matter in coals

Minerals in coals are formed at different times which define their origin. The three main
origins of coals are syngenetic, epigenetic, and detrital [Mackowsky,1968]. Syngenetic
mineral matter also referred to as inherent or included mineral matter originate from coal
forming plants through a biochemical and physico-chemical process. Syngenetic mineral
matter can be classified as early or late syngenetic mineral matter depending on the time the
minerals were formed. The early syngenetic mineral matter formed during the early stages of
coalification, shortly after the burial of the peat, when major compaction and solidification of
coals has not taken place. The late stage syngenetic mineral matter was formed during the
humification-gelification stages of coal, at the advanced stage of peat formation. The late
stage syngenetic mineral matter was formed as a result of chemical reactions between the

environment and coal constituents.

Syngenetic mineral matter is finely dispersed and closely associated with organic matter in
coals [Ward, 2002]. As a result, syngenetic mineral matter is generally difficult to
beneficiate. Primary syngenetic precipitates include siderite nodules, microcrystalline
aggregates of pyrite crystals, and infilling pore compounds such as kaolinite, quartz,

carbonates, sulphates, clays, and phosphate minerals.
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Epigenetic minerals, also known as adventitious, extraneous, or excluded mineral matter, are
found in coal fissures, and void infillings. The epigenetic minerals were deposited into coal
cleats or fractures after coal compaction. Typical mineral matter formed by epigenetic
mineralisation includes clays, silica, calcite, dolomite, ankerite, siderite, pyrite, marcasite,

apatite, dawsonite, illite, and chlorites [Ward, 2002].

Epigenetic mineral matter is typically large and easily liberated during beneficiation and
milling of coals. Figure 2-5 show images of epigenetic modes of occurrence of different

minerals in coals.

PATE S PLATES

Figure 2-5: Forms of main mineral groups in coals: a) silicates, b) pyrite, c) carbonates [Falcon and
Snymann, 1986]
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Detrital minerals were deposited into the peat by either moving water, wind, or introduced by
epiclastic and pyroclastic processes. Fragments of quartz, feldspar, irregular bands of clay
minerals, and tonsteins are of detrital origin, and intimately mixed with organic matter [Ward,

2002].

The genesis of mineral matter can be associated with coal rank. Typically, low rank coals and
coal ashes are enriched with moisture, volatile matter, ash, H, N, O, S, MgO, CaO, and SO:s.
The high rank coals on the other hand are enriched with fixed carbon, SiO,, Al,O3, Fe;0s,

K>0, Na,O, and TiOz.

2.7 Mode of occurrence of mineral matter in coals

The mode of occurrence describes the manner in which elements are chemically bound in
coals. Knowledge about the mode of occurrence helps determine the association of mineral
matter in coals. The mineralogical information can be extended to helps predict the fate of
minerals in conversion processes, and assess environmental impact of mineral matter [Raask,
1985; Vassilev et al., 1995; Gupta et al., 1999, Ward, 2002]. For example, alkali species (Na
and K), are the main cause of ash related problems in downstream parts of boilers such as
fouling, slagging, and corrosion. Understanding their mode of occurrence can help in
devising solutions to minimise their impact. A number of studies have been undertaken to
understand the mode of occurrence of minerals in coals [Vulthara and French, 2008; Everson

etal., 2013].

Van Dyk et al. (2005) used chemical leaching methods to determine species-specific
information on ash fusion temperature (AFT). Lépez and Ward (2008) studied the

composition and mode of occurrence of mineral matter in Colombian coals using low
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temperature ashing (LTA), X-ray diffraction (XRD), and the results were compared to

information derived from ash chemistry and Mdssbauer spectroscopy studies.

Common methods such as sequential leaching and density fractionation are used to determine
the mode of occurrence of different elements in coals. Advanced methods use computer aided
techniques such as computer-controlled scanning electron microscopy (CCSEM) and
Quantitative evaluation of minerals by scanning electron microscope (QEMSCAN). Sequential
leaching methods use various solutions such as water, ammonium acetate and acids, to
determine the affinity of minerals in coals and establish if minerals are organically bound,

water soluble, or associated with minerals such as clay, carbonate, or sulphides.

Water soluble salts such as halite (NaCl) and thenardite (NaSO,) are readily removed by
treating coal in water. Ammonium acetate is used to extract exchangeable cations (Mg, Ca,
K, Na) bound to functional groups such as carboxylic acid, phenol hydroxyl, carboxylates,
and ether. Discrete particles are removed by treating coals with acids. An acidic environment

is desirable for the solubilisation of metal ions [Khan et al., 2002; Seferinoglu et al., 2003].

Elements recovered from acid treatment are organometallic complexes and traces of calcite
and dolomite that could not be extracted by the ammonium acetate solution. However, HCI
cannot effectively remove chelated cations from the organic matter because of the high
stability of the complexes [Buruah et al., 2003]. Silicates and minerals such as quartz and

pyrite are not leached out, but remain in the insoluble residue.

Float-sink methods are established on separating mineral matter and organic matter coal
fractions on the basis of the difference in densities between the organic (approximately 1.3
g/cm®) and inorganic matter (an estimated average of 2.7 g/cm®). However, physical methods

are not effective in separating coals with low mineral matter content, or mineral matter that is
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finely dispersed within the organic coal matter [Paulson et al., 1972; Murkherjee and

Borthakur, 2001; Querol et al., 2001].

Table 2-4 presents some of the common elements found in coals and their associated mode of
occurrence. For a full list of elements, the reader can consult the comprehensive list prepared

by Finkelman (1982).

Table 2-4: Probable mode of occurrence of selected elements [Finkelman, 1982]

Element Mode of occurrence

Al Clay, feldspar, some organic association

As Solid solution in pyrite

Ca Calcite, organic association, sulphates, phosphates, silicates
Cl Organic association

Cr Clays

Mg Clays

P Phosphates

Si Quartz, clays, silicates

Fe Pyrite, siderite, sulphates, oxides, organic association
Na Organic association, clays, zeolites, silicates

Zn Sphalerite

Chemical leaching has limitations with undesirable implication in coal processes. Treating
coals with acids could lead to possible structural changes which may influence the behaviour
of coal in gasification processes. In some occurrences, the removal of Ca and Mg could affect

combustion processes by reducing the reactivity of coal [Jenkins et al., 1973].

Although sequential leaching and density fractionation methods are still popular, the

processes are generally labour intensive and time consuming [Saikai and Ninomiya, 2011].
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Other methods that are preferred to determine mode of occurrence of minerals in coals

include the use of advanced analytical tools as stated earlier.

The CCSEM is an advanced technique used to assess the distribution of minerals in coals.
The technique allows for simultaneous measurement of chemical composition, mode of
distribution of minerals, and particle size distribution on individual particles [Liu et al.,
2005]. The technique has been recently developed to solve ash deposition problems. Matjie et
al. (2011) used an integration method of single particle analysis, bulk techniques and ash
chemistry to understand the behaviour of coal mineral matter in a gasification process. From
the work it was concluded that the use of these techniques and understanding the mode of

occurrence of mineral matter improved the basis of evaluating ash forming processes.

2.8 Mineral groups in coals

Mineral matter has 44 species that belong to various groups of silicates, carbonates,
sulphates, sulphides, oxides, hydroxides, and to a lesser extend chlorides, biogenic minerals
and lastly, the organic minerals. Ward (1989) compiled a list of some of the different major

and minor mineral matter found in bituminous coals and these are summarised in Table 2-5.
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Table 2 - 5: Major minerals identified by various authors in bituminous coals as summarised by Ward

(1989)

Mineral groups

Chemical formula

Silicates
Kaolinite

Ilite
Montmorillonite
Chlorite

Quartz
Chalcedony
Feldspar
Carbonates

Calcite
Siderite
Dolomite
Ankerite
Aragonite
Sulphides
Pyrite
Marcasite
Sphalerite
Galena
Chalcopyrite
Sulphates

Gypsum
Barite
Anhydrite
Coquimbite
Szomolnokite
Natrojarosite
Thernadite
Bassinite
Celestite
Phosphates
Apatite
Goyazite
Other Minerals
Anatase
Boehimite
Hematite

Goethite
Zircon

AlSi,05(OH),
KAI(AlISi;)O1(OH),
Na(AIMg)Si;015(OH),
(MgFeAl)s(AlSi);010(OH)s
SiO,

SiO,

KAISi;O4

CaCO;

FeCO;
CaMg(COs),
Ca(Fe,Mg)CO;
CaCO;

FeS,
FeS,
Zns,
PbS
CuFeS,

CaS0,.2H,0
BaSO,

CaS0,
Fe,(S04)5.9H,0
FeSO4.H,0
NaFe3(SO4)2.(OH)s
Na,SO,4
CaS0,.1/2H,0
SrSO,

CaeF(pO4)3
SNAIL(PO,),(OH)s.5H,0

TiO,
AIO(OH)
Fe,04
Fe(OH)3
ZrSiO,

51



Minerals such as illite, kaolinite, quartz, calcite, pyrite, dolomite, siderite, with traces of
microcline, illite, smectite illite, mixed-layer clays, analcime, plagioclase, marcasite, anatase,
aragonite, ankerite, rhodochrosite, alunite, jarosite and gypsums have been identified in South
African coalfields [Snyman and Botha, 1993], and the respective mineral groups are

discussed in the subsequent sections.

2.8.1. Silicate minerals

Clays are the most abundant minerals found in coals worldwide, constituting over 60% of the
total mineral matter in most bituminous coals [Raask, 1985]. These minerals are also the
major ash contributors [Spears, 2000]. Clay minerals are the characteristic minerals formed in
soils and sediments by both the diagenetic and hydrothermal alterations of the rock, and

mostly described as hydrous alumina silicates.

Clay mineral structures consist of planes of cations arranged in tetrahedral sheets or
octahedral sheets, where cations are surrounded by neighbouring oxygen and hydroxyl
groups. The difference in the arrangement of layers is used to classify the different clay
minerals. Layered silicates are called phyllosilicates, and kaolinite is the simplest 1:1
phyllosilicate clay mineral with one tetrahedral sheet and one octahedral sheet. Clay minerals
such as mica, smectite, chlorite and illite consist of 2:1 layer minerals of 2 tetrahedral sheets
and one octahedral sheet. Figure 2-6 illustrates the basic 1:1 structure of kaolinite clay

mineral, showing the inter-layer and inner layer hydroxyl groups.
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Figure 2-6: Layered structure of kaolinite showing inter and inner layer hydroxyl groups [Sperinck et al.,
2011]

Clay minerals consist primarily of silica, alumina and water, and small quantities of Fe,
alkalies, and alkali-earth minerals [Nayak and Singh, 2007]. Common clays found in coals
are:  kaolinite  (AlSiOs(OH),), illite  (KAIy(AISiz)O10(OH)z),  montmorillonite
Na(AIMg)Si;016(OH),, chlorite ((MgFeAl)s(AlSi)4010(0OH)g), and illite-montmorillonite
mixed-layered clays. Kaolinite is the most abundant clay found in Gondwana coals with
Southern Hemisphere coals typically having a higher concentration of kaolinite over illite
[Gaigher, 1980]. However, the illite content in coals increases with an increase in coal rank.
For example, kaolinite decreases and illite increases as coal rank advances for South African
coals [Vassilev et al., 1996]. Mixed-layer clays may also occur in high rank coals. Clay
minerals occur as dispersed mineral grains, nodular masses, lenticles, and are also found in

bands [Kemezys and Taylor, 1964].
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2.8.1.1 Kaolinite

Kaolinite (Al,Si,05(0OH),) is abundant in coal deposits formed by slow sedimentation, where
climate conditions are humid and hot. Kaolinite is a layered silicate clay mineral which forms
mainly due to decomposition alteration of rocks such as sandstone, which starts in an acidic
environment, solubilising the feldspar type compounds and then precipitates out as the pH
gradually increases to more neutral systems. The diagenetic alteration of pre-existing illite,
montmorillonite, feldspars, muscovite, aluminosilicates minerals and pyroclastic glasses

could also lead to the formation of kaolinite [Vassilev et al., 2010].

2.8.1.2 lllite

llite (KAI(AISi3)O10(OH)2) mineral is commonly found in alkaline brackish or marine
depositional environments. The montmorillonite clay mineral (Na(AIMg)Si;O15(OH),) and
chlorite (MgFeAl)s(AlSi)4010(OHs) are found to be unstable in marine environments, leading
to the transformation of montmorillonite into illite and chlorite in the presence of potassium

(K) and magnesium (Mg) ions.

Weathering and hydrothermal changes can lead to the transformation of muscovite and K-
feldspars and form illite minerals. Illite content generally increases with an increase in coal
rank [Gaigher, 1980]. High rank coals in the Kwazulu-Natal coalfields have a higher
concentration of illite clay minerals [Snyman and Botha, 1993] concentrated along bedding

planes or associated with vitrinite [Falcon and Snyman, 1986].
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2.8.1.3 Chlorites

Chlorites (Mg, Fe, Al)g(Al, Si)4010(OH)g are generally rare in coals because they are usually
unstable in peat forming environments. Chlorites are of authigenic and epigenetic origin.
Alkali chlorites are found in shales and underclays associated with coal seams. A high
concentration of chlorite in high rank coals is formed as a result of chloritisation. Alkali

chlorides occur in trace amounts in bituminous coals.

2.8.2 Silica minerals

Quiartz is one of the most common oxide minerals found in coals. Quartz can have a detrital,
authigenic or epigenetic origin. Quartz and kaolinite found in SA coals are frequently
associated with inertodetrinite, indicating their detrital origin [Snyman and Botha, 1993]. The
forms of detrital quartz range from rounded particles, to angular fragments and minute grains
of less than 2 pm in size [Falcon and Snyman, 1986]. The rounded quartz grains are
introduced into the peat swamp by water, while angular fragments are transported into the
peat swamp by wind. The fine crystalline quartz infilling cells or pores of organic matter are
of authigenic or epigenetic origin. Authigenic quartz originates from aqueous solutions

during early stages of diagenesis.

2.8.3 Carbonates

Carbonate minerals have been identified as the second most abundant mineral in British and
Australian coals [Kemezys and Taylor, 1964; Raask, 1985]. The different types of carbonates

that form are calcite, aragonite, siderite, dolomite, and ankerite.
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However, the composition of carbonates found in coals has a complex chemistry, because the
compounds formed are in a solid solution state [Gluskoter, 1975]. Carbonate ions are derived

from organic matter by biological activity or ground water movement in coal bearing strata.

Calcite (CaCOyg) is deposited in fresh water or under marine environments. An environment
high in Mg /Ca?* ratio favours the formation of ankerite (CaMg(COs),) over calcite [Garcia-
Vallés et al., 1993]. Conditions that are favourable for the precipitation of calcite are low
partial pressure of CO, and a highly alkaline environment. Carbonate minerals can have an

authigenetic, detrital or biogenic mode of occurrence.

Authigenetic carbonates are most commonly found in sub-bituminous coals. Syngenetic
calcite occurs as individual grains, lenses, or cell in-fillings. The syngenetic calcite is
commonly found as cavity fillings, whilst epigenetic calcite is found as cleat fillings [Renton,
1982]. The epigenetic calcite, which precipitated as a recrystallization product of the low
temperature hydrothermal process, occurs as vein infillings. The epigenetic calcite and
dolomite are abundant in coals near intrusive bodies, as a result of hydrothermal changes

from igneous materials.

Siderite (FeCO3) mineral is formed in environments where the concentration of sulphate ions
is low. Therefore, the presence of syngenetic siderite indicates an acidic fresh water
environment, due to the interaction between Fe and CO; in the absence of sulphate minerals.
Siderite is associated with calcite in coals of freshwater origin. Siderite and dolomite are
formed during the epigenetic stages of coal formation, whilst calcite and ankerite are formed
during the late syngenetic stages of coal formation. Siderite occurs as nodules and in-fillings.

Siderite that occurs as small nodule is of a syngenetic origin [Gould and Smith, 1979].
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During maturation, metallic ions of Mg, Ca, and Fe found in coal are taken up into solution.
The interaction of these ions with CO, and H,O precipitates out carbonates that are
redeposited inside cleats. Carbonate-filled cleat fissures are considered secondary carbonates,

since they are formed after the formation of cleats.

The mode of occurrence of dolomite is authigenetic, and to a lesser extends detrital. The
diagenesis of dolomite results from the transformation of calcite or aragonite. The formation
of dolomite is favourable in environments where there is a high concentration of Mg, in warm
and saline environments. Querol et al. (2001) indicated that the marine influenced coals tend

to have a low concentration of dolomite when compared to non-marine coals.

Calcite is the most common form of carbonates, and siderite is the second most common
carbonate found in coals. VVan der Spuy and Willis (1991) used XRD to characterise mineral
matter in South African coal from the Witbank coalfield. In the study, aragonite was found as

one of the dominant carbonate minerals found in Witbank coals.

2.8.4 Sulphides

The three major forms of sulphur identified in coals are organic, pyritic, sulphate salts, and
elemental sulphur [Calkins, 1994]. The organic sulphur is present as thiolic, sulphidic and
thiophenic structures in the organic matrix of coal [Domazetis et al., 2006]. Large quantities
of thiol and disulphide sulphurs are found in low rank coals, whilst thiophene is common in

high rank coals [Yani and Zhang, 2009].
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Coals influenced by marine conditions have a high concentration of iron sulphides. Iron-
bearing minerals found in coal are in the form of pyrite (FeS,), pyrrhotite (Feu.xS), or
marcasite (FeS;). Marcasite has the same chemical composition as pyrite, but different
mineralogical structure, morphology, and thermodynamic properties; marcasite is

orthorhombic, whilst pyrite has a cubic structure.

Marcasite is metastable relative to pyrite, forming more stable phases at higher temperatures.
The formation of pyrite and marcasite is controlled by sulphur speciation and pH of the

solution in the environment.

Marcasite is the dominant phase at pH below 5, in the presence of neutral polysulphides,
which are metastable in acidic environments. Pyrite precipitates out in mildly acidic to basic
solutions [Murowchick and Barnes, 1986]. It is understood that the formation of pyrite in
coals is associated with marine conditions due to activities of sulphur depositing bacteria, the
reduction of ferrous sulphate by organic matter and the precipitation of ferrous sulphide by
the interaction of hydrogen sulphide from plant decay [Nayak, 2013]. Pyrite is the most
common sulphide mineral found in coals [Gray, 1978] and the main source of SOy and
harmful TEs emitted in coal conversion processes. Other forms of sulphide minerals reported
in small quantities include chalcopyrite (CuFeS;), sphalerite (ZnS), arsenopyrite (FeAsS),

pyrrhotite (Fe1xS, and galena (PbS) [Calkins, 1994].

Pyrite is found in coals in a variety of morphologies and size. Figure 2-5 shows the different
morphologies of pyrite found in South African coals [Falcon and Snyman, 1986]. Typical
morphologies of pyrite are framboids, isolated euhedral crystals, non-spherical aggregates of
euhedral crystals, irregular shapes, and fracture in-fillings [Roberts, 1988]. The framboidal

and isolated euhedral pyrite are found in most coals, including low sulphur coals.
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The typical size of framboids range between 100-200 um in size, with individual crystallites
of 0.1-2 um. Marcasite occurs in three morphologies, namely: radial crystalline clusters,
framboids or euhedral crystals, and massive crystals [Querol et al., 1989]. Marcasite rarely
occurs as cleat filling. The cell in-filling structure within coal replacing macerals is common

in coals with a sulphur content greater than 1 wt. %.

Sulphides are either of a syngenetic or epigenetic origin. Primary (syngenetic) pyrite
originates from the replacement of plant tissue micropores and macropores from biochemical
decay. Syngenetic pyrite occurs as framboids, and isolated euhedral crystals. The presence of
syngenetic pyrite is an indication of the formation of coals under marine conditions [Ward,
2002]. However, syngenetic pyrite can also be found in lacustrine environments, where there
is no involvement of seawater, but sulphate-rich lake waters or sulphate-rich underground
water. The epigenetic pyrite cleat fillings are related to marine conditions. It is important to
note that the size, morphology, and the organic association of pyrite in coals affect the ease of

liberation of the mineral during coal beneficiation [Frankie and Hower, 1985].

Marcasite of late syngenetic origin occurs as radial and spheroidal crystalline aggregates.
Secondary (epigenetic) or redeposited pyrites, and to a lesser extend marcasite, are
characterised by precipitates of euhedral and massive morphologies in fissure or cracks

[Querol et al., 1989].

2.8.5 Sulphates

The presence of sulphate sulphur in coal is less common in fresh coals, but found in partially
weathered coals [Yani and Zhang, 2009]. The concentration of sulphates in coals are
generally low, ranging from 0.01-0.05 wt. %, on a dry basis [Given and Yarzab, 1979].

Common sulphates found in fresh coals are gypsum (CaS04.2H,0) and barite (BaSOa.
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These minerals are mainly of epigenetic origin, occurring as long prismatic crystals or crack
infilling [Vassilev and Vassileva, 1996]. Sulphides are easily oxidised, and form from some
of the hydrated sulphate minerals found in coals such as szomolnokite (FeSO,H,0), rosenite
(FeSO44H,0), melanterite (FeSO,7H,0), coquimbite (Fex(SO4)39H.0), roemerite
(FeSO4.Fey(S04)314H,0), jarosite((Na,K)Fez(SO4)3(0OH)g), and halotrichite
(FeAly(SO,4)422H,0) [Chou, 2012]. Bassinite (CaSOa4.1/, H,0O) is commonly identified in

LTA as an artefact [Ward, 2002].

2.8.6 Phosphates

Apatite (10Ca0.3P,0s5.H,0) (calcium phosphate) is the most common phosphate mineral
found in coals. Other phosphate minerals found in coals include gorceixite
(2Ba03.3Al1,03.2P,05.7H,0) and goyazite (25r03.3Al,03.2P,05.7H,0). The concentration of
P in coals is generally low, with an average concentration estimated at 500 ppm [Ward et al.,
1996]. The average concentration of P,Os in SA coals is approximately 0.2 wt. %. However,
the concentration can be as high 2.4 wt. % [Snyman and Botha, 1993]. The concentration of P
in Mpumalanga coalfields is variable from one seam to the other. The mode of occurrence of
P is either organically (disseminated in coal macerals) or inorganically bound (cell infillings
and cleats), with detrital and authigenetic origin [Vassilev and Vassileva, 1996]. Coarse
grained crystals of phosphate minerals with particle size greater than 10 um are of detrital

origin.

2.8.7 Oxides and other minerals

Other oxides and minerals found in minor quantities or present as accessory minerals in coals
include Fe-oxides, (i.e. hematite and magnetite), Ti-oxides, (rutile, brookite, and anatase),

and goethite. Ti has been cited as a primary cause of deactivation of supported Co-Mo
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hydroliquefaction and hydrodesulfurization catalysts [Garcia and Martinez-Tarazona, 1993].
Fe hydroxides and iron sulphates are considered to be weathering products that formed
during prolonged storage or formed as a result of low temperature ashing [Vassilev et al.,

1996].

2.9 Chapter summary

Coal is one of the most important commodities driving the SA economy, with an estimated
55 billion tonnes of economical coal reserves. The major coalfields are found in the central
basin, located in the provinces of Mpumalanga, Free State, Gauteng, Eastern Cape, and Kwa-
Zulu Natal province. Coal parameters such as grade, rank, and type are largely influenced by
the climate, the geography of peat forming swamps, basin tectonics and differential
subsidence. SA coals formed in the Gondwana Karoo Basin experienced climate conditions
different from the northern hemisphere coals, making SA coals quite distinct from their
counterparts. The varying geological and environmental conditions that existed throughout
the Karoo Basin led to the formation of characteristic inertinite-rich coals, with a wide range
of coal products, ranging from thermal, metallurgical, and steam coals. The formation of
various types of mineral matter is dependent of the pH-Eh of the environment and the
bacterial life associated with the enclosed environment. Typically, SA coals used in coal
conversion processes are low rank coals with high ash content.

Common mineral matter found in SA coalfields includes clays, sulphides, oxides, silicates,
phosphates, and carbonates. Kaolinite and quartz are the most abundant minerals matter
found in SA coals. The mode of occurrence and association of the different mineral matter
can be variable, and this can have an impact on overall performance of mineral matter in coal
conversion processes. The role of mineral matter and the impact of mineralogical structure in

coal processes are discussed in more details in Chapter 3.
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CHAPTER 3: THE EFFECT OF MINERAL MATTER IN COAL

UTILISATION PROCESSES

3.1 Introduction

This chapter focuses on the effect of mineral matter on coal utilisation processes. The review
evaluates ash related problems, whereby different phase transformations, ash transportation

mechanisms, ash deposition structures, and predictive tools are discussed.

3.2 Coal conversion processes

Coal combustion, carbonisation, and conversion are the three major industrial processes that
are categorised as coal utilisation processes, with coal combustion being the major process of
the three. The coal combustion process involves burning of coal under oxidising
environments to liberate thermal energy used in the electricity power plants to generate
steam. The carbonisation process involves heating coal in the absence of air, to produce
metallurgical coke, and lastly, the conversion processes (hydro-liquefaction and gasification),

transform coal into gaseous or liquid fuels products, also known as synthetic fuels.

During coal conversion processes, minerals undergo thermal decomposition, fusion,
disintegration, and agglomeration [Chakravarty et al., 2015]. Some of the reactions that are
related to the transformation of mineral matter include oxidation-reduction, decomposition,
dehydration, dehydroxylation, destruction, polymorphic transformation, volatilization,
condensation, dissolution, melting, recrystallization, vitrification, solid-phase interactions,

and combined reactions [Vasileva and Vassilev, 2005].
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The partitioning of mineral matter during coal conversion depends on the association,
chemical and physical characteristics, as well as combustion conditions. Extraneous and
inherent mineral charged into the conversion chamber undergo both chemical and physical
degradation, under either oxidising or reducing environments. However, these minerals
experience different thermal history that lead to their chemical degradation process. For
example, excluded minerals are likely to experience fragmentation, fusion, and chemical

reaction prior to solidification [Krishnamoorthy and Pisupati, 2015].

Fragmentation of excluded minerals may occur due to factors such as thermal shock and
rapid gas evolution during decomposition, thus leading to the formation of fine ash particles.
Thermal shock due to sharp temperature gradients within a particle can lead to the
development of strong stresses within the particle, whilst rapid gas released can lead to
internal pressure built-up that could lead to fragmentation [Krishnamoorthy and Pisupati,

2015].

Transformed extraneous minerals produce coarse ash particles ranging from 10-90 pm in
size. The particle size of these ashes is influenced by the type of coal, and the combustion
conditions the coals are exposed to. However, the composition of ashes formed by extraneous

mineral matter is somewhat similar to the original composition of mineral matter in coals.

Inherent mineral matter (carboxylic, phenolic, hydroxyl groups, metalloporphyrins, and
organo-metallic compounds) associated with organic matter and water soluble inorganics
(water soluble salts and inorganic substances in the pores and surface of the coal) experience
high temperatures and may coalesce during burnout of the parent char particle. The
coalescence of mineral matter results in an increase in the ash particle size, and change in the

chemistry of the particle [Krishnamoorthy and Pisupati, 2015].
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At high temperatures under reducing environments, included minerals will transform into tiny
ash nodules within char pores [Ragland and Baker, 1987]. The transformation of inherent
mineral matter is governed by condensation and fragmentation. The fragmented mineral
matter is characterised by a bi-modal size distribution of particles that contribute to the

formation of fly ash.

Figure 3-1 shows the ash transformation mechanism of extraneous and inherent mineral
matter that is subjected to high temperatures during combustion. From the schematic
illustration, it is seen that inorganic compounds transform into aerosols, ash particles, and

gaseous species [Tomeczek et al., 2002].

Mineral conversion
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Figure 3-1: Ash formation mechanisms during coal combustion [Tomeczek and Palugniok, 2002]

The transformation of mineral matter and slag formation are important properties that provide
information regarding the suitability of coals for either combustion or gasification processes

[Zhang et al., 2011; Matjie et al., 2011].

Extensive research was directed towards understanding the transformation of mineral matter
in gasification processes. Matjie et al. (2011) investigated the sintering and slagging
behaviour of mineral matter in a gasification process, using XRF, QEMSCAN, and XRD.

Soundarrajan et al. (2012) characterised mineral matter using ash yield measurements, XRF,
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XRD, CCSEM, and Mossbauer spectroscopy Hai-tao et al. (2015) used XRD and FTIR to
investigate phase transformation of minerals in direct coal liquefaction under gasification
atmosphere, and Mdssbauer spectroscopy to study the iron bearing minerals that contribute to

phase transformation. Other studies used differential thermal and thermogravimetric methods.

O'Gorman and Walker (1973) investigated the thermal behaviour of individual mineral matter
in four coals of different ranks using thermogravimetric (TG) and derivative
thermogravimetric (DTG) methods. The phase transformation of mineral matter at high
temperatures, under nitrogen atmosphere are summarised in Table 3-1, and discussed in

subsequent sections.
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Table 3-1: Differential thermal analysis (DTA) data for minerals occurring in coals-determined under a

nitrogen atmosphere [O'Gorman and Walker, 1973]

Endothermic effects

Exothermic effects

Mineral Peak Interpretation Peak Interpretation
temperature temperature
range (°C) range (°C)
Kaolinite 100-120 Release of 950-1000 Phase transformation
adsorbed water to v-Al,03 and
nucleation of mullite
500-600 Dehyroxylation
Ilite 50-150 Release of 940-950 Phase transformation
interlayer water to spinel phase
370-620 Dehyroxylation
850-900 Lattice
destruction
Montmorillonite 100-150 Release of 900-920 Phase transformation
interlayer water to spinel phase
600-730 Dehyroxylation
850-900 Lattice
destruction
Prochlorite 550-750 Decomposition 860-900 Formation of olivine
of brucite layer (Mg, Fe),Si0O,
750-820 Dehydration  of
talc layer
820-860 Dehydration
Mixed-layer illite- 50-150 Release of 900-950 Phase transformation
montmorillonite adsorbed and
interlayer water
450-590 Dehyroxylation
600-650 Lattice
destruction
950-1000 Decarbonation
Calcite 710-950 Decarbonation
Dolomite 740-800 Decarbonation
815-910 Decarbonation
Siderite 425-610 Decarbonation
Quartz 570 Quartz inversion
Gypsum 100-150 Dehydration 350-370 Phase transformation
y-CaSO,—p-CaSO,
150-200 Dehydration

3.2.1 Transformation of clay minerals

The loss of OH structural groups from clay minerals results in rearrangement of the

mineralogical structure, releasing water of crystallisation, following an endothermic reaction

at temperatures between 100°C and 120°C [Given and Yarzab, 1979].




Clay minerals become dehydrated at temperatures above 550°C, following a dehydroxylation
process described in Equation 3-1 [Gray, 1978]. It is at these high temperatures where
structural changes lead to the formation of an amorphous phase called metakaolinite. The

metakaolinite phase remains stable only up to temperature around 925°C.

Al,05.25i0,.2H,0 - 2H,0 + Al,04.2Si0, Equation 3 — 1

Further dehydration processes on metakaolinite lead to the deformation of the crystal lattice,
mass loss, and subsequent chemical decomposition of metakaolinite into aluminosilicate. The
overall effect of endothermic reactions involved in the decomposition of clay minerals lead to
the reduction in calorific value of pulverised coals [Falcon and Ham, 1988; Shirazi et al.,
1995; Spears, 2000]. However, at higher temperatures (between 950°C and 1000°C),
aluminosilicates undergo an exothermic reaction, transforming into aluminosilicates liquid,

following the reaction indicated in Equation 3-2.

2(Al,04.2Si0,) - SiO, + 2Al,05.35i0, Equation 3 — 2

Upon solidification of molten aluminosilicates, aluminosilicate glass with mullite (AlgSi>O13)
and cristobalite (SiO,) are formed, as described by the reaction shown in Equation 3-3
[O’Gorman and Walker, 1973; Gupta et al., 1998]. At this point, the two phases, AlgSi,O13
and SiO, co-exist together until temperatures are above 1500°C, where AlgSi,O13 exists as

the only stable phase [O’Gorman and Walker, 1973].

241,05.35i0, > Si0, + 2(Al,05.5i0,) Equation 3 — 3

The presence of mullite and cristobalite in a melt can be interpreted in two folds. The high
temperature mineral phases can be an indication of addition of fluxing agents such as Na,O,
K,0, CaO, and alkali carbonates or it can indicate the absence of low melting species that

causes ash fusion [Krishnamoorthy and Pisupati, 2015].
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The presence of iron accelerates the formation of mullite. Potassium on the other hand has an
opposite effect, retarding the formation of mullite. The presence of elements such as
potassium, iron, and calcium oxide lower the melting point of eutectic mixtures, giving rise to

the formation of silicate glasses at temperatures below 1300°C [Gupta et al., 1998].

3.2.2 Transformation of carbonate minerals

Calcium (Ca) is either organically bound or associated with mineral matter. The behaviour of
Ca is strongly dependent on its mode of occurrence. Ca in the form of carbonates influence
ash behaviour (sintering, clinkering, fouling and fusing) in gasification and combustion
processes [Matsuoka et al., 2002]. In conversion processes, carbonate minerals loose CO;
during combustion and decompose at temperatures ranging from 810-1100°C and form CaO
agglomerates, following a reaction described in Equation 3-4. The CaO formed, can either
react with sulphurous gases (SO, and SO3) to form sulphates, as described by Equations 3-5

and 3-6, or react with alumina-silicate slag.

CaC0; — Ca0O + CO, Equation 3 — 4
Ca0 + S0O; —» CaS0O, Equation 3 — 5
Ca0 + S0, +0, > €aSo, Equation 3 — 6

The interaction of CaO with atmospheric water leads to the formation of portlandite
(Ca(OH),), the metal oxide can also react with metakaolin to form anorthite (CaAl,Si,Og),

gehlenite, and gehlenite (Ca,Al,SiO7) [Van Dyk et al., 2006; Hai-tao et al., 2015].
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3.2.3 Transformation of iron-containing minerals

Iron bearing minerals (pyrite, siderite, jarosite), particularly pyrite (FeS,) have been
considered the major contributor towards slagging propensities of coals [Reid, 1984; Groves
et al., 1987; Waanders et al., 2003]. Studies, including AFT tests have confirmed that the
presence of Fe in coal lowers temperature, whilst the presence of Fe** lower the viscosity of
aluminosilicates melts. Therefore, extraneous pyrite play a role in slag deposit initiation,

whilst inherent pyrite captured by aluminosilicates influences viscosity.

In coal conversion processes, FeS; loses sulphur at 300°C, following an endothermic reaction
described in Equation 3-7, and transforms into pyrrhotite (FeS¢x) [Groves et al., 1987].

FeS(1-x) is sticky, thus initiating slag deposition on coal conversion units.
2FeS, —» 2FeS,_, + S, Equation3 -7

The oxidation rate of FeS..y) depends on sulphur vapour generated inside the particles and
the concentration of O,. In general, when FeS(1.x) is oxidised, it forms iron oxide (FeO) as

indicated in Equation 3-8.
FeSl_x+%02 - FeO + SO0, Equation 3 — 8

However, in the presence of a high concentration of oxygen, further oxidation will occur,
resulting in the formation of hematite (a-Fe,O3) at temperatures of about 800-900°C

[Thiessen et al., 1936; Groves et al., 1987].

The presence of iron bearing minerals such as wustite, fayalite, hercynite, and cordierite leads
to the initiation and growth of deposits in combustion environment. However, the abundance

of these phases is dependent on temperature and ash chemistry [Hai-tao et al., 2015].
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Zhang et al. (2011) investigated the behaviour of Fe-bearing minerals [Wustite (FeO);
almandite (3FeO.Al;05.3Si0,), and fayalite (FeO.SiO,)] in ash. The results showed that the
sintering behaviour of coals was influenced by the different oxidation states of Fe (Fe?*/ Fe*")

in combustion processes.

3.2.4 Transformation of organically-bound mineral matter

Although Fe-bearing minerals are the major source of slagging in boiler tubes [Reid, 1984;
Groves et al., 1987], the presence of organically bound elements (S, CI, and Na) in low-rank
coals may vaporise and condense at later stages onto coal ashes or deposits. Condensation of
the organically bound elements may lead to corrosion. These elements act as fluxing agents,

lowering the melting temperature of refractive silicates.

3.3 Slagging and fouling deposition mechanisms

Mineral reactions and phase transformation of either included or excluded mineral matter
lead to the formation of molten deposits on the walls of conversion units. The ash deposits on
conversion units presents major operational problems in coal conversion processes. Slagging
and fouling are the two most common deposits encountered in coal-fired boilers, gasifiers,

heat exchangers, and other coal conversion units.

Slagging is the formation of sintered or molten deposits on the walls of boilers in the
radiation section, at temperatures between 1300°C and 1600°C. It is commonly found that
slag formation is initiated by fluxing agents (Na,O, CaO, Fe**, and MgO) that react with

alumina-silicates or chlorides, subsequently reducing AFT [Van Dyk et al., 2009].
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Deposition of mullite, cristobalite, iron oxides, anhydrite, anorthite, Ca-silicates and
amorphous materials reduces absorption heat in furnace, which lead to an increase in the exit
gas temperature. The deposits that form reduce thermal performance and efficiencies of the
equipment, and aggressive deposition of molten slags can lead to a complete shutdown of the

equipment.

Soot blowers which utilise high pressure jets of air, steam or water are used to remove the
deposits. However, soot blowing is not always effective in removing deposits that have
strongly adhered to walls of the boiler, because excessive blowing can cause erosion damage

to the equipment, and corrosion may occur beneath the deposits formed [Wee et al., 2005].

Fouling deposits form in post combustion environments, on heat exchanger surfaces, where
flue gas and suspended fly ash cools down [Hatt, 1990]. Figure 3-2 shows a schematic
presentation of fouling deposit. The two main types of fouling are the low temperature
fouling (LTF) and the high temperature fouling (HTF). The LTF occurs within the

temperature ranges of 400-900°C, whilst HTF occurs at 900-1300°C.

Upstream
deposit

Gas-particulate 3 85
stream

Downstream
deposit

Figure 3-2: Fouling deposit on tubes in convective pass [Ma et al., 2007]
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The fouling mechanism involves condensation of previously volatilised flame species present
in the flue gas. As a result, the deposits that form are often composed of condensed alkali
salts, which provide a sticky surface, and trap other non-sticky particles [Vuthulura and
French, 2008; Krishnamoorthy and Pisupati, 2015]. Fouling is common in low rank coals

because of the high sodium concentration found in these coals [Vuthulura and French, 2008].

Coals that contain high quantities of Ca will readily form LTF deposits. Once the Ca particles
are deposited, they are sulphated and form CaSO,. The sulphated Ca can significantly add to
the mass of the deposit and increase the deposit strength. The presence of alkali and alkali

earth metals promote HTF.

Factors that influence slagging and fouling propensities include mineral matter particle size
distribution, composition, and boiler operating conditions, such as boiler load, air to fuel
ratio, gas temperature, and soot blowing patterns [Wee et al., 2005]. The degree of slagging
and fouling varies throughout the boiler, and is mostly affected by local combustion

environment, which influence characteristics of ash deposits formed on heat transfer surfaces.

3.3.1 Ash particle transport mechanisms and ash deposits

The transportation mechanism of ash particles onto heat transfer surfaces can be classified
according to the size of particles that are being transported. The three main mechanisms of

importance are diffusion, thermophoresis, and inertial impaction.

e Diffusion is the transportation of gas particles of less than 1 um, due to local
concentration gradient. There are three types of diffusion mechanisms which
describes the movement of particles to the surface. The Fick diffusion mass transport

results in molecules moving to the surface due to concentration gradient present.

72



Brownian diffusion describes the haphazard movement of small particles, and Eddy
diffusion describes diffusion due to turbulent flow effects [Babat et al., 2011].
Thermophoresis is the transportation of small particles (<1 pum) due to thermal
gradient from hot gases to cooler heat transfer areas. The thermophoresis
transportation mechanism is generally relevant at very low deposition rates. For
example, the deposition will occur when boiler tubes are new or clean. Inertial
impaction is a process which involves large particles (usually greater than 5-10 um)
of sufficient size and density to come out of the air flow patterns around the tube and
stick to surfaces of a tube or deposit. Eddy impaction involves the transportation of
particles from one region to the next due to the difference in charge between the
particle and heat transfer areas. The transportation of particles less than 10 um
follows the thermophoresis and electrophoresis mechanism, whilst large particles
follow the inertial impaction mechanism.

Inertial impaction is the most important transporting mechanism for large particles
of an average diameter greater than 10 um. Volatile enriched particles that are less

than 1 pm are transported by diffusion mechanism.

The four types of slag deposits formed in coal conversion processes are classified as either

metallic, amorphous, vesicular, or sintered [Unsworth et al., 1988; Hatt, 1990]. The deposit

characteristics depend on temperature and operating conditions inside the conversion unit.

The metallic slag is usually associated with the combustion of pyrite rich coals. The

amorphous (bound) glassy deposit is comprised of assimilated ash particles. The versicular

deposit consists of amorphous slags, which trap bubbles that give the slag a sponge like

appearance, whilst the sintered slag deposit consists of partially fused ashes. Figure 3-3 gives

a description of the different slag deposits that are formed in boiler tubes during coal

combustion.
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Figure 3-3: Loose, bound, sintered and melted slag deposits that are typically found in boiler tubes [Hatt,
1990]

3.3.2 Prediction of ash deposition in coal conversion processes

A number of methods have been developed to evaluate slagging and fouling propensities of
coals in conversion units. The main approaches used to predict slagging and fouling includes:
(i) empirical methods,

(ii) laboratory tests,

(iii) mechanistic modelling approach, and

(iv) computational fluid dynamics (CFD) modelling.

Most industrial practices are still using the traditional empirical approaches that are based on
ash chemistry, viscosities, and AFT parameters, to determine slagging and fouling indices.
Studies have shown that slagging depends on the combined effect of forming liquid phases,

temperature and the ash loading [Lawrence et al., 2008].
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The mechanistic approach uses advanced indices that include mineralogical data from
Computer Controlled Scanning Electron Microscope (CCSEM) and chemical fractionation
tests to study slagging and fouling propensities in coal [Wall, 1992; van Alphen, 2007]. The
CFD use models that calculate both the thermal and aerodynamic conditions in the
combustion chamber. A combination of computational fluid dynamics, thermodynamic and
viscosity model present a more accurate estimation of slagging temperatures
[Krishnamoorthy and Pisupati, 2015]. FactSage and viscosity models give information on
slag viscosity, whilst computational models provide information regarding particle
temperature and particle trajectory inside a gasifier. Nonetheless, for the purpose of this

research work, only the ash deposition indices and AFT will be discussed.

3.3.2.1 Ash deposition indices

Coal ash chemistry and mineralogy are the two most important factors used for selecting
coals; mainly because of the impact coal ash have in coal conversion processes. The major
and minor oxides (SiO,, MgO, Ca0, P,0s, SO3, Al,03, TiO,, Fe;,03, Na,O, and K;0) that
represent the amounts of elements in coal are used to formulate ash deposition indices that
can be used as predictive tools to determine slagging and fouling propensities, and to evaluate
coal quality in coal-fired boilers and gasifiers [Winegartner, 1974; Reid, 1984]. The oxides
can be classified as acidic (SiO,, Al,O3, and TiO,) or basic (Fe,03, CaO, MgO, K0, and

NagO).

A number of indices have been proposed for coals, and coal blends. Over the years,
deposition indices have been modified and tailored for specific coals, and to determine

slagging and fouling propensities of biomass [Wang and Massouri, 2013]. The typical indices
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used include; the base-acid (B/A) ratio, silica/alumina (SiO,/Al,O3) ratio, iron /calcium

(Fe/Ca) ratio, and silica percentage.

The indices summarised in Table 3-2 give the degree or severity, and acceptable limits for

both slagging and fouling propensities in conversion processes [Lawrence et al., 2008].

Table 3-2: Summary of key empirical correlations for slagging and fouling [Raask, 1985]

Index Formula Slagging or fouling propensity

Low Medium | High Severe
Slagging propensity
Base-Acid Ratio | B _ Fe;03 + Ca0 + MgO + K,0 + Na,0 <0.40r>0.7 0.4t00.7
A Si0, + Al 05 + Ti0,

Slagging factor %X Sulphur in coal <0.6 0.6-2.0 | 20-26 | >2.6

Iron-calcium Fe,0; <0.3 or 0.3-3.0

ratio Ca0 >3.0

Iron plus Fe, 05 + Ca0 <10%

calcium

Silica percentage ( Si0, ) % 100 72-80 65-72 50-65

Si0, + Fe,0; + Ca0 + Mg0O

Fouling propensity

Fouling factor B <0.2 0.2-0.5 | 0.5-1.0 >1.0
ultng ZXNaZOin the ash (%)

Sodium content Na,0 % in the ash for bituminous ash 0.5 0.5-1.0 1.0-25 | >25

Na,0 % in the ash for lignitic ash <2.0 2-6.0 6-8 8.0

The B/A ratio equation expressed in Table 3-2 is one of the most common index used to
predict slagging potential for coals of all ranks and types [Su et al., 2003]. The B/A ratio take
into account the influence of basic oxides with low melting point and acidic oxides with high
melting point. According to the classification and criteria given in Table 3-2, coals with B/A
ratio between 0.4 and 0.7 have low AFT, and high slagging propensity [Wang and Massouri,
2013]. Coals with low slagging propensities will have a B/A ratio < 0.4 or > 0.7, whilst an

ideal coal composition will have a B/A ratio below 0.11. The fouling index takes into account
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the effect of Na,O because coals with high amount of Na have a high tendency to form

deposits in conversion units [Vuthaluru and French, 2008].

Patterson and Hurst (2000) investigated the suitability of using bituminous Australian coals in
a gasifier. From the study it was observed that the silica ratio < 80 were required for

entrained-flow gasifiers, whilst silica ratio < 70 were ideal for fixed bed reactors.

Fluxes are generally used for coals with high silica ratios. The use of fluxes can be minimised
by adjusting the SiO,/Al,O3 ratio to ranges between 1.6 and 2.0. Table 3-2 shows that coals
with low slagging propensity have a silica percentage between 72 and 80, whilst coals with

high slagging propensity have a slagging index between 50 and 65 [Raask, 1985].

The interaction between iron and calcium form low melting eutectics, that lowers the AFT,
and favour slag deposition. Lowered fusibility is observed when the Fe/Ca ratio is between
0.3 and 3, subsequently leading to medium to high slagging propensity. Low slagging
propensities is observed when the Fe/Ca ratio is less than 0.3 or greater than 3. Various
researchers have concluded that CaO, FeO, and SiO, can be used as indicators of ash fusion
properties [Patterson et al., 1994]. However, the CaO content of the ash should be between 5-

40 wt.%, whilst Fe,O3 should be below 6 wt.% [Akar and Ipekoglu, 2007].

The developed deposition indices are highly subjective to a particular type of coal, and their
application is limited because these indices do not take into account the boiler design or the
operating conditions. Moreover, the ash composition does not reflect the true interactions
between mineral particles during combustion [Lawrence et al., 2008]. Therefore, the
deposition indices overlook the complex chemistry of mineral matter which includes among

other factors, the mode of occurrence and association of mineral matter in coals. As a result,
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indices can be used only as a guide, and caution should be exercised when reporting indices

based on ash chemistry [Vuthaluru and French, 2008].

3.3.2.2 Ash fusibility and ash flow temperature (AFT)

The ash fusion temperature (AFT) is an important and widely accepted index used to predict
slagging and fouling in gasifiers and boilers [Vuthaluru and French, 2008]. The AFT test is
designed to simulate coal ash behaviour under oxidising or reducing conditions. The test is
based on observing four characteristic temperatures as the shape of coal ashes change with
increasing temperature. The change in shape occurs as a result of deformation, shrinkage and

flow. Figure 3-4 shows the ash fusion standard test measuring method.

/\/\QQ/Z\

Original Cone IT

Figure 3-4: Ash fusion standard method for the determination of fusion behaviour of ashes (following the
I1SO 540 standard) [Akar and Ipekoglu, 2007]

The four temperatures measured during the AFT test are the initial deformation temperature
(IDT/DT), an onset of sintering, whereby the sample begins to lose its original shape,
softening temperature (ST), hemispherical temperature (HT), at which the sample reaches the
shape of half a sphere, and the fusion temperature (FT), where the ash becomes completely
molten. In summary, Ash fusion temperature (AFT) is the temperature at which the ash in
coal begins to soften, flow and fuse [Weeber et al., 2000]. The AFTs indicate temperature
ranges at which bulk ash chemistry may start to deposit on heat absorbing surfaces, but does

not give actual temperatures at which melting start. An optimal FT < 1400°C and up to
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1500°C is acceptable in reducing environment. However, caution should be exercised if the

coal sample has high ash content and FT below 1260°C.

Although the AFT test together with depositional indices are still used for quick screening,
accessing slag viscosity, flux requirements and determining the suitability of coal in
combustion and gasification processes [Patterson and Hurst, 2000], the test can be subjective
and unreliable with poor reproducibility since the results are based on the operator’s
observation [Jin et al., 2009]. The AFT results reported from different laboratories can vary
by a temperature difference of 20-100°C [Ozbayoglu and Ozbayoglu, 2006]. Moreover, the

laboratory test cannot accurately predict conditions inside a gasifier [Van Dyk et al., 2006].

3.3.2.3 Correlation between ash chemistry and AFT

A number of investigations have been carried out to establish a correlation between ash
chemistry and AFT [Ozbayoglu and Ozbayoglu, 2006; Van Dyk, 2008; Han-xu et al., 2008;
Lawrence et al., 2008; Liu et al., 2013; Chakravarty et al., 2015]. Liu et al. (2013) reported
Ca0, Fe;03, and SiO,/Al,0O3 ratio as the main chemical compositional identifiers that

influenced AFT. Increases in basic oxide compositions reduce the AFT of coals.

As mentioned earlier, over and above the correlation between ash composition and AFT,
different analytical techniques are being used to characterise mineral matter and gain
understanding on fusion characteristics of coal ashes. For this reason, full knowledge of
transformation of mineral matter in coal is paramount to the determination of ash fusion
characteristics. Analytical techniques can be used to determine the relationship between ash

fusibility and chemical composition of minerals in coal.
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Some of the techniques used to predict slag phases include scanning electron microscope,
energy dispersion X-ray spectroscopy, thermogravimetric analyses, CCSEM, FTIR,
Mossbauer, Electron probe micro analysis, XRD, XRF, and thermodynamic computer

package FactSage [Oliviera et al., 2011; Krishnamoorthy and Pisupati, 2015].

3.4 Chapter summary

Mineral matter plays an extensive role in conversion processes. The association of mineral
matter within the organic matrix influences the interaction and transformation of mineral
matter. The transformation of mineral matter at high temperatures leads to slagging, fouling,
erosion, and corrosion, which could lead to reduced thermal efficiencies and downtime of
equipment. The three most undesirable minerals responsible for slagging and fouling are
pyrite, carbonates, and illite. The presence of both Fe and Ca lowers temperatures, forming
low melting eutectics. Understanding the mode of occurrence of mineral matter in coal
structures can help reduce the effect of slagging and fouling in conversion processes, and this
has been elucidated by various studies that investigated the relationship that exist between
coal properties and overall combustion behaviour. However, information provided by the
different analyses based on ash chemistry have become inadequate, as a result, various
predictive modelling tools that closely simulate real conditions have been developed to

determine slagging propensities of coal.

A multiple technique approach has been proposed by various researchers to understand the
effect of mineral matter on conversion processes. In order to characterise and understand
mineral matter various analytical techniques can be used. Some of the different techniques
commonly used to characterise the organic and mineral matter in coals are discussed in the

next chapter.
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CHAPTER 4: REVIEW OF CHARACTERISATION TECHNIQUES
USED TO DETERMINE MINERAL MATTER IN COALS

4.1 Introduction

South African coals are characterised by high ash content. The presence of mineral matter in
coals is generally undesirable as highlighted in Chapter 3. Therefore, detailed characterisation
of mineral matter with respect to particle size distribution, chemical composition, mode of
occurrence, association, textural, and structural morphology is required for proper assessment

and selection of coals in utilisation processes [Kimura, 1998; Ruan and Ward, 2002].

It is becoming a necessity to fully characterise mineral matter in coals because of the
stringent specification requirements of raw coals, need to optimize conversion processes and
maximize profit [Cook, 2000]. Although conventional methods such as proximate and
ultimate analyses, calorific values, and ash chemistry are still useful, these methods fall short

to fully predict the performance of coals in conversion units [Falcon and Ham, 1988].

Over the years it has been suggested that a multi-technique approach should be adopted to
increase the knowledge on the behaviour of mineral matter in conversion processes. Full
understanding and characterisation of mineral matter relies on the use of various analytical
tools that will best describe the composition and structural morphology of coal, and to relate

these properties to coal conversion processes [Martinez-Tarazona et al., 1992].

It was not until recently, that there has been growing interest towards the use of advanced
techniques to characterise coals [Ward et al., 1999; Vassilev and Vassileva, 2009].
Comprehensive reviews on analytical tools for characterising mineral matter are presented by

Ward (2002), Huggins (2002), and Vassilev and Tascon (2003).
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These reviews highlight traditional techniques used for the determination of major, minor and
TEs in coals, namely: inductively coupled plasma-atomic emission spectroscopy (ICP-AES),
inductively coupled plasma mass spectroscopy (ICP-MS), and X-ray fluorescence (XRF)
spectroscopy; the study of bulk mineralogical composition using X-ray diffraction (XRD);
automated techniques such as scanning electron microscope (SEM) analyses; and more
advanced techniques such as computer controlled scanning electron microscopy (CCSEM) or
quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN). These

techniques allow for an in-depth evaluation and understanding of mineral matter in coals.

Research work focusing on detailed characterisation of mineral matter has improved
significantly, mainly because of the availability of advanced micro analytical techniques
[Bandopadhyay, 2010; Silva et al., 2012]. The fast growing micro-analytical techniques have

presented possibilities to solve technological challenges associated with mineral matter.

Most recent studies have shown that an integrated and holistic approach of using advanced
techniques is critical in advancing the knowledge on mineral matter in coals. A study by
Matjie et al. (2011), focusing on the behaviour of coal mineral matter in sintering and
slagging ash in gasification processes highlighted the importance of determining bulk
chemistry, mineralogy, mode of occurrence and association of mineral matter in coals using
multiple techniques. In the study, XRF, SEM, XRD, QEMSCAN were used to characterise
raw coals, coals ashes and density fractionated samples. It was found that integration of the
different techniques provided more insight in the evaluation of ash that formed in gasification

process.

Silva et al. (2012) characterised mineral matter and evaluated the environmental potential

impact of sulphate minerals using techniques such as optical microscope, SEM-EDS,
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confocal microscopy, mRs, and thermodynamic modelling simulations. In the investigation, it
was found that the multi-analytical approach was beneficial in identifying mineral phases that

helped explain the mechanism of sulphide oxidation.

As discussed previously, CCSEM, together with chemical fractionation methods, is used for
quantitative determination of abundance, and association analyses of mineral matter in coals,
and to study surface morphology of coal samples. Another approach of determining mineral
matter in coals involves the use of recalculation of bulk chemical analyses using chemical
quantitative phase analysis methods [Ritz and Klika (2010)]. Tickner and Roach (2004)
investigated mineral matter content in coals by using Compton profile analysis via XRF, with
most recent work reported by Perdikatsis (2013) on lignite samples. The study showed that
XRF analyses using the Compton Effect can rapidly determine the concentration of mineral

matter in an unknown sample, without ashing the sample.

Advanced techniques have helped to shape the present and future of coal usage, and the
understanding of mineral matter in coals. To date, CCSEM is considered an ideal technique
that characterises mineral matter in coals, and solve ash deposition problems [Gupta et al.,
1998; Zhang et al., 2002; Saikai and Ninomiya, 2011]. The advantages presented by the
technique include the ability to conduct particle to particle analyses, that helps elicit
information pertaining to the association and mode of occurrence of minerals and organic
matter analysed. However, most recent studies have shown that there is a growing interest
and an inclination towards using multiple advanced techniques to characterise and understand
coal behaviour [Manoj and Kunjomana, 2010; Oliviera et al., 2011; Soundarrajan et al.,
2012].

Soundarrajan et al. (2012) used a multiple technique approach to determine ash yields. The

analyses such as XRD, XRF, CCSEM, and Mossbauer were used to characterise mineral
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matter in coals. Many other researchers used similar approaches to investigate the effect of
mineral matter on conversion processes [Babat et al., 2011; Matjie et al., 2011; Oliviera et

al., 2011; Saikia and Ninomiya, 2011; Matjie et al., 2016].

Oliviera et al. (2011) used multiple techniques to understand the Fe-bearing minerals that
influenced slagging and fouling, found in coals from the Jorge Lacerda power plant in Brazil.
Silva et al. (2012) used the multi-analytical approach to determine the association of mineral
matter in coals. In the study, complex and diverse phases were identified. The multiple
technique approach highlighted and addressed the complexity and heterogeneity of mineral
matter in coal samples, and emphasised a need for a holistic approach to studying mineral
matter, which will help in further development of various models used to predict slagging and
fouling propensities of coals, among other properties. Matjie et al. (2016) used conventional
and advanced techniques to determine mineral matter and elemental composition of

individual macerals of Highveld coals.

Therefore, it can be said that the main purpose of a multi-technique approach is to fully
understand processes and mechanisms taking place in conversion process, and to eliminate

problems associated with mineral matter in downstream processes.

It is beyond the scope of this work to discuss all the possible analytical techniques used
within the coal industry to characterise the organic matter and mineral matter in coals. This
chapter discusses some of the major analytical tools that are used in the study to address the
objectives of the research work. The analytical techniques discussed include coal

petrography, XRD, FTIR, mRs, XRF, and SPA-EPMXA.
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4.2 Coal petrography

Petrology is a branch of geosciences that was introduced in the early 20™ century. Coal
petrography, a subset of petrology, is a fundamental technique used to characterise whole
coals, coal lithotypes, macerals, coal blends, chars, coke, fly ash and mineral matter in coal
[Cloke and Lester, 1994]. Marie Stopes contributed significantly towards the nomenclature

characterisation of the various coal components in the 1940’s [Stopes, 1935].

Petrographic analyses involve microscopic evaluation of polished blocks of coal using
reflected light under oil immersion. Petrographic techniques have gained importance in the

determination of:

Q) Coal type (maceral composition);

(i) Maceral and mineral matter association in coal (microlithotypes);

(iii) ~ Shape and morphology of organic components and textural relationships between
mineral matter and macerals, and;

(iv)  Vitrinite reflectance, an indicator of coal rank (addressing the metamorphic

transformation of macerals).

In addition to the factors listed above, it is also possible to detect oxidation, intergrowths,
porosity, internal reflections, optical isotropy and anisotropy, coal to coke transformation,
predict Hardgrove grindability and extend of mineral liberation [Gray, 1991]. Petrographic
studies are based on qualitative and quantitative determination of macerals by conducting a
point count (by volume) on polished blocks under a light microscope equipped with an oil
immersion objective lens. The petrographic blocks are prepared according to the SABS 1SO

Standard 7404-part 2. In determining the relative abundance of macerals in coals, the maceral
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that is observed on the crosshair under the eye piece is classified and counted, as per SABS

ISO 7404-part 4.

Petrographic composition (i.e. maceral type and mineral matter) influences the ignition
process, reactivity and the overall process efficiency in conversion processes [Cloke and
Lester, 1994]. Petrographic analyses, together with geochemical analyses of coals and coal
seams are useful in predicting combustion behaviour [Gentzis et al., 1996], and provide
useful information that can be used for mine exploration [Orheim et al., 2007]. Thus, coal
petrography is used to establish the applicability of coal in conversion processes [Korwin-
Kossakowski et al., 1990]. Méndez et al. (2003) studied the influence of petrographic
composition and its influence on combustion reactivity. Their findings indicated that a
mixture of macerals and minerals are favourable, and subsequently lead to improved
reactivity. Lopez and Ward (2008) used petrographic methods to determine the mode of

occurrence of mineral matter in Colombian coal samples.

Although petrographic studies have paved way towards the understanding of coal geology
and coal geochemistry, it is also important to highlight some of the challenges related to the
use of the technique. Petrography is time consuming and involves sample preparation, and
requires a skilled petrographer to analyse the coals. The low resolutions from the optical
microscope make it difficult to analyse finely disseminated minerals or particles less than 10

pum in size [Gluskoter, 1975].
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4.3 Characterisation of inorganic and mineral matter in coals using XRD technique

X-ray diffraction is an analytical tool used for bulk analysis of crystalline materials, and
provides crystallographic information and unit cell dimensions of a particular crystalline
material. The technique is based on the interaction of the constructive interference of
monochromatic X-rays with the crystalline materials. The powder X-ray diffraction (PXRD)
technique has been used as a characterisation tool within the coal industry since 1920s, and it
is amongst the well-established and most highly developed techniques used to identify
mineral matter and organic matter in coals [Rao and Glukoster, 1973; Lin and Guet, 1990;

Ward et al., 2001].

Qualitative analyses of organic matter structural parameters such as the degree of ordering,
interlayer spacing, doo, and crystalline size, L, are structural parameters studies for
evaluating the structural properties of coal. However, there are limitations with regard to the
use of PXRD as an analytical tool, which include the low detection limits of composition of
compounds present below 1 wt. %, change in diffractogram characteristics caused by ionic
substitution, grain preferred orientation of minerals such as mica and clays, different
absorption characteristics of X-rays by various minerals in mixtures, overlapping of peaks,
crystallite size, and the inability to characterise amorphous phases [Schoening 1982; Ward,

1999; Ruan and Ward, 2002; Vassilev and Tascén, 2003].

The initial use of XRD on coal was purely on a qualitative and semi-qualitative basis. Semi-
qualitative analyses were obtained by measuring the relative intensities of the main
diffraction peaks, to identify individual mineral phases [Vassilev et al., 1997]. As much as
the technique was used successfully as a characterisation technique for mineral matter, the
inability to quantitatively characterise mineral matter, due to the presence of amorphous

matter in coals was a limiting factor.
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Recent advances allowed for quantitative and direct determination of mineral matter in coals
using Rietveld methods [Ward and Taylor, 1996; Matjie et al., 2016]. Quantitative analyses
are dependent on good sample preparation to produce an accurate diffraction pattern. For
quantitative analyses, both the peak intensity and the peak position must be accurate for one
to extract accurate results. A number of methods were developed for quantitative analyses of
crystalline materials, and the intensity equation is one of the methods commonly used. Peak
intensities indicate the total scattering from the different planes within the crystal structure,

and could serve as an indication of the amount of phases present.

The Rietveld method is the most accurate method used for quantitative analysis of mineral
phases [Hutton and Mandile, 1996]. An internal standard is used to calibrate the scale factors

used by the program. A normalized fit is conducted when an internal standard is not used.

Quantitative analyses using SIROQUANT™, developed by Taylor (1991), is a computer
program based on Rietveld refinement methods. SIROQUANT has received much attention
[Hutton and Mandile, 1996; Lu et al., 2001, Ward et al., 2001; Ural, 2007] mainly because
the quantitative analyses provide more knowledge about crystalline mineral matter compared

to other quantitative methods available [Ural, 2007].

Despite shortcomings presented by the technique, previous studies have shown that there has
been significant success and improvement in characterising mineral matter in coals.
Quantitative analyses of clay minerals using SIROQUANT have been reported by various
authors. Ward et al. (1996) have applied SIROQUANT technique for the determination of
mineralogical analysis of a wide range of sandstones and clay minerals from Australian coal
basin strata. Other studies involved characterising mineral matter in low temperature ash

from various Australian coal samples [Ward and Taylor, 1996].
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Successful work carried on characterisation of mineral matter using SIROQUANT has shown
that there is a good correlation between quantitative analysis of mineral matter using XRD

and chemical composition methods.

Clay minerals are the most abundant minerals found in coal, and the most difficult to identify,
thus ethylene gycol is commonly used to collapse the expendable lattice structure for easy
identification [Wilson, 1987; Ruan and Ward, 2002]. Some of the inherent challenges related
to quantitative analysis of clay minerals include compositional variation, variable degree of
structural order or disorder, and the preferred orientation of clay minerals in powdered

samples.

4.4 Elemental analyses of coal

The X-ray fluorescence (XRF), neutron activation (NA), atomic absorption spectrometry
(AAS), inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively
coupled plasma mass spectrometry (ICP-MS) are destructive methods that require sample
digestion or fluxes to determine elemental composition of major, minor and trace elements, in
coal samples. Although the ICP analyses have been considered the ultimate method for
assessing TEs in coals [Davidson, 1996], only the XRF technique will be discussed in this

review. TEs determination is beyond the scope of this investigation.

4.4.1 X-ray Fluorescence (XRF) spectroscopy

X-ray Fluorescence spectroscopy is a fast, routine technique, widely used for determination
of qualitative and quantitative elemental composition of materials in various research areas,

including geological, environmental, biological and industrial studies [Gupta, 2007].
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The technique depends on fundamental principles that are common to instruments that
operate from the basis of the interaction between electron beams and X-rays, such as SEM-

EDS and X-rays.

Quantitative analysis is dependent on calibration of the instrument with standards that have a
similar composition to the sample of interest. The characteristic energies of the fluorescent X-
rays are recorded with an X-ray detector to determine individual elements; the two main
analytical techniques used are the wavelength dispersive X-ray fluorescence (WDXRF) and

the energy dispersive X-ray fluorescence (EDXRF) spectrometer.

In coal studies, whole coals and coal ashes are analysed using XRF spectrometer. The
samples, fused in a borate glass, are bombarded with primary X-rays from an X-ray tube with
high melting point Cr or W targets. The Cr and W targets are generally used for coal ashes
because these elements are found in low concentrations in coal samples [Huggins, 2002].
Evan et al. (1990) studied eight Argonne Premium coals using both EDXRF and WDXRF to
analyse ash and whole coal samples. In the study, the accuracy of the EDXRF was estimated
at £ 5% for the determination of TEs, while the accuracy of WDXRF was estimated between

2-5% for major elements for whole coals.

Some of the advantages presented by the technique in coal analysis include:

Q) good detection limits below 1 ppm,
(i)  easy sample preparation when compared to wet method analyses such as ICP,

(iii)  full automation of the equipment allows for multiple sample analysis at a time.

90



The limitations of the technique are:

Q) poor sensitivity for detecting TEs when compared to ICP-MS technique
(i) light elements such as C, H, N, and O are difficult to detect, and
(iii) ~ for accurate quantitative analysis, the technique requires the use of standards that

are close in composition to that of the coal sample.

4.4.2 Electron microprobe analyses (EPMA)

Electron probe microanalysis (EPMA) is a non-destructive micro-analytical technique used in
coal studies. Materials are characterised by detecting X-ray characteristics of elements when
the sample is exposed to a focused electron beam. Electron Probe Microanalysis (EPMA) in
combination with energy dispersive spectrometry (WDS) is capable of quantifying different
elements. High energy electrons are focused on the sample, and the characteristic X-ray
radiations are generated as a result of the interaction between the electron beam and the
irradiated sample. For quantitative measurements, a wavelength is selected and the
monochromatic radiation is diverted to a counter. The intensity is then translated into
concentration, by comparing the composition of an unknown sample to a known standard,
using the ZAF method [Ward and Gurba, 1998]. The three constituents of the matrix are Z,
which is the atomic number correction; A is the absorption correction, and F the fluorescence
correction. The ZAF method is described by Equation 4-10.

u uru u u
W™ I F; i Fy i Fr

std ~ ystd pstd pupu
Wtd "~ [t st pa

Equation 4 — 10

Where, indices, u, and std refer to the unknown sample and the standard sample.
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The Fz, Fa, Fg corrects the differences in atomic number, absorption, and secondary
fluorescence in the standard and unknown sample [Ward and Gurba; 1998]. Quantitative
analyses using the ZAF method are calculated on the basis and assumptions that the
intensities of both the standard and unknown sample are collected under identical

experimental conditions.

Analyses using EPMA can be performed on flat surfaces, and single point data measurements
[Ward, 1999]. However, a large population of sample would be required to obtain statistically
meaningful data. Analyses can be performed on a population of anything between 100 and
4000 particles. The large amount of data received from EPMA analyses can be refined and
reduced using statistical methods. The analysis of large population of data is made possible
because of the automation of the technique, which improves both the accuracy and
acquisition time. The technique can be used to determine particle size, elemental chemical

composition and mineral association with organic matter in coals [Gupta, 2007].

Ward and Gurba (1998) used the technique to study the occurrence and distribution of
organic sulphur in coals from the Gunnedah Basin. EPMA with an automated image analyser
(AIA) can be successfully used for rapid determination of mineral matter in coal. A study by
Shirazi et al. (1994) highlighted the fact that the method is reliable for the direct
determination of mineral matter in coal, by providing accurate results, compared to indirect
methods. Most recently, Matjie et al. (2016) used electron microprobe together with

conventional techniques to characterise mineral matter and individual macerals.
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4.5 Fourier Transform Infra-Red (FTIR) spectroscopy

Fourier Transform Infra-red spectroscopy is one of the most popular techniques used to
characterise both the crystalline and amorphous matter in coals [Bosman, 1983; Li et al.,
2008], since both the macerals and mineral matter absorb within the infrared region [Rochdi
and Landais, 1991; Saikai et al., 2007]. Other materials characterised by FTIR include
kerogens, and sediments in organic geochemistry. The vibrational spectroscopic
investigations yield useful information such as hydration characteristics, interlayer cations,
and moisture content, particularly in clay minerals [Saikai et al., 2010]. Ideally, FTIR can be
used to observe changes in aliphatic, aromatic, and inherent minerals such as loss of water,
with increasing temperature. This is valuable information that can be used to understand
processes such as coal carbonisation, fluidity and coal oxidation [Cole-Clarke and Vassalo,

1992].

The transmittance and reflectance micro-FTIR spectroscopy is sensitive to structural changes,
due to the oxidation of coals, stretching bonds of aromatic rings and carbonyl functional
groups, and oxidation of whole coals and individual macerals [Mastalerz and Bustin, 1993;
Cloke et al., 1997]. The technique is capable of discriminating between a raw coal and treated
coals, by studying the functional groups, and fingerprint region. As a result, the technique
was found to be an ideal tool to characterise chemical functional groups of coal macerals

[Chen et al., 2012], coal chars and liquefaction products.

There has been an increasing appreciation for the use of micro-FTIR to study mineral matter
in coal. Early work on characterisation of mineral matter using FTIR was conducted by Estep
et al. (1968) and Painter et al. (1978). The major challenge of characterising coals is due to
the interference between functional groups of organic matter, and mineral matter. As a result,

better characterisation of mineral matter is conducted on LTAs [Painter et al., 1978].
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The mineral matter identified in the study was kaolinite, quartz, gypsum, calcite, illite,
montmorillonite, and pyrite, among other minerals [Painter et al., 1978; Shepherd et al.,

1986].

Baruah et al. (2003) investigated the mode of occurrence of organically and mineral bound
elements from LTA samples prepared from Assam coals, India, using FTIR techniques. In the
analyses, mineral matter such as calcite, siderite, gypsum, jarosite, kaolinite, chlorite, and
pyrite were identified. Findings from the study further elucidated that both XRD and FTIR
were more comprehensive, and gave more insight about the nature of bonding of mineral

matter found in the coals.

Han-xu et al. (2008) used FTIR to study ash melting behaviour of coals from China. The aim
of the work was to understand properties that influence performance of coals in gasification.
The study was used to correlate AFT, chemical composition, mineralogical phases, and
functional groups by linking AFT to location and transmittance of different absorption peaks.
The Si-O-Si absorption bands at 1080 cm™ and 476 cm™ of coal ashes with low AFT were
shifted to high and low wavenumbers respectively. The asymmetric broad band at 900-1200

cm™ was related to low AFT, whilst the symmetric band corresponded with high AFT.

Although Jenkins and Walker (1978) considered IR spectroscopy to be the promising
technique to characterise mineral matter in coal, the developments in the use of FTIR showed
that the technique was of less significance in studying mineral matter in coals, because the
technique is best suited for specific identification of specific minerals, particularly clays

[Farmer, 1974], quartz, and carbonates [Ritz and Klika, 2010].
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Qualitative and quantitative analysis of mineral matter in coal can prove challenging, mainly
because of the presence of organic matter [Rochdi and Landais, 1991]. Similar challenges
were reported by Martinez-Tarazona et al. (1992). However, the least square fitting methods

can be used to resolve the problem.

4.6 Micro Raman Spectroscopy (mRs)

Raman spectroscopy is an analytical technique that probes materials on a microscopic level
by measuring the changes in the vibrational energies from a sample that is illuminated by
monochromatic light (laser) to excite molecules. The excitation energy changes the state of
molecules from the ground state to a virtual state. The excited molecules return to a different
energy state after emitting a photon. The scattered light is emitted either elastically or
inelastically, causing an increase or a decrease in frequency of the emitted photon, which will

differ from the excitation wavelength.

The Raman spectrum is characteristic of a specific material, with shifts giving energy and
providing information such as the chemical bonds, and molecular composition about the
phonon modes that are described by vibrational, rotational and other low frequency modes.
Factors that control the quality of the Raman spectra are the type of laser, power of the laser,
and the accumulation time. Lapuerta et al. (2011) studied the effect of these parameters on
soot products. The presence of fluorescence in the analyses involving Raman spectroscopy
generates a background that makes it difficult to resolve any underlying peaks. Possible ways
of addressing fluorescence in the analyses is to bleach the samples by exposing samples to

longer laser exposure times, subsequently reducing the effect of fluorescence.
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The laser is used as the beam of monochromatic light to excite the molecules and produce a
Raman spectrum for a material. The monochromatic light must be stable, with low
background emission. The probes collect the scattered photons, filtering out the Rayleigh
scatter and direct the Raman scatter to the spectrograph. The Raman scattered photons are
separated by wavelength using a transmission grating and then passed on to a detector, which
records the intensity of the Raman signal at each wavelength. The data is then plotted as the

Raman spectrum.
Information that can be extracted from a Raman spectrum includes:

() band position which gives chemical bonds, composition of a material, phase
transformation, polymorphs, hydrates, non-hydrates, and molecular confirmation;

(if) band shift gives information pertaining to grain size, coherence length, stress and
temperature;

(iii) band asymmetry which gives information regarding possible defects in a material, and
along grain boundaries, and lastly;

(iv) band width, will tell if the material is ordered or disordered.
The advantages that make the mRs techniques attractive include:

(i) minimal or no sample preparation;

(i) structural changes observed and detected accurately because of high resolutions;

(iii) the size of the laser allows for a small area to be analysed; and

(iv) the vibrational spectrum from 50 to 4000 cm™ can be observed in a single recording

instrument.
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However, the performance and efficiency of micro-Raman spectroscopy can be affected by
factors that can limit the application of the technique. Such limitation can include:

Q) the weak Raman effect for Raman inactive materials,

(i) intense laser radiation can destroy the sample that is being analysed,

(iii)  the detection must be sensitive and highly optimised,

(iv)  Fluorescing materials can be difficult to characterise.

4.6.1 Application of Raman spectroscopy within the coal industry

Similar to FTIR, mRs can be used to determine structural properties or composition of coal,
and the two spectroscopic methods are complementary. The technique can probe a material
on a molecular level, at high spatial resolutions, providing information on the crystallinity of
a material, (i.e. degree of ordering or disorder), symmetry, phase transformation, hydrates,
non-hydrates, and molecular confirmation. Moreover, the technique does not rely on the
crystalline structure of the molecule like XRD and is therefore sensitive to amorphous
compounds too, unlike XRD. The use of Raman spectroscopy is becoming more attractive,
because the instruments are now portable, and execute results faster, with high spatial
resolution, and reproducibility. The technique has a wide range of applications in industries
such as pharmaceutical, ceramics, art, forensic sciences and materials characterisation

[Michel et al., 1996; Liem et al., 2000; Smith and Dent, 2005].

Infrared (IR) and nuclear magnetic resonance (NMR), Transmission Electron Microscope
(TEM), XRD, and mRS are techniques used to study structural order of carbonaceous
material. However, mRs remains the best possible technique to study carbonaceous materials
[Beyssac et al., 2003], because of its sensitivity to change in structural disorder [Mennella et

al., 1995].
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The mRs is used extensively for characterisation of various carbonaceous materials such as
coals, inorganic inclusions, char, fly ash, anthracite, kerogens, graphite, diamonds, and the
determination of char reactivity [Nakazimo et al., 1974; Johnson et al., 1986; Wagner et al.,
1989; Jehlicka and Beny, 1992; Quirico et al., 2005; Zaida et al., 2007; Guedes et al., 2010;

Silva et al., 2012] because of its sensitivity to structural disorder. Raman spectral parameters

such as intensity ratio, R = % and the coherence length, L, are used to determine structural

and phase information of carbonaceous materials.

Initial mRs studies of carbonaceous materials were first reported by Tuinstra and Koenig
(1970), where graphite (a highly ordered structure) was studied. A single shift on the Raman
spectra of the first ordered graphite was observed at 1580 cm™ wavenumber, also referred to
as the G-band. The peak is due to the Eyg, vibrational mode. The peak at 1380 cm™ occurs in
poorly structured carbonaceous materials, and is referred to as the D-band. It was concluded
that the D-band was due to structural defects, which affects the crystalline symmetry [Tsu et
al., 1977]. In addition to the G and the D band, other peaks are observed in the first order and
second order spectrum. The 1150 cm™ peak is associated with sp® or mixed sp? - sp® bonding,
which are the active sites in carbon. The second order spectrum is generally more sensitive to

the deformation than the first order peak, as indicated in Figures 4-1 and 4-2.

98



A o Raman
Eag Active
o — N ——
18650 1800 15‘50 om0 1ooa B 47 :m_1 16E2 cl'r!‘1
g
Xy ag "
. - "“-—-. ; m (]
1E5D 1= 1550 FEr 1. [3-1 11 EW Eﬁﬂ
-]
L - aa g |
L —-:"‘*--_-";-—"ﬁ; == L-|:—._— Infra-Red
T41.] (5-r=l 1550 L L= 30 Active
e | #a ‘
: JIIA_=. ol BB8 em 1568 o’
1850 =T eSS0 T iabe | raso
e Eat | ¥
% I . ___JL__ Bgy Eqy
450 H= Tead Lpo ErT]
™ Optically
e e s ., " J] Inactive
— T F — — —
EPT] LanD T S EFT) 1A50
2 Il ~aroem’
) A e I
ra'so TaDo rEs0 | ano Tzsa @
C@ ' 1 B
u.;r-— 1eod PS50 __'_'I =.'|:h5- ) ;350
el
Figure 4-1: Raman spectra of condensed aromatic | Figure 4-2: Vibrational modes for single crystal graphite
hydrocarbons [Nakazimo et al., 1974] [Wang et al., 1990]

The use of Raman spectroscopy as a characterisation tool for identification and structural
analysis of minerals has been recognized since 1975, and the technique was first introduced

in the cement industry by Bensted since 1974 [Bensted and Varma, 1974].

However, an increase in the use of the technique on cementitious material, including fly ash,
metakaolin, Portland cement, and calcium sulfoaluminate gained popularity when the
instrumentation and the software packages were improved, with intentions of overcoming
weak Raman signals that were obtained from analysing cementitious materials [Potgieter-
Vermaak et al., 2006]. There has been a growing interest in using the technique to study
minerals [Potgieter-Vermaak et al., 2011; Mernagh and Trudu, 1993; Coleyshaw et al., 1994]
with the point counts providing information regarding mineral abundance, association, grain
size, etc. Furthermore, variability of mineral composition and discrimination of polymorphs
can be deduced from Raman analysis. Mineral groups with their respective characteristic

spectral regions are summarised in Table 4-1.
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For example, carbonates have their respective characteristic Raman fingerprint within the

1030-1130 cm™ region, whilst sulphide minerals vibrate at frequencies below 500 cm™.

Table 4-1: Mineral groups identified in Raman spectroscopy

Mineral group Spectral region (cm™)
Carbonates 1030-1130
Sulphates 950-1100
Phosphates 900-1100
Oxides 640-780; 200-400; 1300
Sulphides Below 500
Tectosilicates 240-300; 425-545
Layer silicates 650-780; 800-1150
Orthosilicates 800-1000

Over 1000 minerals have been positively identified using Raman spectroscopy and the data is
found in various libraries worldwide. Little work has been conducted to study mineral matter
in coal, with fluorescence being a serious disadvantage and limitation in mRs techniques. As
stated earlier, this project applies this technique to characterize major mineral matter in
selected coal samples, and considers prospects of using the technique on-line, with the

ultimate aim of improving combustion efficiencies.

The ability to characterise both mineral matter and organic matter using the same instrument
will have economical value to coal characterisation in general. The non-destructive nature of
the technique allows for direct characterisation of in-situ coals, at a spatial resolution of 1pm.
This provides unaltered and detailed information about coal origin, association and
heterogeneity better than bulk measurements analyses [Chen et al., 2012]. Furthermore, the
instant results would allow for the necessary downstream process changes, and thus mRs
technique is currently gaining popularity within the coal industry. The obvious advantage of

using mRs technique is the ability to characterise the sample without preparing the sample.
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4.7 Scanning Electron Microscope (SEM) and Computer Controlled Scanning Electron

Microscope (CCSEM)

Scanning electron microscopy, equipped with an energy dispersive X-ray analysis (EDX), is
a powerful tool that has been widely used over the past 20 years to characterise mineral
matter. Similar to the optical microscope, the SEM analyses are based on observation of
mineral matter in coals. The SEM-EDX provides information on maceral-mineral matter
association, grain morphology and mineral intergrowths, and the determination of included
and excluded mineral data of individual particles [Gupta, 2007]. The coupling with the EDX
allows for compositional analyses on components of interest. The Computer Controlled
Scanning Electron Microscope (CCSEM) is an advanced SEM technique, boosted with
backscatter electron detector, digital beam control, an ultra-thin window energy dispersive X-
ray detector for better imaging and analysis of low-Z elements, and analysing mineral matter.

The CCSEM gives more information compared to conventional SEM-EDX technique.

The technique allows mineral matter to be analyse on a particle to particle basis, and particles
as small as 0.5 um in size can be resolved using the technique [Saikai and Ninomiya, 2011].
The equipment has the capability to analyse both the crystalline and non-crystalline mineral
matter. The technique is helpful in predicting char fragmentation, ash deposition behaviour

[van Dyk et al., 2009] and the extend of coal beneficiation [Strasheim et al., 1988].

The QEM*SEM is an automated image analysis system, coupled to a SEM. QEM*SEM uses
backscattered electron (BSE) and EDX signals from SEM to create an image across the
sample. The QEM*SEM was first developed by Gottlieb et al., (1991). The image of the
pixel information derived from BSE and EDX gives information about the chemistry, and

association of components under the electron beam.
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The QEM*SEM gives detailed information over a large scan area, rather than on a few
points, as it is the case with SEM and optical microscopy. The computer is used to monitor
stage movement of the sample and the electron beam, and also collects and analyses the data
of about 100 000 points at relatively high speeds. Thus, QEM*SEM is complementary to the

electron probe micro-analyser.

The statistical information obtained from the technique gives mineral volume fractions, size
distribution, shape parameters, mineral association, and the degree of mineral liberation
[Creelman and Ward, 1996]. The study on various coals by Creelman and Ward (1996)
showed that there was a good correlation in quantification of mineral matter, particularly,
quartz and siderite when using QEM*SEM analyses and chemical analysis data. In the study
it was concluded that QEM*SEM was more detailed in terms of characterising mineral matter
in coal and performed better when compared to the conventional petrographic methods

[Creelman and Ward, 1996].

Wigley et al. (1997) studied a series of coal samples from various deposits across the world.
The aim of the study was to characterise particle size distribution of mineral matter in
pulverised coals. The findings of the study concluded that mineral matter in South African
coals were more organically bound, compared to Northern hemisphere coals studied.
Research studies have also applied QEMSCAN as a detailed technique to understanding the
effect of mineral matter on gasification and combustion processes [Matjie et al., 2011; Saikai

and Ninomiya, 2011].

Saikai and Nimomiya (2011) used the CCSEM to investigate the distribution of
heterogeneous mineral matter in Assam pulverised coals. From the study, major and minor

minerals were identified. The particle size distribution (PSD) of included minerals was found
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to be fine and these included minerals had an effect on the reactivity of coal samples. The
mode of occurrence of major inorganic matter was also associated to the different mineral
matter. The advantages presented by QEMSCAN technique has contributed significantly
towards progression in clean coal technology. For example, Beér et al. (1992) used
mechanistic models to predict slagging and fouling, and in the study CCSEM data was used

as input to the model.

4.8 Chapter summary

From literature studies it was observed that indirect determination of mineral matter is not
adequate in characterising mineral matter in coal. This creates a need for a holistic direct
approach in accessing mineral matter in coals to understand their behaviour and overall
impact on the environment. However, despite the extensive amount of work that has been

conducted to date, little is still understood or known about mineral matter.

This could be attributed by the fact that most advanced characterisation methods have not
been fully explored, and more work is still to be done. The literature to date suggest that the
combination of various techniques (including traditional routine-based as well as new macro-
and microanalysis techniques) are to be considered for characterisation of raw coal and ashes,
to establish their behaviour and characteristic properties in respective conversion processes.
Most of the literature described here used a compendium of techniques but none that the
author is aware of used all the above mentioned techniques to characterise the mineral matter
in coal. In this research, proximate analysis, ultimate analysis, AFT, petrography, mRS, FTIR,

XRD, SPA-EPMXA, and XRF will be used to characterise coals.
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CHAPTER 5: EXPERIMENTAL PROCEDURE

5.1 Introduction

Laboratory based analyses were conducted to address the objectives proposed in Section 1.6.
In the study, coals were investigated following two different routes. The initial stage of the
work was to determine the physico-chemical properties of coals, which included proximate
and ultimate analyses, ash chemistry, ash fusion temperature, elemental analyses, and
structural properties of mineral matter in coals. The second stage of the research work was to
characterise the mineral matter, with less interference from the organic matter. This was
achieved by driving off the organic matter at low and high temperatures, producing LTA and
HTA samples. The analytical techniques used to characterise mineral matter is outlined in
Table 5-1. A schematic lay-out of the analyses conducted is presented in Figure 5.1. The primary
objective of the work was to use mRs as the primary analytical tool, complemented by other

techniques.

Table 5 - 1: Characterisation methods conducted on raw and ash samples.

Samples Analytical methods

Raw coals Proximate, Ultimate, XRF, AFT, SPA, Petrography, XRD, FTIR, and
mRs.

Low temperature ashes XRD, FTIR, and mRs

High temperature ashes XRD, FTIR, and mRs
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Figure 5-1: Experimental work overview

5.2 Geographical overview of the coals studied

Coals studied were selected from three different coal mines situated in different geological
settings. The intention was to obtain coals with a varying mineralogical signature. A total of 4
coal samples were selected for the study, all being medium rank C-bituminous coals, and
identified as coals A, B, C and D. Due to concerns regarding confidentiality, the exact
location of the samples cannot be revealed. However, a broad overview of location and
geological background of South African coals is provided in Section 2.2 (Figure 2-1). Sample
C, a discard coal was included in the investigation because of the high ash content (> 60 wt.
%). The typical composition of a South African discard coal has a high ash content (10-70%),
low calorific value (8-26 MJ/kg), low volatile matter (8-30%), and high sulphur (0.8-8%)

content.
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5.3 Sample preparation

Sample preparation is important and critical for obtaining a representative coal sample, and
for subsequent analyses. Cone and quartering was conducted to obtain a representative
sample from the as-received raw coals. A Retsch ZM 200 mill was used to pulverise the
samples to the desired particle size, as required by a specific test or analyses. The mill speed
was set at 6 000 rpm. The particle sizes obtained from the mill were classified, using sieve
sizes ranging between 150 and 1000 pm in size. Samples were split using a riffler to obtain

respective particles sizes for ashing (LTA and HTA) and characterisation.

5.4 Proximate analyses

The four parameters determined by the proximate analyses are fixed carbon, volatile matter,
ash content, and moisture content. An in-house Perkin Elmer Simultaneous thermal analyser
(STA) 6000 was used to determine proximate analysis of raw coals from an in-house thermo-
gravimetric (TGA) method. A representative sample was pulverised to -150 pum particle size.
A sample mass of approximately 15 mg was pre-weighed inside an alumina crucible, and
then heated under nitrogen gas flowing at the rate of 14 ml/min. The coal was heated at
50°C/min to 110°C and held at that temperature until a constant mass was reached. The
sample was further heated to temperatures up to 900°C at a rate of 50°C/min. Nitrogen gas
was then switched to oxygen. The oxygen gas was introduced at the rate of 14 ml/min. The

oxygen gas was introduced to aid combustion.

Surface moisture was calculated by taking the difference in mass between the initial sample
mass and the stable mass at 110°C. Volatile matter is derived from organic matter and
mineral matter. Organic matter volatiles include gases such as CH4, CO,, CO, N, and

hydrocarbons.
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These volatiles influence the ignition temperature and combustion characteristics of coals.
The sources of volatile matter derived from mineral matter include CO, from carbonate
minerals, SO from pyrite and water of crystallisation from clay minerals. The volatile matter
content gives an indication of the gaseous phases found in coals. Thus, during the analysis,
volatile matter is represented by the mass loss between the stable sample mass at 110°C and
stable mass at 900°C. Residue is presented by the mass percentage remaining after all the
carbon is burnt off at 900°C in air [Falcon and Ham, 1988]. The analyses were repeated three

times in each case, to check for consistency and repeatability of results.

Fixed carbon is the carbon solid residue that remains once all volatile matter is driven off
[Falcon and Ham, 1988]. The fixed carbon content gives an indication of the heating value of
coals. Fixed carbon content was calculated by taking the difference from 100% of total
surface moisture, volatile matter and the ash residue contents. Inherent moisture is the water
that remains entrained in coal pores and fissures after all the surface moisture has been
removed. Ash content is the residue that remains after all the organic matter has been driven

off during combustion.

5.5 Ultimate analysis

Carbon, (C), and hydrogen (H) are the major combustible elements found in coals. The
typical nitrogen (N) content in coal samples generally varies between 1-2%. The oxygen
content helps with the ignition of coal samples, and it is generally inversely proportional to

the C-content.

Coal samples were submitted to ALS, Witbank for ultimate analyses. ASTM D5373 was

followed, for the analyses of C, H, N, and O (by difference). The coal samples were also
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analysed for the forms of sulphur (total sulphur, organic sulphur, and pyritic sulphur). ASTM

D 4239 was followed for the determination of sulphur and the different forms of sulphur.

5.6 Forms of sulphur

Sulphur is one of the most problematic elements found in coals. The abundance of sulphur in
coal is variable, ranging from 0.5% to 5 wt.% of total sulphur [Chou, 2012]. Coals with
sulphur content of less than 1 wt. % are classified as low sulphur coals. Coals with sulphur
concentrations ranging from 1% to 3% are classified as medium sulphur coals, and coals with
sulphur content greater than 3 wt. % are classified as high sulphur coals. The three forms of
sulphur in coal are pyritic, organic and sulphate sulphur (Ssup). Pyritic sulphur (Spyr) is
determined by calculating the amount of pyrite extracted by nitric acid. Organic sulphur (Serg)
in coals is difficult to determine, and thus, ASTM methods are used to determine organic
sulphur, by calculating the difference between the total sulphur and the sum of pyritic and

Ssulp-

5.7 Ash fusion temperature (AFT)

The four samples were submitted to SABS Commercial (SOC) LTD Mining and Minerals
labs in Witbank for analyses. The test was conducted following the ISO 540 method. The
standard method is designed to simulate the behaviour of coal ash under either oxidising or

reducing environments.
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5.8 X-ray fluorescence (XRF) analyses of coal ash samples

Pulverised (-212 pm) coal samples were submitted to SABS Commercial (SOC) LTD Mining
and Minerals labs in Witbank for analyses. The samples were ashed according to the ISO

1171:1997 standard method.

Coal ashes were subjected to XRF analyses, for the determination of chemical composition of
10 major and minor elements (Al, Mg, Ca, Si, Fe, S, Na, K, P and Ti) present in coal samples.

The composition of major and minor elements is reported as oxides.

5.8.1 Preparation of pellets

Fused beads were prepared by mixing approximately 1 g of coal ash samples with 9 g of
fusion flux (Lithium borate [Li,B4O7]) and fused inside a platinum crucible at 1050°C using
M4 Fluxer Claisse, as described in the ASTM D3682 method. The molten mixture was
poured into a mould to form a pellet of approximately 1 mm thickness. The dispersion of
mineral species in glass allows for homogeneous distribution of elements, and improved
determination of major and minor elements [Suarez-Fernandez et al., 2001]. The bottom
surface of the bead was bombarded with primary X-rays for chemical analyses, with SARM

19 from Mintek used as a reference material.

The XRF analyses were conducted on a wavelength dispersive Thermo Fischer Scientific
instrument. The current was set at 80 mA, and the voltage at 30 kV. The spectrometer has
scintillation (SC) and flow proportional (FPC) detectors and LiF220, PET, LiF, analysing
crystals. Detectors are used to convert X-rays into electronic signals, which can be used to
determine energy and intensity emitted from the sample. Characteristic energies of

fluorescent X-rays were determined individually and quantitative analyses were obtained by
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measuring the intensity of characteristic lines of the elements, using WIN XRF software. The

detection limit of the instrument was set at 0.8 ppm. The elements were reported as oxides.

5.9 FactSage modelling

Computer assisted thermodynamic modelling of phase equilibria was used to predict possible
high temperature phases that could form at high temperatures between 1100°C and 1400°C.
The FactSage (7.0) thermochemical modelling software in combination with Fact PS, FT-
oxid, and SGTE solution databases were used to predict possible reactions and equilibrium
slag, gas and oxide phases. The thermodynamic equilibrium calculations of the four samples
were conducted in a temperature range from 1100°C to 1400°C, and atmospheric pressure.
The initial inputs to the modelling programme were the ash oxide composition of the coals

determined by XRF analyses.

5.10 Electron Probe X-ray Microanalysis (EPXMA)

Single particle analyses using EPMA were conducted on raw coals and ashed samples (LTA
and HTA). The purpose of the analyses was to determine the abundance and association of
minerals in the investigated samples. The samples were submitted to Manchester
Metropolitan University, (UK), for analyses. Approximately 1 mg of milled coal sample of
particles size less than 20 um in size was suspended in acetone. The suspension was filtered
on a 47 mm nuclepore filter with 0.4 um pore size using a polycarbonate Sartorius filter
holder. Whatman filter paper was placed under the nuclepore filter to enhance a
homogeneous distribution of particles. A part of the filter paper was mounted on a double

sided tape on a clean plastic plate and fitted into the microprobe sample holder.
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The low-Z (Z<11) and high-Z elemental composition of the particles was analysed with
electron-induced X-ray spectrometry, performed on an electron probe X-ray micro-analyzer
(EPXMA, JEOL 733, Tokyo, Japan) coupled to an atmospheric ultra-thin window X-ray
detector (Oxford, Abingdon, UK). The acceleration voltage, beam current, and X-ray
accumulation time were set at 10 kV, 1 nA, and 10 s (automatic mode)/20 s (manual mode),
respectively. In order to minimise the loss of volatiles, particles were cooled to liquid
nitrogen temperature. Between 100 and 500 particles were analysed. Over 60% of the
particles analysed were below 2 pum in size, with an average particle size of approximately
0.5 um. About 30% of particle size analysed was between 2 um and 5 pum, and approximately

10% of the particles above 20 pum in size.

Automatic detection and X-ray analysis of the particles where achieved by an in-house
program that is based on back-scatter images. The X-ray spectra were processed using AXIL
software for both EDXRF and EPMA. For EPMA, quantitative calculations of the particle
composition (including light elements such as C, N and O) were performed using a recently
developed method based on iterative Monte Carlo simulations. In order to establish the mode
of occurrence of major elements in raw coal and coal ashes, statistical correlation method of

cluster analysis and factor analysis were performed.

A multivariate technique was used to reduce large data generated from the analyses. The
statistical technique used was based on compositional similarities and relative abundance of
elemental composition in coal and ashed samples. The purpose of clustering analysis was to

group similar elements together.

Chemometrics employs mathematical tools to process large data. Clustering analysis is a

common chemometric method, based on mathematical algorithms, and frequently used to
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characterise aerosol particles in groups according to their chemical similarities. However,
clustering interpretation is based on the experience of the user, and therefore introduces some
degree of subjectivity. The chemical classification method, based on chemical boundary
condition (CBC) is an easier approach to characterising single particle components into
various classes. This work followed CBC outlined by Kandler et al. (2007) because of the

common mineral groupings of materials investigated.

The criteria used in the study are based on mineralogical criteria, with elemental ratios based
on the stoichiometry of pure substances. Elements considered for the clustering analyses
included 16 elements (C, N, O, Na, Mg, K, Al, Si, P, S, Cl, Ca, Ti, Cr, Mn, and Fe), and the
particles were clustered into 11 different classes of iron-rich, titanium-rich, carbonates, other
calcium-rich, gypsum, halite, quartz, silicates, sulphate-silicate mixtures, sulphates and

others.

The gypsum class contains all particles with a formula related to CaSO,4.XH,0. The iron-rich
class contains all the particles with iron oxide and hydroxides. The silicate class contains all
the aluminium silicates and quartz. The class classified as other, contains all other particles
that have mineral characteristics but not satisfying the boundary conditions of the mineral

classes.

Principal Component Analysis (PCA) was applied to the dataset to find the association
between elements. The PCA technique extracts Eigen values and vectors from the covariance

values of the original matrix to measure the association variance.
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5.11 Petrographic analyses

Polished sections were prepared for petrographic analyses. The blocks were prepared by
mixing coal samples prepared to -1000 um with IMP cold mounting resin. The samples were
left for 24 hours to set. The blocks were polished in a series of steps on the Stuers

TegraForce-1 polishing machine to a 0.05 pm finish, as per SABS ISO standard 7404-2.

Maceral group analysis (including mineral matter) was conducted following SABS ISO
standard 7404-part 4. The main maceral groups (namely vitrinite, inertinite, and liptinite)
were sub-divided, and the main petrographically observable mineral groups (namely silicate,
pyrite, carbonates) were also recorded. A more detailed petrographic analysis focusing on the
mineral matter, mode of occurrence, and morphology was developed for the purpose of this

research.

This analyses was also point count based, recording 500 particles per sample. All
petrographic analyses were undertaken by Prof. Wagner at the University of the
Witwatersrand using a Leica DM 4500P reflected light microscope with oil immersion lens at
a magnification of 500X. Petroglite software and an automated stage was used for point
counting. Photomicrographs were taken on a Zeiss Universal petrographic microscope with

Axiovision software.

5.12 Powder X-ray Diffraction (PXRD) analyses

Powder X-ray diffraction was used to determine the quantitative composition of the phases
and multiphase mixtures of mineral matter present in coals and coal ashes using a Bruker D8
diffractometer, housed at the University of the Witwatersrand. The instrument uses Cu-Ka

radiation as the excitation source with the instrument generator settings at 40 kV and 20 mW.
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Samples were scanned from 5° 26 to 90° 20 at a scan rate of 0.02 260. The X’Pert HighScore
software package was used for qualitative analyses of diffractograph patterns obtained.
Minerals were identified by reference to the ICDD powder diffraction file. Quantitative
analyses of mineral phases in the raw coal and LTA were performed by SIROQUANT™,
commercial interpretation software written by CSIRO, based on the Rietveld XRD analysis

technique.

The mineralogy of each LTA sample was analysed by PXRD using a Phillips X'pert
diffractometer with Cu- Ka radiation source, and the minerals present identified by reference
to the ICDD Powder Diffraction File. Quantitative analyses of mineral phases in the LTA
were made using SIROQUANT™, commercial interpretation software written by CSIRO

[Taylor, 1991] based on the Rietveld XRD analysis technique.

The clay fraction (less than 2 um effective diameter) of each sample was isolated by
ultrasonic dispersion in sodium hexametaphosphate (Calgon) and subsequent settling. The
clay fraction was investigated further by X-ray diffraction of oriented aggregates, using
glycol and heat treatment. The relative proportions of the different clay minerals in this
fraction for each sample were determined by the method of Griffin (1971). The inferred
chemical composition of the ashes expected from each sample, calculated from the mineral

abundance and assumed mineral compositions, is given Appendix F.

5.13 Fourier Transform Infrared (FTIR) analyses

Transmission FTIR measurements of coals and coal ashes were recorded at room temperature
on a Vortex 70 FTIR instrument housed at the University of the Witwatersrand, School of

Chemistry and at Manchester Metropolitan University, (UK), equipped with an attenuated
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total reflectance (ATR) stage. A background scan was collected by the spectrometer, before
any samples could be analysed. Powered samples were then placed on the diamond and an
arm lever applying a constant torque was used to ensure that the contact with the spectral
window is constant throughout. In order to improve noise to signal ratio, 128 scans were
collected at a resolution of 2 cm™, and averaged. The spectral range collected in the
transmittance mode was set at 500-4000 cm™. The Opus software was used to interpret and
manipulate the data. An inbuilt spectral library was used to identify components that made up

the coals.

5.14 Micro-Raman Spectroscopy (mRs) analyses

The mRs technique was used in the study to determine the structural composition of mineral
matter (MM) in coals. The mRs analyses were conducted on powdered samples and polished
blocks that were prepared for petrographic analyses. The reason for analysing both prepared
blocks and powdered samples was to see the effect sample preparation would have on Raman
analyses, since it has been reported that no sample preparation is required for mRs
techniques. All the acquired Raman spectra were measured at room temperature using a
Bruker SENTERRA spectrometer. The analyses were performed at the University of the
Witwatersrand (Wits) and at Manchester Metropolitan University (MMU). The instrument
was equipped with a monochromatic (Nd: YAG laser) laser, filter system, Olympus optical

microscope and a thermo-electrically cooled charge-coupled device (CCD) camera.

Continuous wave laser energy at a wavelength of 532 nm (green light) was used as the
excitation source. The laser power was set at 10 mW to prevent the sample from degrading;
however, the power was varied depending on the size of mineral viewed under the

microscope. An Olympus 20X objective was used to focus on the sample and the analysed
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sample could be viewed on the computer in the video measurement screen of the OPUS
software. The instrument was equipped with a microscope stage that moves the sample in the
x and y directions. The sample was focused by increasing the depth of the image focal plane.
Spectral accumulations were obtained at the integration time that was varied between 10 and
50 s, at an instrument resolution of 3-5 cm™. The spectral range selected for the analysis was
from 50-2750 cm™. The instrument was calibrated using the 520 cm™ shift silicon wafer
before measurements. The system photomultiplier records the signal of the illuminated
analysed spot. The recorded Raman spectra was analysed using the OPUS 6.5 software
package for data analysis. In order to validate the results, about 100 spots were measured on

each individual sample.

5.15. Low temperature ashing (LTA)

Gluskoster (1965) introduced a low temperature ashing (LTA) method which used oxygen
plasma to drive off organic matter in the coal structures. In LTA process, the organic matter
is driven off leaving behind ash. The LTA gives a close representation of mineral matter in its

least altered state [Gluskoter, 1975; Miller et al., 1979; Vorres, 1986].

The LTA samples were prepared at CSIRO, Australia. A representative sample of particle
size below 150 um was subjected to low temperatures (120°C) using oxygen-plasma IPC 4-
chamber asher, as outlined in Australian Standards 1038, part 22. The mass percentage of
LTA was determined, and the mineralogy of each LTA fraction was characterised by XRD
technique. Other analyses conducted on the prepared LTA samples included SPA, FTIR, and

mRs analyses.
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5.16 High temperature ashing (HTA)

High temperature ashing was conducted at the University of the Witwatersrand. Ashing was
performed by placing a pulverised coal (-150 um) of a known mass in a boat alumina
crucible. The sample was placed inside a muffle furnace. The heating rate was set at
50°C/min and the samples heated to temperatures of about 815°C. The coal samples were
held at the temperature for an hour. After complete combustion, ashes were collected and

weighed. High temperature ashes were analysed using XRD, FTIR, and mRs techniques.
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CHAPTER 6: RESULTS AND DISCUSSION

6.1 Introduction

This chapter presents results obtained from the characterisation of the four South African raw
coals, and their low and high temperature ashes, following experimental methods discussed in

Chapter 5. The results are structured and presented in four parts:

() The physico-chemical properties of raw coals discussed include the proximate and
ultimate analyses, and ash chemistry. Indices based on ash chemistry results and
AFT’s are used to evaluate the slagging and fouling propensities of coals.

(i) The petrographic results of maceral and mineral matter of raw coals are discussed.

(iii)  The structural analyses of raw coals, LTA and HTA determined by XRD, FTIR,
and mRs are presented and discussed.

(iv)  The last section presents elemental analyses results of coals using single particle

analyses.

6.2 Physico-chemical analyses of raw coals

The physico-chemical properties evaluated for the four coal samples are proximate and
ultimate analyses, forms of sulphur, ash chemistry, and AFT analyses. These parameters are

commonly used to assess the application of coals in conversion processes.

6.2.1 Proximate and ultimate analyses of coals

The proximate analyses give an indication of the amount of moisture, volatile matter, fixed
carbon and ash content in coals. The ultimate analyses reports the elemental composition of

major elements (C, H, O, S, and N) making up the organic component of coal.
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Table 6-1 provides the proximate, ultimate analyses, and forms of sulphur results of the four
coal samples investigated in this study. Proximate and ultimate analyses were conducted on
an air dry basis (adb). The proximate analysis results show that the moisture content of the
four coals ranged from 2 to 4 wt.%. Volatile matter ranged from 13 to 20 wt. %, and low
volatile matter was reported for coal C. The low ash content of approximately 23 wt. %
reported for coal D is usually desirable in coal conversion processes. The proximate and
ultimate results are comparable with results reported in literature, and therefore are
characteristic of typical South African coals [Everson et al., 2013]. Physico-chemical results
can be attributed to the deltaic and fluvial environmental settings of South African coalfields

[Cairncross, 2001].

Table 6 - 1: Proximate, ultimate analyses and forms of sulphur (wt. %) of selected South African coals
(air dry basis)

Coal A Coal B Coal C Coal D

Proximate analysis (wt. %)

Moisture 2.4 4.3 2.0 4.3
Volatile matter 185 22.4 13.9 20.5
Ash 40.1 26.6 68.3 22.6
Fixed carbon 39.0 46.7 15.8 53.6
Ultimate analysis (wt. %)

C 75.2 73.2 57.7 75.1
H 45 4.7 5.9 4.6
N 1.7 1.9 1.6 1.9
O (by diff) 17.0 18.0 26.7 17.8
S 1.6 2.2 8.1 0.6
Forms of sulphur (wt. %)

Pyritic 0.1 0.2 0.3 0.1
Sulphate sulphur 1.2 1.8 7.6 0.4
Organic sulphur 0.2 0.2 0.3 0.2
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However, coal C reported the highest ash content (68 wt.%), and in fact cannot be classified
as a coal. The results imply the sample is enriched with mineral matter. The ash content

reported for coal C is as expected, since the sample is a discard coal.

A plot of the relationship of the data between organic matter and mineral matter was
statistically evaluated using Microsoft Excel. Figure 6-1 shows a correlation between carbon
and ash, as determined from proximate and ultimate analyses data. The plot showed a linear
relationship between carbon and ash content of coals, with a regression coefficient (R?) of
0.83. The results implies that coal samples with a high carbon content, will typically have low
ash content, and the opposite is also true. This trend is as expected, and in agreement with the
proximate and ultimate results of the investigated coals. The correlation further implies that
the carbon content can be predicted in coal samples with a reasonable degree of accuracy if

the ash content is known, and vice versa.
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Figure 6 — 1: Correlation between carbon and ash content
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6.2.2 Forms of sulphur

The three forms of sulphur identified in coals samples are: sulphide sulphur (mostly pyrite),
sulphate sulphur, and the organic sulphur. Generally, pyritic sulphur and organic sulphur
make up the bulk of the total sulphur (Chou, 2012). Coals that are enriched in organic
sulphur, with a concentration ranging between 4 and 11 wt. % are classified as superhigh-
organic sulphur coals, and these coals are found in special depositional environments (Dai et
al., 2008b; Chou, 2012). In this study, the concentration of organic sulphur was relatively
low, with concentrations ranging from 0.18 to 0.29 wt. %. The concentration of the
organically bound (Serg) and pyritic sulphur (Spyr) was low, with concentrations ranging from
0.06 — 0.3 wt. %. The results are typical of South African coals, since the average sulphur
content in SA coals is generally below 2 wt. % [Cairncross and Cadle, 1988]. Roberts (1988)
investigated the relationship between macerals and sulphur of Permian coals of the Vryheid
formation in SA, and the findings from the study illustrated that there was a strong correlation
between sulphur (organic and pyritic), and vitrinite. However, the relationship between

vitrinite and sulphur was not investigated in this study.

The % total S (ultimate analyses) reported in Table 6-1 is the summation of the different
forms of S (both the organic and the inorganic sulphur found in the samples), and the sulphur
content ranged from 0.6 wt. % to 8 wt.%. The amount of sulphur, organic sulphur in
particular, is usually low in coal, and coals used in combustion processes will commonly

have total sulphur concentration ranging between 0.5 and 3 wt. % (Laban and Atkins, 2000).

It is observed that sulphate sulphur is relatively high in all coals samples, contributing over
60% towards total sulphur in the coals, with the highest concentration of sulphate sulphur

reported for coal C.
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The presence of high sulphate amounts in coal C could be attributed to possible oxidation of
the sample during storage. The occurrence of sulphate sulphur is rare in fresh coals, but

commonly found in partially weathered coals (Yani and Zhang, 2009; Chou, 2012).

Weathered products found in coals include minerals such as szolnokite [FeSO4-H,0],
rosenite [FeSO4-4H,0], coquimbite [Fe(SO4)3-9H,0], roemerite [FeSO4-Fez(SO4)3-14H,0],

jarosite [(Na,K)Fe3(SO4)2(OH)s], and halotrichite [FeAl,(SO4)4-22H,0] (Chou, 2012).

The presence of Sy, is an indication of marine influence, whereby pyrite formed as a result of
bacterial reduction of SO4* in pore waters either during or after deposition [Chou, 1990]. The
Sorg Indicates a syngenetic contribution from fluids and high sulphate content. The
concentration of Sqrq Was relatively equal in all coals, although the S,y was variable, with coal

D reporting the lowest concentration of about 0.06 wt. %.

Sulphur is undesirable, as it could lead to the formation and large emissions of SOy, and
subsequent acid rain which forms due to the interaction between SO, and moisture in the
atmosphere. A high concentration of Sy, could influence slagging and fouling propensity in

coals, and as discussed in previous chapters, Sy, is a major contributor of AMD.

6.2.3 Relationship between ash chemistry and mineralogy of coals

Coal ash chemistry is an important factor in coal characterisation processes, because the ash
chemistry is used to identify mineral matter in coals, and the results can be used to further
understand ash fusibility of coals. The XRF analyses were performed on coal ashes prepared
at 815°C to estimate quantitative elemental composition of 12 major and minor elements in

the coal samples. The major and minor oxides of major elements are presented in Table 6-2.
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Table 6-2: Nominal ash oxide analyses of major and minor elements as determined by XRF

Elements (wt. %) Coal A CoalB CoalC Coal D

CaO 0.45 0.80 7.53 3.46
MgO 0.19 0.47 2.35 1.95
K,O 0.32 0.83 0.77 0.26
Na,O 0.16 0.24 0.66 0.26
Fe,0; 2.11 6.35 5.61 3.23
TiO, 2.90 1.61 1.89 1.90
Al,O3 42,00 28.70 23.80 36.10
SiO, 4930 57.90 4510 45.5
Cr,03 0.01 0.01 0.02 0.01
MnO Nd 0.01 0.02 0.04
SO; 0.07 0.63 9.85 3.96
P,0s 0.40 0.24 0.86 0.98
Total 97.84 97.79 9846  97.65

The ash analyses assume coal to be a homogeneous matter. Moreover, the analyses do not
unambiguously identify the form of mineral present in coal. Nonetheless, Figure 6-2 shows
possible relationships that can be drawn between ash oxides and mineral matter found in
coals. From Figure 6-2, it can be seen that ash oxide composition can indicate possible
combinations that can be used to predict the presence of minerals in coals. For example, the
concentration of SiO; can indicate the possible presence of quartz, and other clay minerals

such as kaolinite, illite, and montmorillonite, etc.
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Major Oxides in Ash Common Minerals Idealized Formula

Quartz 510,
Kaolinite AlS1,0,(OH),
lite K, (AL)Al _Si, O (OH),
Rutile TiO,
Pyrite* FeS,
Calcite CaCO,
Dolomite CaMg(CO,),

» Rhodochrosite MnCO,
Montmorillonite Na, Mg, ,Al, ,Si0, (OH),
Apatite Ca (PO,),(OH)
Gypsum CaS0,*2H,0
Siderite** FeCO,
Chlorite** Fe,Al1,Si,0, (OH),
Szomolnokite®* FeSOH,0
Jarosite** (Na K)Fe,(SO,),(OH),

Defining contributions in the normative analysis
"""" > Subordinate contributions defined by other oxide species
* defined by forms of sulfur analysis

** additional iron-bearing components that could be defined by Massbauer analysis

Figure 6-2: Oxides composition and the respective association with mineral matter [Huggins, 2002]

From the ash chemistry analyses presented in Table 6-2, it is observed that Al,O3; and SiO;
are the major oxides present in all the samples investigated. Si in coals occurs mostly as
quartz and clay minerals, whilst Al is primarily found in the form of clay minerals [Saikai
and Ninomiya, 2011]. Thus a high concentration of Al,O3 and SiO; found in coal ashes is an

indication that clays and silicates are the dominant mineral matter in the studied samples.

The SiO,: Al,O3 ratio and other geochemical indicators can be found in Table 6.3. From the
geochemical indicator results, it can be observed that coals A and D have a SiO;: Al,O; ratio
close to the kaolinite theoretical value of 1.18 [Dai et al., 2011], and this suggests there is no

alumina rich mineral other than kaolinite in these samples.
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A higher SiO,/Al,O3 ratios reported for coals B and C suggest some of the free SiO, reported
to quartz. Vassilev et al. (1997) classified coals with high Al and Si content to be of detrital
origin. The accumulation of detrital clay minerals in coal deposits could be due to

hydrothermal alteration of volcanic rocks.

Calcium in coal samples can be present in the form of carbonates such as calcite, dolomite,
ankerite and fluorapatite. From the results presented in Table 6-2, it was noted that coal C had
the highest concentrations of both CaO and MgO reported at 7.53 wt. % and 2.35 wt.%,
respectively. The lowest concentrations of CaO and MgO were reported in coal A, at the
concentrations of 0.45 wt. % and 0.19 wt. %, respectively. The presence of CaO and MgO
can be associated with calcite and dolomite minerals. The wt. % ratio of Ca: Mg was greater
than 1, confirming the presence of dolomite in all coal samples. In this case the association of
Ca with clay minerals is neglected, since most of the aluminosilicates (calcium
aluminosilicates, gehletite, and arnothite) are high temperature products. The presence of
fluorapatite could not be confirmed by the XRF technique because the instrument has low

detection limits and therefore cannot detect fluorine (F).

Amongst the four coal samples investigated, coal B reported a high concentration of Fe,;Os
(6.35 wt.%), suggesting the presence of pyrite mineral. Although pyrite is considered to be
the major source of Fe, other sources of Fe that have been reported in coals are due to the
presence of minerals such as illite, goethite, jarosites, and siderite. It is to be noted from this
work that the Fe: S weight % ratio was high for coals A and B, and relatively low for coals C
and D. Pyrite could not be assigned to coals C and D. The results further suggest that the iron

existed as either carbonate (FeCOj3) or sulphate (FeSO,4) mineral.
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A high concentration of K,0 (0.83 wt.%) was observed in coal B, whilst a high concentration
of Na,O (0.66 wt.%) was reported for coal C. The high concentrations of K and Fe could
suggest coal B has experienced glauconisation, which is the transformation process whereby
mica is transformed into glauconite, which is an iron and potassium rich aluminophyllisilicate
with a chemical composition of (K,Na)(Fe, Al, Mg),(SiAl)4010(OH),. Glauconite is known to

be of authigenic origin.

The presence of glauconite in the Witbank coalfield is evidence of marine conditions that
prevailed during the coalification process [Le Blanc Smith, 1980; Cairncross and Winter,
1984]. However, other studies are not in agreement with conclusions by Cairncross and
Winter (1984), but suggest the formation of glauconite and glauconitic mica to be due to non-
marine sediments, whereby alluvial and paleo environments are responsible for the formation
of glauconite. Therefore, the presence of K and Na are due to the detrital K and Na bearing

silicates from the source area.

Titanium (Ti) in coals is present as a polymorph of rutile, anatase, and/or possibly brookite,
with rutile as the most common and stable mineral found in coals. Anatase (TiO) is found in
minor quantities in most SA coals, with concentration ranging from 1 and 2 wt. % [Roberts,
1991; Matjie et al., 2016]. From the results presented in Table 6-2, coal A constituted a high
concentration of TiO, (2.9 wt. %), whilst coal B had the lowest concentration of TiO,
reported at 1.61 wt. %. TiO; is soluble in acidic solutions and can be precipitated out with

kaolinite.

The SO;3 concentration represents the S in coal samples. From the result, concentration of SO
was high in coal C (9.85 wt. %), and it was also clear that the SO5 concentrations obtained

from XRF analyses followed a similar trend observed from the analyses of the different forms
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of sulphur presented in Table 6-1. Furthermore, the Ca: S weight % ratio suggests the
possible presence of gypsum in the investigated coals, and a significant amount of gypsum is

expected in coal A.

In this study, the results show that the average concentration of P,Os across the different
samples was 0.62 wt. %, with coal D reporting the highest concentration of P,Os (0.98 wt. %)
relative to the investigated samples. Studies by Willis et al. (1991) indicated that the average
P,Os content in SA coals was about 0.2 wt. %, and generally increased towards the top of a

coal seam.

Therefore, it can be considered that the concentration of P,Os is within the concentration
limits of SA coals. The presence of P,Os suggests a possibility of the occurrence of phosphate

minerals such as apatite in coals B, C, and D.

6.3 Ash classification

The chemical and mineral matter classification of coals was first introduced by Vassilev et al.
(1995). The purpose of ash classification was mainly to assess operational problems
associated with coals. The classification was based on studying high temperature ash (HTA)
of 43 samples prepared from coals of variable geological history, mineralogy and ash yield.
The classification system is based on 3 ternaries derived from ash chemistry. Ash deposits
can be classified according to mechanical, thermal or chemical composition. The four main
types of ash identified by the classification system are sialic, calsialic, ferrisialic and

ferricalsialic ashes.

A similar approach was adopted in this work to determine the relationship between ash

chemistry and the classification of coals. The different coals are labelled by letters, A, B, C
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and D as indicated in Figure 6-3. From the results presented in the figure, coals A and B are

classified as high acid sialic ashes, whilst coal D was classified as medium acid sialic ash.

The sialic ashes are typical of high rank bituminous coals and to a lesser extend
subbituminous coals. The sialic ash is characterised by high fixed carbon, C, Si, Al, Ti,
detrital/authigenic index, ash fusion temperature, quartz, kaolinite, Fe, Al hydroxides,
siderite, and goyazite. Elements and minerals such as Fe, S, sulphate sulphur,

montmorillonite, calcite, pyrite, marcasite, and gypsum are found in low concentrations.

The coals are characterised by high abundance of detrital minerals. The high acid coals have
an abundance of quartz, kaolinite, whilst the medium acid coals have small amount of

authigenic minerals [Vassilev and Vassileva, 2009].

Si0, + AlyO5 + K0 + TiO,
100

High acid
.--0

Medium acid

Low acid
Calsialic

Ferrisialic

60

0 10115 70 30 70 50 500
Ca0 +MgO + 50, + Na,0 Fe,0,

Ferricalsialic

Figure 6-3: Ash classification system of investigated samples
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Coal C was classified as calsialic type ash. The calsialic type ash has a medium to low acid
affinities. The classification of these coals is common with bituminous coals, and to a lesser
extends subbituminous coals and lignite. The calsialic type is characterised by high values of
volatile matter, moisture, Ca, sulphate sulphur, Mg, Ti, Na, kaolinite, monmorillonite, K-
feldspar, Fe and Al-hydroxides, spinels, brushite, calcite, dolomite, ankerite, and barite. The
coals have an abundance of minerals of authigenic origin such as carbonates, and to a lesser
extent, sulphides, sulphates, and detrital clay, mica, quartz, and feldspars [Vassilev and

Vassileva, 2009].

The study by Matjie et al. (2012) showed that calsialic ashes were most likely to give rise to
slagging and fouling. It can be drawn from the observations by Matjie et al. (2012) that coal

C could be susceptible to slagging and fouling propensities.

6.4 Geochemical indicators used to predict slagging and fouling propensities

The geochemical, slagging and fouling predictive indices are based on ash chemistry, ash
fusion temperature, and viscosity. These indices are widely used in industry for coal selection
and designing of boiler and gasifier. However, it is important to note that ash deposition
indices only takes into account the chemistry of coal ashes, and not necessarily the
mineralogy nor the mode of occurrence of mineral matter found in coals [Vuthalura and
French, 2008]. Although the indices are important for decision making, they are limited by

the complexities involved in coal conversion environments [Vamvuka et al., 2009].

Equations 6-1 to 6-4 were used to calculate the predictive indices [Vassilev et al., 2010], and

the corresponding results are presented in Table 6-3.
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$i0, x 100
SI,OZ + F€203 + Ca0 + MgO

Silicon percentage = Equation 6 — 1

F€203 + Ca0 + MgO + Na20 +K20
Si0, + Al,05 + Ti0,

B
Base — acid (Z) ratio = Equation 6 — 2

- Fe,03 + MgO + Ca0 + SO; e

Iron index = Fe,03 X (%) Equation 6 — 4

Table 6-3: Ash deposition, slagging and fouling predictive indices of the investigated coals

Ash deposition indices Coal A Coal B Coal C Coal D
Si percentage 95.00 88.00 74.00 84.00
Base-acid 0.03 0.10 0.24 0.11
DAI 33.60 10.80 2.90 6.70
Si/Al 1.17 2.02 1.89 1.26
Fe/Ca 4.69 7.94 0.75 0.93
Fe index 0.06 0.64 1.35 0.36

6.4.1 Silicon (Si) ratio

The slagging propensity can be classified according to the Si percentage in coals, as
expressed by Equation 6-1. The slagging propensity is classified based on the Si ratio
percentage index as low, medium or high. The Si percentage between 72% and 80% has low
slagging propensity. Medium slagging propensity is observed when the ratio is between 65%
and 72% and a high slagging propensity result when the silicon ratio is between 50% and

65% [Lawrence et al., 2008].

The silicon percentage of coals investigated in this study ranged between 74% and 95% as
shown in Table 6-3. The lowest Si percentage is reported for coal C, and the highest Si
percentage of 95% is reported for coal D. Based on the results obtained from the Si-ratios of
the coals, it can be anticipated that the coals will have low slagging potential. According to

reports by Patterson and Hurst (2000), the recommended Si percentage for entrained-flow
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gasifiers should be less than 80%. Therefore, according to the trend of Si percentage, the

coals are ideal to be used in conversion processes, without serious concerns about slagging.

6.4.2 Base-acid (B/A) ratio

The B/A ratio is a parameter used to establish the correlation between ash fusibility and coal
composition [Van Dyk et al., 2005]. The B/A ratio is the relationship between basic and
acidic oxides, as indicated in Equation 6-2. The acidic compounds found in coals are
associated with SiO,, Al,O3, P,0s, and TiO,. The basic compounds reduce the melting point
of slag, whilst acidic compounds tend to increase fusion temperatures, with Al,O3 having the
strongest acidic effect [Van Dyk et al., 2005]. Therefore, a high proportion of basic

component to acidic components lowers the probability of slagging.

An acidic environment formed under non-marine depositional conditions tends to cause
slagging whilst a basic environment causes fouling in coal conversion processes (Pearson,

1980; Weeber et al., 2000).

According to the predictions based on the B/A ratio, coals with low slagging propensities
would have a ratio below 0.4 or greater than 0.7. Severe slagging and fouling propensity
occurs when the indices range between 0.4 and 0.7 [Su et al., 2003; Wang et al., 2013]. In
this investigation the B/A ratio for all the samples is below 0.4, as shown in Table 6-3,
suggesting the coals studied have a relatively low slagging propensity, as it was also

predicted by the Si percentage.

The results obtained in the study, except for coal A are in agreement with findings by Matjie
et al. (2012) who reported a B/A ratio that ranged from 0.1 to 0.3 for low-grade medium-rank

C coal ashes that were prepared for a packed bed combustor.
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6.4.3 Detrital-authigenic index (DAI)

The detrital-authigenic index (DAI) indicates the genetic relationship of mineral matter in
coals, and slagging propensity. The index expresses the dominant detrital or authigenetic
association of ash forming elements in coal [Vassilev et al., 1996 a; Sharma et al., 2014]. The

DAl is expressed by HTA composition as indicated in Equation 6-3 [Vassilev et al., 1997].

Typically, the DAI value greater than 8 indicates the detrital nature of mineral matter in
coals, whilst the DAI value below 3 shows the authigenetic nature of mineral matter in coals

[Sharma et al., 2014].

Vassilev et al. (1996a) studied 43 coals from different coals seams around the world. The
purpose of the study was to establish a relationship between coal rank (C%"), minerals,
chemical composition of coals with coal ashes. The study indicated that higher rank coals are
associated with minerals of detrital origin, whilst low rank coals are associated with minerals
of authigenetic origin. Therefore, detrital minerals tend to increase with increasing coal rank,

and ash content.

The authigenetic minerals are characterised by a complex origin and transformation of
minerals, whereby organically bound, ion-exchanged and pore water elements in low rank
coals crystallize to form minerals in high rank coals [Vassilev et al., 1996 a]. Typical

authigenetic minerals include carbonates, sulphates, phosphates, and chloride minerals.

The highest detrital affinity is expressed by DAI>8, while DAI<3 indicates an authigenetic
affinity of minerals [Sharma et al., 2014]. From the results presented in Table 6-3, the DAI
values ranged from 2.9 to 33.60. Coal A had the highest DAI (33.60), followed by coals B
(10.8) and D (6.70), whilst coal C, which is at the borderline was characterised by

authigenetic mineral matter with a DAI value of 2.9.
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The low DAL value of coal C imply the ash is associated with authigenic minerals, since the

coal is of low rank, with high ash content and low carbon content.

Studies conducted by Vassilev et al. (2010) classified Meghalaya coals with an average DAI
of 4.33 as coals of allochthonous origin. This implies minerals were transported into the coal,

possibly under the influence of tectonic forces.

As previously highlighted, DAI is related to coal rank, and is expected to decrease with
increasing ash content. From the results depicted in Figure 6-4, DAI decreased with
decreasing ash content for coals A, B, and D. Coal C behaved differently, not following a
similar trend to that of coals A, B, and D. This behaviour can be attributed to the fact that
coal C is a discard coal characterised by authigenetic minerals such as carbonates and

phosphates.

80 -
70 A
60 A
50 A

W Ash content

B DAl
30 A

20 A

10 A

Coal A Coal B CoalC CoalD

Figure 6-4: The relationship between ash content and DAI of the four investigated coals
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The correlation between ash content and DAI was drawn for the three coals, with the
exception of coal C. The discard coal was excluded in the correlation, because the ash content
in the sample was due to the concentration of mineral matter during a beneficiation process,
and does not represent the actual or original mineral matter found in the coal. Figure 6-5
shows the relationship between ash content and DAI of coals A, B, and D. the linear

correlation coefficient (R?) between ash content and DA is 0.99.
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Figure 6-5: Relationship between detrital authigenic index and ash content of coal samples

Previous studies have reported a linear relationship between detrital mineral matter and ash
content [Vassilev et al., 1996 a]. However, the linear relationship between ash content and
DAI does not apply to all coals. From the results, it was deduced that coals A, B, D were of
detrital origin, because of the correlation between ash content and DAI values. The results are

in agreement with findings by Vassilev et al. (1996 a).

Common detrital minerals in coals include quartz, kaolinite, illite, acid plagioclases,

muscovite, rutile, apatite, Fe and Al oxyhydroxide. These minerals are found to be stable
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during weathering and coalification processes. Some of the detrital minerals such as
montmorillonite, biotite, pyroxene, amphibole, plagioclase, and K-feldspars undergo
transformation, forming more stable minerals such as kaolinite, illite, chlorite, muscovite, and

Fe-oxyhydroxide [Vassilev et al., 1996 a.

6.4.4 Silica-alumina ratio

Silica (SiOy) and alumina (Al,O3) are the major constituent elements found in coal ashes. The
ratio between the two oxides can be used to calculate the silica-alumina ratio index used to
predict the slagging and fouling propensities of coal samples [Liu et al., 2013]. Shibakao
(1972) found that the SiO,: Al,O3 ratio can be variable throughout a seam, and the ratio is

very much dependant on the chemical composition and mechanical erosion of rocks.

High values of the SiO,: Al,O5 ratio and increased ash yield are an indication of coal formed
under unstable conditions. Yudovich (1978) concluded that a high SiO,: Al,O3 ratio and high
ash yield is an indication of mountain peat-forming environments, dominated by mechanical
erosion. The low SiO,: Al,O; ratio and a decrease in ash content are an indication of coals
formed under stable conditions of deposition with low degree of tectonic movement [Vassilev

etal., 2011].

A low SiO,: Al,O3can be due to weathered products where leaching is predominant or due to
high Al,O3 content. The high melting point of Al,O3 and its strong ionic bonds result with an
increase in AFT, due to the formation of high melting corundum. As the SiO,: Al,Og ratio
increase, weakly bonded low melting anorthite and gehlenite formed via a solid state reaction
reduces the AFT, but only until a ratio of 1.5 is reached [Unsworth et al., 1988; Liu et al.,
2013]. At higher SiO,: Al,O3 above 2, the AFT changes slightly or remains constant [Liu et

al., 2013].
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The results presented in Table 6-3 show that the SiO,: Al,O3 ratio of the investigated coals
ranged from 1.17-2.02, with coal B reporting the highest SiO,: Al,Os ratio. Coals with low
deposition tendencies have a SiO,: Al,Os ratio of less than 0.31 or greater than 3. Therefore
based on the results, the samples studied have low to medium tendencies to form slag
deposits. From the results, it can be considered that coals A, B and D will have high AFT.
Studies by Liu et al. (2013) reported that coals with low SiO,: Al,O5 ratio have AFT higher

than 1450°C.

6.5 Relationship between ash fusion temperatures (AFT) and coal chemistry

The different ash oxides formed from coal combustion influence the coal behaviour, and
subsequently the melting temperature of fuel ashes. Ash fusion temperature (AFT) is the
temperature at which material softens, and fuses together. The AFT tests are used to predict
the slagging and fouling behaviour of coals ashes. The four temperatures reported from AFT
tests are the initial deformation temperature (IDT), softening temperature (ST), hemispherical
temperature (HT), and the flow temperature (FT). The IDT, ST, HT and FT of the

investigated coals are summarised in Table 6-4.

Table 6-4: Ash fusion temperatures of the investigated coal samples

Ash fusion temperature (°C) Coal A Coal B Coal C Coal D
Initial deformation +1500 +1300 +1500 +1500
Softening temperature +1500 +1320 +1500 +1500
Hemispherical temperature +1500 +1340 +1500 +1500
Fluid temperature +1500 +1360 +1500 +1500

From the results, coals A, C, and D have high AFT values above 1500°C. The high AFT can
be due to a high concentration of quartz and clay mineral found in SA coals. Snyman and

Botha (1993) found that both quartz and clay have a tendency to increase AFT above the
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temperature of about 1300°C, and this is an advantage for coals used for generating steam.
Large quantities of SiO, result in the formation of strong covalent bonds, yielding a liquid
phase with high viscosity and low deposition potential [Huang et al., 1996; Laursen et al.,
1998; McLennen et al., 2000]. Therefore, a high concentration of refractory minerals leads to

high AFTs [Vassilev et al., 1995].

Most Australian coals, similar to SA coals are characterised by AFT above 1500°C,
correlated with high silica content, SiO,: Al,Oj3 ratio, and low basic oxide content [Patterson
and Hurst, 2000; Van Dyk et al., 2006; Liu et al., 2013]. The acidic component of ash (SiO,,
Al,O3, and TiO,) increases the AFT of coal samples, because of the high softening
temperature exhibited by the oxides, with Al,O3 having the most significant effect, due to its

ion-oxygen attraction, and its high oxidation state [VVan Dyk et al., 2006].

A study by Weeber et al. (2000) investigated the mineralogical and petrographic factors that
influenced AFT on the No.2 coal seam from Witbank coalfield, and it was concluded that the
optimum AFT from coals within the Witbank coalfield was approximately 1400°C. Therefore
it can be considered that SA coals in general have high AFT values. Usually, AFTs of about
1300°C and above are desirable to ensure slagging and fouling does not occur [Weeber et al.,
2000; Patterson and Hurst, 2000]. However, in cases where AFTs are above 1500°C addition

of fluxes might be required.

The AFT results for the investigated coals are well within the expected AFT for SA coals.
However, coal B showed a different behaviour from coals A, C, and D, reporting the lowest
AFT relative to coals investigated, as seen from Table 6-4. The low AFTSs recorded for coal B
are attributed to the high Fe,O3; (6.35 wt. %) and K,O (0.83 wt. %) content in coal B as

reported in Table 6.2. It is apparent that the behaviour was also influenced by a high Fe/Ca
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ratio of 7.94. However, it is noted that although the AFT was considerably lower than other

coals, the propensity to form slagging for coal B is still relatively low.

High iron and potassium content usually lowers the slag viscosity, and coals with Fe,O3
content below 6 wt. % have low slagging tendencies [Wall et al., 1998]. Findings by Van
Dyk et al. (2009), Liu et al. (2013), and Chakravarty et al. (2015) concluded that the slagging
propensity of coals was related to Fe content which lowered the AFT in coal samples, by
reducing the melting point and viscosity of ash particles. The AFT of coal B decreased due to
an increase in Fe;03, SiO,: Al,03 and K,0. However, it should be mentioned that K,O does
not always have an effect on AFT [Liu et al., 2013], and this could also be attributed to the

mode of occurrence of potassium in coals.

Another important factor that has an effect on AFT is the oxidation state of Fe in coal
conversion processes. In a study by Weeber et al. (2000), it was found that there is a
relationship between AFT and the form of Fe mineral found in coal samples. The slag
viscosity was lowered in the presence of Fe”*, because the Fe** iron and unsaturated O form
a chemical bond that destroys the network structure of high melting silicate, thus reducing
slag viscosity [Waanders et al., 2003; Oliviera et al., 2011; Liu et al., 2013; Hai-tao et al.,

2015].

Other major chemical compositions known to affect AFT are the base-acid ratio [Van Dyk,
2005], CaO, and the SiO,: Al,O3 ratio [Liu et al., 2013]. The AFT also decreases with an
increase in CaO content, and the Si: Al ratio of up to 1.5. High Si/Al ratio above 2.0 does not
have any significant effect on AFT. An increase in B/A ratio lowers slag viscosity,
subsequently increasing the slagging potential [Wall et al., 2008]. However, based on the

results of the four coals investigated, there is no correlation drawn between AFT and the
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base-acid, CaO, and SiO,: Al,O5 ratio. Furthermore, it has been reported that the correlation
between base-acid ratio and AFT is a poor indicator of slagging and fouling propensity [Akar

and Ipekoglu, 2007].

Vassilev et al. (2011) reported that high AFT are related to increasing coal rank, high DAI
values, and refractory minerals such as kaolinite, quartz, and Ti-bearing minerals, which are
mostly detrital in nature, and a decrease in concentration of fluxing minerals such as
carbonates, sulphides, sulphates, and phosphates. Therefore, lower AFT values are ascribed
to lower rank coals, with lower DAI values and detrital minerals and an increased

concentration of authigenic minerals.

Findings from this study did not conclusively draw any correlation to findings by Vassilev et
al. (2011). Although coals C and D had low DAI of 2.9 and 6.7 respectively, the coals did not
have low AFT. These findings suggest that coal composition; and most importantly, the mode

of occurrence; have more influence on AFT than DAI values.

It can be said that high concentration of Fe,O3, SiO,: Al,O3, and Fe: Ca ratio, lead to a
decrease in AFT (as shown in Table 6-4) for coal B. Low AFT result with coal samples
having a high propensity towards slagging. Su et al. (2000) examined slagging and fouling
indices of 25 coals and coal blends. From the study, it was found that Fe: Ca ratio was the
only index that could be used to positively predict the slagging propensity. On the other hand,
Han-xu et al. (2008) added Fe,O3 as a fluxing agent to lower AFT in Liuer coal samples. The
authors concluded that Fe,O3 content increased with a decrease in AFT. These observations

confirm the results found in this investigation.
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6.6 Thermodynamic equilibrium modelling-FACTSAGE

As already stated, although slagging prediction empirical indices are commonly used to
predict slagging methods, the approach is not always reliable since the indices do not reflect
the interaction between mineral particles during phase transformation [Van Dyk et al., 2005;
Lawrence et al., 2008]. Thermodynamic modelling approaches have been developed to

predict equilibrium phases at high temperatures.

A thermodynamic modelling package FactSage 7.0 was used to predict the different phases
that might form at temperatures between 1100°C and 1400°C for coals A, B, C, and D. The
XRF ash analysis compositions of the respective samples were used as initial inputs. The
major phases predicted from the modelling package include mullite (AlgSi,O13), feldspar
(KAISi30g; NaAlSizOg; CaAl,SiyOg), corundum (Al,O3), immiscible slag phases, and
cordierite (Mg,Al;SisO1g). From the results presented in Figures 6-6 to 6-9, it is evident that
the coal samples studied would behave differently at high temperatures, mainly due to the

difference in their chemical compositions.

From the results, mullite is predicted as the dominant mineral formed in coals A and D as
shown in Figures 6-6 and 6-9 respectively. At high temperatures, kaolinite losses water of
crystallization to form metakaolin which transforms into mullite. Therefore, the amount of
mullite can be correlated with the amount of kaolinite found in raw coals and the slag phase
[Van Dyk et al., 2008]. Mullite in coal A was the major mineral matter present. This indicates
the acidic nature of ashes in coal A, with refractory materials that increase temperatures
above 1500°C. However, it was also noted that the concentration of mullite in coal D
remained the dominant phase until complete transformation was observed as temperatures
reached 1200°C, above which the concentration decreased slightly, and more slag phase was

formed as a result of the reaction of cordierite and feldspars.
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The ferromagnetic minerals such as cordierite and feldspar influenced slag formation. The
partial melting of ferromagnetic minerals occur at 200-400°C [Huffman et al., 1981].

Therefore the slag formed was expected to have high concentration of Fe.

50.00
} }
| |
50.00 i
e (335 phase
40.00
---4--- Feslag
E‘!E; L . B S -~ a- - liquid slag phase
" 00 i, COrderite
"
2 T Mullite
-k
20.00 — Corundum
Feldspar
Tig2
A
10.00 r 3 e s
e
0.00 4% T d
1100 1200 1300 1400

Temperature [*C)

Figure 6-6: Predicted high temperature phases in coal A using FactSage thermodynamic modelling
package

The Fe-slag phase was found to be the dominating phase in coal B. It is understood that the
breaking down of corundum, corderite, feldspar, and mullite led to the formation of the liquid
slag phase 2, which sharply increased at temperatures of about 1170°C until 1250°C. The
significant drop in the concentration of slag 2 subsequently led to an increase of slag 1. The
behaviour of coal B as shown in Figure 6-7 explains the low AFT reported for the sample.
The sample reported the lowest AFT, which implies the coal formed a slag phase at relatively
low temperatures compared to the rest of the coals studied. The ash composition of coal B

lowered the AFT in favour of forming the slag phase.
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Figure 6-7: Predicted high temperature phases in coal B using FactSage thermodynamic modelling
package

Anorthite (CaAl,Si,Og) is a high temperature phase that form via a solid state reaction
between alkali compounds, (i.e. Ca-containing species) and kaolinite [Raask, 2000; Spears,
2000]. The Ca containing species occur as calcite, dolomite, ankerite, and fluorapatite.
Feldspars have a low melting temperature of about 1200°C as indicated in Figures 6-6 and 6-
9. It was observed that feldspars were the dominating phase in coal C, which gradually
decreased until the temperature reached 1330°C. The decrease in the composition of feldspar
resulted in the formation of liquid slag [Van Dyk et al.,2008]. The concentration of mullite in
coal C was relatively low compared to coals A, B, and D. The high concentration of feldspar
could imply the coal had a significant amount of anorthite, which could be confirmed by the
high Ca-content in coal ashes of coal C. The abundance of feldspar shows that silica activity

was low in the transformation of coal C.
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Figure 6-8: Predicted high temperature phases in coal C using FactSage thermodynamic modelling
package

Liquid slag 1 is the main slag phase found in coal C, with a small amount of liquid slag 2.
However, the second immiscible phase was completely transformed at 1225°C. It was
anticipated that feldspar, corderite, and mullite were the phases that would undergo

transformation to form more of slag 1 phase.

Significant amount of corderite and feldspar are predicted in coal D, whilst the concentration
of mullite remains relatively constant with a decrease in temperature. From the behaviour
depicted in Figure 6-9, it can be said that feldspar and corderite react to form the slag phase.
The concentration of slag 1 started to increase at 1168°C, when a drop in the concentration in
slag 2 was observed. The high temperature phases predicted are to be confirmed by XRD,

FTIR, mRs, and SPA-EPXMA in subsequent sections.
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Figure 6-9: Predicted high temperature phases in coal D using FactSage thermodynamic modelling
package

From the FactSage thermodynamic modelling, it can be concluded that both Ca and Fe
contributed to the formation of the slag phase in coal samples. The mullite phase contributes

to high AFT in coal samples.

6.7 Coal petrographic analyses of raw coals

As discussed in section 4.2, petrographic analyses involve microscopic evaluation of polished
sample blocks under reflected light and oil immersion. It is important to determine
petrographic composition of coals, since petrography can be used to predict the applicability
of coal in various coal conversion processes, and understand the origin of coal. The
petrographic studies focused on the determination of different macerals group, mineral matter
composition, diagenetic features, and the morphology of various mineral matter in the
samples. The abundance of organic matter and mineral matter was based on counting 500

points, and the results presented in volume percentage. The last section of the coal
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petrography section draws the correlation between petrographic composition and coal ash

chemistry.

6.7.1 Maceral group analyses

Macerals are derived from terrestrial, lacustrine, and marine plant remains. These macerals
are distinguished from one another on the basis of their physico-optical, chemical, and
technological properties [Falcon and Ham, 1988], and are classified by the ICCP
classification system (1963, 1971, 1975, 1993) into three main groups: vitrinite, inertinite and

liptinite. Petrographic photomicrographs of selected coal samples are shown in Figure 6-10.

Figure 6-10: Examples of maceral composition in the bituminous South African coal samples; (a)
Inertinite-rich with some vitrinite bands; (b) banded semifusinite at bottom, (c) carbonate minerals
associated with organic matter (d) Centre: Flocculated clays contained in vitrinite (xX500 magnification, oil
immersion lens)

145



The petrographic analyses identified the composition and abundance of the major maceral
groups (vitrinite, inertinite and liptinite) found in coal samples, with a summary of the results
presented in Table 6-5. The detailed petrographic investigation of sub-maceral compositions
of the various coal samples are presented in Table E-1 in Appendix E. As expected, these
South African medium rank C bituminous coals are inertinite-rich, with the inertinite
composition making up more than 75 vol.% on a mineral matter free (mmf) basis. The

vitrinite and liptinite maceral groups are present in relatively low concentrations.

Table 6-5: Petrographic composition of macerals in South African coals (vol. %) mmf basis.

Maceral group Coal A Coal B Coal C Coal D
Vitrinite 5.00 20.8 4.10 10.7
Inertinite 90.8 75.5 84.3 79.7
Liptinite 4.30 3.80 11.6 9.60

6.7.1.1. Inertinite maceral group

South African inertinite-rich coals were subjected to aerobic, strongly oxidative
environments, with the inertinite content typically decreasing from top to bottom of the coal
seam [Falcon and Ham, 1988]. The increase in inertinite is due to the subsidence of the peat
swamp over time, and the lowering of the water table. The coal samples investigated in this
study are inertinite rich, with inertinite concentration ranging from 70-91 vol.% (mmf) as

shown in Table 6-5. Coal A is characterised by high amount of inertinite (91 vol.%) mmf.

The maceral groups of inertinite (fusinite, reactive semifusinite, inert semifusinite, micrinite,
macrinite, secretinite, and inertodetrinite) were identified in the samples at variable
quantities. It was observed that inertinite comprised mainly of inert semi-fusinite and
inertodetrinite as the most abundant macerals identified in the coals studied. Inertodetrinite

concentrations were high in all the investigated coals, relative to inert semi-fusinite.
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Similar observations on Highveld coalfield were reported by Hagelskamp and Snyman
(1988) on low reflecting inertinite coals. The results were confirmed by Snyman and Botha
(1993), and most recently by Everson et al. (2013). In their findings, inertodetrinite was the
most abundant maceral, concentrated in the durain bands and partly in the clarain bands.
Inertodetrinite is semi-reactive, formed from plant debris that were introduced into the peat
during periods of flooding, and redeposited with clastic minerals in low lying swamps

[Falcon, 1989; Snyman and Botha, 1993; Weeber et al., 2000].

The dominance of inertodetrinite in coal samples is an indication of water transportation
activities and re-deposition that took place during the formation of coals [Falcon, 1989;
Weeber et al., 2000]. Coal A reported the highest proportions of inertodetrinite and inert
semifusinite, as depicted in Figure 6-11. The presence of fusinite, semi-fusinite, macrinite,
and micrinite is an indication of forest fires during dry periods of coal formation. Generally,

the coals consisted of very low concentrations of micrinite and macrinite.
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Figure 6-11: Comparison of inert semifusinite and inertodetrinite concentration in the coal samples
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6.7.1.2 Vitrinite maceral group

Vitrinite is regarded as the reactive maceral in coals, and is common in Northern hemisphere
coals, forming in anaerobic conditions. The vitrinite content in Southern hemisphere coals
has an average composition of 40 vol. % [Falcon and Ham, 1998]. The vitrinite content in the
investigated coal samples varied between 5 and 21 vol%, mmf, which can be considered

typical of run-off-mine (ROM) SA coals.

Collotelinite (Table E-1) was the most abundant vitrinite maceral found in these coal
samples, with coal B (9.7 vol.%, mmf) and coal D (7.3 vol.%, mmf) reporting the highest
concentration of collotelinite. Coal A (3.2 vol. %, mmf) and coal C (4.1 vol. %, mmf) had the
lowest concentrations of collotelinite. Vitrodetrinite (Table E-1) was the second most
abundant vitrinite maceral found in the coals studied, with the highest concentration reported
for coal B (10 vol. %, mmf). Other maceral groups, such as gelinite, pseudovitrinite, and

corpogelinite, are present in relatively low concentrations.

6.7.1.3 Liptinite maceral group

The amount of liptinite present in all coal samples is relatively low compared to other
maceral groups. Typically, South African coals have a low concentration of liptinite, ranging
between 2 and 10 vol.% [Falcon and Ham, 1988], and generally below 5 vol.% [Snyman,
1989]. Thus, the liptinite content in coal C, with a composition of approximately 12 vol.%,
(mmf.) can be considered to be high. High liptinite content leads to a high volatile matter and

low fixed carbon content [Falcon and Ham, 1988].
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Coal C had by far the highest amount of mineral matter and lowest fixed carbon contents (as
indicated in Table 6-1); this suggests the liptinite was intimately bound with the mineral
matter, since the sample is a discard coal. Sporinite was the dominant liptinite maceral
identified in these coals, with a concentration of approximately 11 vol.% in coal C. Other

macerals present in minor quantities included cutinite, resinite and the liptodetrinite.

It can be summarised that South African coals typically have high concentration of inertinite
macerals as it has been reported previously. Typically coals from the Karoo basin have
reported high concentrations of inertinite (up to 78%), moderate to low vitrinite (17-45%),
and moderate to low liptinite content (2-11%). From this work, it can be seen that the
dominating maceral groups are inert semifusinite and inertodetrinite, which is characteristic

of SA coals [Everson et al., 2013].

6.7.2 Mineral matter found in South African coals and their mode of occurrence

Petrographic evaluations allow for direct identification of mineral matter present in coal
samples. However, only mineral matter visible at a magnification of X500 can be identified,
thus making it difficult to identify finely distributed mineral matter. As discussed in previous
sections, South African coals are typically low grade coals, with a relatively high ash content
(up to 35 wt.%). This implies that a significant amount of mineral matter is present in SA
coals, and this mineral matter are to be accurately classified and identified for one to

understand their impact in downstream processes.

Mineral matter in South African coals can be classified into four main groups: clays, silicates,
sulphides, and carbonates. The presence of these minerals was first identified by analysing
the ash content. From ash chemistry, it was deduced that kaolinite, quartz, dolomite, calcite,

and pyrite were present in coals.
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The identification of these minerals was based on the assumption that coal is homogeneous.
The detrital-authigenic index indicated that coals A, B, and D were detrital in nature.
Although DAI calculation can be used to determine the detrital and authigenetic nature of
mineral matter in coals, it is not easy to recognize the mode of occurrence of the minerals

from ash chemistry.

Petrographic analyses were conducted to identify mineral matter and establish their
association and mode of occurrence in coals. Mineral matter identified in the investigated
coals are clays, sulphides, carbonates, quartz, oxides and a small fraction of mineral matter
that was not identified petrographically. The petrographic analyses are compared to the ash
composition results detailed in Section 6.2.3. The mineral matter composition for different
coals is presented in Table 6-6. The detailed results of the petrographic mineralogical

compositions can be found in Appendix E.

Table 6-6: Mineral matter composition in volume percent (organic matter free basis) of coal samples
determined by petrographic point counting method

Mineral matter (Vol.%)  Coal A Coal B Coal C Coal D
Silicates 39.9 221 71.0 47.1
Sulphides 13.3 10.4 6.1 7.8
Carbonates 8.7 22.9 1.8 9.8
Quartz 37.2 43.8 20.7 304
Other 0.9 0.8 0.3 2.0
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6.7.2.1 Clay minerals

Clays are the major minerals found in South African coals [Falcon, 1988]. From the
petrographic results presented in Figure 6-12, it can be observed that more than 50% of
mineral matter in coals is present as clay minerals, with approximately 70 vol.% clay mineral
content in coal C. The petrographic observations are in agreement with the ash chemistry

results, whereby Al,O3; and SiO, are dominating elements in coals, indicating the presence of

clay minerals.
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Figure 6-12: Mineral matter in coals as determined by optical microscopy [including organic matter]

The mode of occurrence of clay minerals found in South African coals is variable. Some of
the clay minerals are dispersed in organic matter such as vitrinite (Figure 6-13), or present as
veins or cell infillings. From this work, it was noted that kaolinite is present as a syngenetic
and an epigenetic mineral matter, as indicated in Figures 6-13 (a) and (b), respectively.
Syngenetic minerals are formed during the early stage of coalification, after deposition or by
diagenetic degradation of pre-existing minerals. These forms of minerals exhibit crystal
faces, and are intimately intergrown with other syngenetic minerals and are found in cell
cavities. The epigenetic minerals are found in fractures or cleats, and bear no relationship to

the inherent structure of coal.
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The finely grained mineral matter occurs as infilling of vitrinite cell structure and other
organic matter (Figure 6-13 b). Generally, most of the clay minerals identified were finely
grained and associated with organic matter, or occurred as infilling in cell structures. The
association of kaolinite with inertodetrinite indicated the detrital origin of the mineral in coal
[Snyman and Botha, 1993], and these results are in agreement with the detrital-authigenetic

index relationship derived from ash chemistry.

p——f

50 pm

Figure 6-13: a) Disseminated syngenetic clay minerals b) Epigenetic kaolinite mineral deposited in
organic matter (Magnification, X500, oil immersion lens, reflectance microscope).

6.7.2.2 Quartz

Quartz is the second most abundant mineral present in coal samples. Coals A, B, and C have
the highest concentration of quartz (Table 6-6), with composition ranging from 20 vol. % to
44 vol.%, on a maceral free basis. The quartz found in the coals was of both syngenetic and
detrital origin, mostly spherical, but also angular and liberated, with some particles showing
internal reflection of rutile rods, as indicated in Figure 6-14 (a) and (b), respectively. The
rounded quartz indicated a detrital origin, whereby the mineral was transported into coal peat
at a later stage of coal formation by moving water or winds. The detrital quartz was mostly

associated with clay mineral.
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Quartz associated with organic matter is most likely to experience high temperatures during
coal conversion, whilst quartz associated with clay minerals is expected to be liberated during

beneficiation of coals.

Figure 6-14: a) Authigenetic quartz with internal reflection, b) Rounded quartz and epigenetic pyrite
infilling vitrinite structure. (Magnification, X500, oil immersion lens, reflected light).

6.7.2.3 Carbonates

The interaction and activity of CO,, H,O and elemental species lead to the precipitation of
carbonate minerals [Garcia-Vallés et al., 1993]. Carbonate minerals are typically of an
authigenic origin in coals. Carbonates of syngenetic origin are common in sub-bituminous
coals, and common carbonate minerals found in South African coals are calcite and dolomite

[Snyman, 1989].

From the petrographic results, the carbonate mineral concentration ranged from 2.0-23 vol. %
(maceral free basis). Coal B reported the highest concentration of carbonate minerals (23 vol.
%), whilst coal C had the lowest concentration of carbonates (1.8 vol.%). From this account it
is noted that there is a difference in the reporting of the carbonate minerals by petrographic

methods and ash chemistry composition.
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The difference in the reporting can be due to the fact that ash chemistry will report the total
amount of elements that is either organically or mineral matter bound. Petrographic analyses
as already stated, identify minerals that are visible at a magnification of X500. Moreover, the
petrographic results are reported in volume percentage, and not in mass percentage.

Therefore, it is anticipated that the two analyses will not reflect similar results.

The morphological structure of carbonates identified in these coals is shown in Figure 6-15
(@ and (b). The carbonate mineral was of an authigenetic origin, and associated with

inertodetrinite.

Figure 6-15: a) Carbonate-siderite mineral in inertodetrinite. b) Carbonates in organic matter
(Magnification X500, oil immersion lens, reflectance microscope)

6.7.2.4 Sulphides

Pyrite is a common mineral that hosts sulphides in coals. Sulphides can be classified either as
syngenetic or epigenetic. Syngenetic sulphides form during the early stages of peatification,
the minerals are usually small in size and finely distributed throughout the coal structure.
Conditions that favour the formation of pyrite are marine environments, which consist of high
concentrations of sulphates and iron, under reducing and acidic environments [Querol et al.,

1989; Taylor et al., 1998] and bacterial activities.
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Pyrite intrusion into cell cavities is due to sulphur bearing aeolian and fluviatile during the
early stages of the peat accumulation, precipitating out syngenetic pyrite [Weeber et al.,
2000; Falcon and Snyman, 1986]. Framboidal pyrite is syngenetic and is formed during early
diagenetic process. Epigenetic pyrite is introduced into the coal after compaction. Contrary to
syngenetic pyrite, these sulphides are larger and fairly coarse. The epigenetic pyrites form in
conditions where there is enough reduced sulphur, dissolved cations, and formation sites such
as cracks, cleats and cavities, where pyrite precipitates out. Coal D comprised of both
syngenetic and epigenetic pyrite. However, generally the coal samples were comprised of

epigenetic pyrite.

The petrographic composition of pyrite ranged from 6-13 vol.%. Coal C has the lowest
concentration (6.1 vol.%) of finely disseminated pyrite mineral. The morphology of pyrite in
the coal samples was variable, as depicted in Figure 6-16 (a)-(d). From the study, the most
common mode of occurrence of pyrite was massive replacement, and the infilling of cell

structure, cleats and fractures.

Figure 6-16: The different morphologies of pyrite in coals. a) Nodular syngenetic pyrite in vitrinite. b)
Epigenetic cleat in-filling; c) Cell in-filling; and d) Pyrite lens in clay-rich particle. (Magnification X500,
oil immersion lens, reflected light)
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The detailed morphologies and mode of occurrence as determined by petrographic analyses

are summarised in Table 6-7.

Table 6-7: Detailed analyses of mineral matter of the investigated samples (Vol. %) showing the mode of
occurrence in coals

Mineral group  Mineral form (vol. %) Coal A Coal B Coal C Coal D
Clays Fine grained in organic matter 11.8 6.8 23.0 234
Fine grained infilling cell structure 6.5 6.2 0.4 20.8
vitrinite
Infilling cell structure other 1.1 34 1.6 5.2
Fine grained association 0.0 0.0 0.0 2.6
Association with quartz 18.7 2.7 29.2 1.3
Liberated 3.8 0.0 11.1 0.0
Sulphides Finely distributed 0.0 0.7 0.0 0.0
Infilling cell structure other 5.0 2.1 1.2 0.0
Infilling cleats / fractures 1.9 3.4 1.2 3.9
Massive / replacement 3.1 14 2.9 0.0
Carbonate Finely distributed siderite 0.0 0.7 0.4 0.0
Siderite growths 0.0 11.0 0.4 9.1
Infilling cell structure fusinite 1.5 0.0 1.2 0.0
Infilling cell structure other 0.4 3.4 1.2 0.0
Infilling cleats /fractures 10.7 2.1 1.2 0.0
Calcite veins with twinning 0.0 0.7 0.0 0.0
Quartz Associated with clays <10 21.8 8.2 13.6 0.0
In organic matter 11.8 41.8 10.7 31.2
Liberated 0.0 55 0.0 0.0
With rutile rods 0.0 0.0 0.0 1.3

156



Based on petrographic studies, clay minerals occurred in various forms coals C and D were
characterised by fine-grained clay minerals associated with the organic matter. Fine grained
infilling cell structure of vitrinite is abundant in coal D. A significant amount of clay minerals
in coal C, are associated with quartz, and some are liberated. A high concentration of
liberated quartz in coal C is an indication that the minerals were originally epigenetic and

were liberated during beneficiation.

Most of the carbonate occurred as siderite growth in coals B and D, and infilling cell
structure and cleat/fracture. Carbonate minerals in coal A are characterised by infilling
cleats/fracture. The mode of occurrence of quartz is mostly associated with organic matter or
clay minerals. Majority of quartz, most especially in coal B is associated with organic matter,
whilst a good proportion is associated with clay minerals in coal A. Quartz in coal D is also

associated with rutile rods.

Pyrite minerals are dominantly present as infilling cleats or fractures. Infilling minerals have
an epigenetic mode of occurrence. Pyrite occurring as isolated euhedral forms framboids,
indicating the syngenetic origin of pyrite. Syngenetic pyrite formed as a result of a chemical
reaction between H,S generated from SO;~ by sulphate reducing bacteria and ferrous ions in
the peat swamp (Kostova et al., 1996, Chou, 1997, Dai et al., 2002). The most common form
of occurrence of pyrite is infilling cell structure/fracture and massive replacement, and less

common as finely distributed mineral.

The mode of occurrence and association of mineral matter depends on the paleogeographic
conditions that were pertinent during peat formation, and the subsequent coalification

process, referred to as syngenetic minerals and successive epigenetic mineralisation due to
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fluid inclusions. The mode of occurrence of mineral matter is likely to influence the

combustion behaviour of different coals [Shirazi et al., 1995].

6.8 Relationship between mineral matter determined by petrographic methods and ash

content

The determination of ash content following ISO 1171 was used to estimate the amount of
mineral matter in coals. The ash content was related to mineral matter that was determined
from petrography. The relationship drawn between the two parameters is presented in Figure
6-17, showing a linear relationship, with a correlation coefficient (R? of 0.94, between

mineral matter and ash content.
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Figure 6-17: Relation between petrographically determined mineral matter and ash content
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The use of petrographic methods was valuable in describing the different maceral groups,
mineral matter, their association and mode of occurrence. From the analyses made to this
point it can be summarised that the major mineral matter present in coals are clays,
carbonates, sulphides, sulphates, and oxides, as were reported previously for SA coals

[Everson et al., 2013; Falcon and Ham, 1988; Matjie et al., 2016].

A good correlation was drawn between ash content and mineral matter using proximate and
petrographic analyses. However, both petrographic and proximate methods fall short in terms
of providing detailed information in identifying, and describing mineral matter found in
coals, particularly in cases where minerals are in low concentrations. A volume concentration
of minerals ranging from 0.3 to 2 vol.% could not be identified, and the minerals were
classified as other. Moreover, petrographic methods could not discriminate between minerals
that belong to the same group. The next section of the report focuses on bulk structural
analytical tools and point analyses that were used to characterise mineral matter in more

depth.

6.9 Structural analyses of mineral matter in coals

A number of characterisation techniques are generally used to study both the organic
structure and the mineral matter composition in coals. This section of the thesis focuses on
the use of structural techniques such as XRD, FTIR, and mRs to characterise and understand
the nature and mineralogical structure of mineral matter that occur as discrete minerals or
organically associated with coal in raw, LTA and HTA samples. This section of the chapter

will first consider bulk structural techniques, and lastly the single particle analyses method.
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6.9.1 X-ray diffraction (XRD) analyses of raw coals

In order to determine the mineralogy of raw coals, the diffraction patterns were measured and
collected over the scan ranging from 10° to 80°, and the obtained results are shown in Figure
6-18. The quantitative analyses of the four coals were computed using the Siroquant
processing system. The Siroquant program generates a synthetic XRD pattern, and compares
it to the observed XRD pattern. Scaling factors are then used to estimate the quantitative
composition of the different minerals. The XRD results of raw coals determined by the

Siroquant program are summarised in Table 6-8.

Comparing the four patterns of the investigated coals, it can be clearly observed that the
different diffractograph patterns obtained showed the difference in mineralogy and

crystallinity in all four coal samples studied.

According to the obtained results, it was observed that coal D, with a low mineral matter
content, was highly amorphous, compared to the other three coals under investigation. The
presence of amorphous carbon masked the diffraction pattern, forming a broad pattern
between 18° and 30° scanning ranges. The amorphous nature of the coal can be attributed to
the high carbon content, as it was previously reported from ultimate analysis results in Table

6.1, whereby the results indicated that coal D was a carbonaceous rich sample.
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Major silicates, carbonates, sulphides, phosphates, hydroxides, oxides, and sulphates

identified by XRD included quartz, kaolinite, calcite, aragonite, dolomite, pyrite, muscovite,

alunite, gypsum, brushite, gorceixite, and anatase. In can be seen from the results presented in

Table 6-8 that the major crystalline minerals present in coals are consistent with previous

literature that conducted similar studies and identified mineral matter present in SA coals

[Snyman and Botha, 199

3; Pinetown et al., 2007; Matjie et al., 2016].
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Table 6-8: Quantitative crystalline mineral matter composition for the coal samples after normative
calculations based on XRD identification. Concentrations are expressed in weight %

Mineral Chemical formula Coal A CoalB CoalC CoalD
Quartz SiO; 6.2 23.1 29.7 1.2
Kaolinite  Aly(Si,05)(OH), 78.4 47.8 60.5 97.7
Calcite CaCO; 2.7

Aragonite CaCO; 1.1

Dolomite CaMg(CO:s), 4.2 114

Pyrite FeS, 8.9 8.6 4.2
Muscovite KAI3Si304o(OH), 15 5.3

Alunite KAI3(SO4),(OH)s 1.6

Gypsum CaS04(H,0), 2.0

Brushite CaPOy4(0OH)(H,0), 14

Gorceixite  BaAl3(PO)4(PO3;0H)(OH)s 0.9

Anatase TiO, 0.2 0.3 1.1

Total 100.0 100.0 100.0 100.0

Results presented in Table 6-8 show that the mineralogical composition of crystalline mineral
matter in coals studied is mainly composed of kaolinite (Al; (Si,Os)(OH),4) and quartz (SiO,)
as the dominant crystalline minerals for all coal samples investigated. Furthermore, it can
also be seen that a large fraction of minerals found in coal D is in fact kaolinite. The

concentration of kaolinite in coals varied between 47.8 wt. % and 97.7 wt. %.
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The presence of other silicate minerals such as muscovite was not obviously observed with
both XRF and petrographic evaluations. The identification of muscovite by XRD analyses
indicates the importance of using structural technique such as XRD to confirm the presence
of different clay minerals found in coal structures. However, it is important to notice that
muscovite was not identified in all coal samples. Muscovite (KAI3SizO10(OH),) was found in

coals B (5.3 wt.%) and C (1.6 wt.%).

Quartz (Si0O,), the second most abundant mineral found in coals was high in coals B
(23.1wt.%) and C (29.7wt.%). According to the findings stated previously from the
petrographic results, quartz was of detrital origin, and largely associated with organic matter.
The different carbonate minerals found in the coal samples were identified as calcite
(CaCOs3), aragonite (CaCOg3), and dolomite (CaMg(COs3),). All three carbonate mineral
groups were identified in coal B. The sample had a nominal composition of dolomite at 12
wt. %. An investigation by Vassilev et al. (2010) found that South African bituminous coals

from Witbank and Ermelo coalfields are rich in dolomite.

Dolomite is more prevalent in an environment where a high concentration of Mg and high
salinity exists [Vassilev et al., 2010]. Moreover, the transformation of either calcite or
aragonite can also lead to the formation of dolomite minerals. The presence of dolomite in
coals could be an indication of the arid conditions that prevailed during the coalification

process.

The sulphide mineral identified in the coal samples was pyrite (FeS,), identified in coals A, B
and C. The compositions of FeS, are reported at 8.9 wt.%, 8.6 wt.% and 4.2 wt. %
respectively. The presence of pyrite in coal D was relatively low, as expected, thus

confirming the total sulphur results reported in section 6.2.2.
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It is considered that although XRF and petrographic analyses indicated the presence of
sulphide minerals in coal D, the minerals were not positively identified by XRD methods
because of the detection limits of the instrument. Moreover, petrography is not a bulk

analysis technique and hence can detect pyrite in individual particles.

The two sulphate minerals identified in coals are gypsum (CaSO4(H,0),) with a composition
of 2 wt.%, and alunite (KAI3(SO4).(OH)g) reported at a composition of 1.7 wt.%. The two
phosphate  minerals, brushite (CaPO4(OH)(H.0),) (1.4 wt%) and gorceixite
(BaAl3(PO)4(PO30H)(OH)g) (0.9 wt.%) were identified in coal A. The presence of gypsum
and brushite is an indication that calcium is not only present as a carbonate but as a sulphate

and phosphate mineral.

The mode of occurrence of phosphorus can be associated with either organic or mineral
matter [Swaine, 1990]. However, owing to the mineralogical analyses, it can be considered
that the general bulk of phosphorus in coals is associated with mineral matter. The formation
of gorceixite in coals is an indication of local pH that existed during the precipitation of
alumina-phosphate mineral. Phosphate minerals are formed at low pH, due to chemical
reaction between phosphate rich solutions, calcite and clay minerals. According to a study by
Spears et al. (1988), phosphorus was released from plant decay, with elements such as
strontium, barium, and lead. These elements were introduced into the coal peat by minerals

from volcanic resources.

Anatase is usually found in trace amount in coals. A high composition of anatase (Ti0O,) is
reported for coal D. However, TiO, could not be detected in coal A, possibly because of the

low detection limits.
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In order to obtained detailed knowledge about the mineral matter, it was important to conduct
bulk analyses on raw and ashed samples to gain more insight on the nature of mineral matter

found in coals.

6.9.2 X-ray diffraction (XRD) analyses of low temperature ashes

The purpose of low temperature ashing is to drive off the organic matter and to accurately
identify mineral matter without the interference of organic matter which can have an effect on

mineral matter reported.

The mineral matter phases identified in LTA samples and the respective abundance of
individual crystalline phase minerals was calculated and interpreted by making use of
Siroquant and the results are summarised in Table 6-9. The XRD results show some
similarities in composition between raw coals and LTA samples, which indicates the
effectiveness of using LTA methods without altering the composition of minerals found in

raw coals.

The major minerals (kaolinite and quartz) identified in LTA samples correlated well with
results obtained from XRD analyses of raw coals. The results confirmed information derived

from physico-chemical properties and petrographic evaluations of the coals.
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Table 6-9: Mineralogy and ash composition of LTA samples based on XRD Siroquant analyses (wt. %0)

Phases LTA-A LTA-B LTA-C LTA-D
Quartz 4.6 20.3 15.2 1.8
Kaolinite 79.2 47.3 63.7 935
Mica 2.7

Ilite 2.8 1.5

Calcite 1.4

Dolomite 2.7 7.6 1.0

Pyrite 2.1 2.1 1.5

Goyazite 0.9 14

Bassanite 1.8

Ash content 48.7 31.6 77.9 24.1

Finely distributed clay minerals of particle size below 2 um were further interpreted by using

oriented-aggregate XRD analysis. The results in Table 6-10 identified kaolinite as the major

clay mineral in all LTAs, with concentrations ranging from 90-97 wt. %. Minor quantities of

illite were present in LTAs C and D. The expandable mixed layer clays of irregular

illite/smectite were identified in all LTA samples, with a high proportion of the clays reported

for LTA-B (Table 6-10).

Table 6-10: Clay mineralogy of fractions less than 2 um from oriented aggregate XRD analysis of low
temperature ash samples

Sample name Kaolinite (wt.%6) Ilite (wt.%0) Expandable clays | Nature of expendable
(wt.%0) clays

LTA-A 96 0 4 Irregular illite/smectite

LTA-B 90 0 10 Irregular illite/smectite

LTA-C 91 6 3 Irregular illite/smectite

LTA-D 97 2 2 Irregular illite/smectite
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Quartz is the second most abundant mineral found in LTAs, with LTA-B constituting the
highest concentration (20 wt.%) of quartz. Comparing XRD result of raw and LTA samples,
it was observed that there was a strong correlation between major minerals, particularly
kaolinite and quartz. However, there was a deviation in the reporting of minor minerals. The
concentrations of minor minerals reported by XRD analysis of raw coal were generally
higher than the concentrations reported by XRD analysis of LTA samples. As a result, only

the correlation between major minerals in raw and LTA samples was considered.

The results in Figure 6-19 show a good linear correlation coefficient (R*> = 0.98) between
major minerals (i.e. kaolinite and quartz) found in the raw coals and their derivative LTAs.

The correlation is a good indication of the reporting of major mineral matter found in coals.
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Figure 6-19: Correlation between kaolinite and quartz in raw coal and LTAs determined by XRD

Mineral matter present in minor quantities includes minerals such as dolomite, mica, illite,
calcite, pyrite, goyazite, and bassanite. Goyazite (SrAl3(PO4)(PO30OH)(OHg)) was identified
in LTA-A (0.9 wt.%) and LTA-B (1.4 wt.%), whilst bassanite (2CaS0O4.H,0) was reported in

LTA-B.
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It has been reported previously that bassanite is a common artefact mineral that forms during
LTA, due to the reaction between the organically bound sulphur and calcium [Ward, 2002],
or due to the interaction between calcite and pyrite [Ward, 1989]. Another possible
explanation for the formation of bassanite was proposed by Pearson and Kwong (1979) who

suggested that bassanite was formed as a result of hydration of the ferrous sulphate product.

The dominant carbonate mineral identified in LTAs A, B, and C is dolomite. Calcite was
identified in LTA-B, whilst pyrite was identified in LTAs A, B, and C. These results are
consistent with reports by Vassilev et al. (2010), which suggests that dolomite is quite
prominent in South African coals. Based on petrographic and XRD analyses of raw coals and
LTAs, it is evident that coal B had significant amount of calcium that contributed to the
reduction of AFT. These results are also confirmed by the ash chemistry inferred by XRD

analyses of LTAs in Table 6-11.

Considerable differences exist in the ash chemistry results obtained from XRF analysis and
those inferred by XRD Siroquant data. From the analysis, it can be seen that compositions
reported by XRF are seemingly lower compared to results inferred by XRD. Nonetheless, it is
important to note that the ash chemistry inferred by XRD methods allow for loss of hydroxyl
groups from clay minerals, CO, given off during the decomposition of carbonate minerals,
and the transformation of pyrite [Matjie et al., 2016], which can bring about the difference in

results.
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Table 6-11: Inferred ash chemistry based on Siroquant data

Samples LTA-A LTA-B LTA-C LTA-D
SiO; 54.89 59.73 61.91 55.29
Al,O, 40.52 28.86 34.93 44.35
Fe,04 1.62 161 1.12 0.00
MgO 0.80 2.04 0.42 0.05
CaO 1.17 4.66 0.46 0.03
Na,O 0.09 0.10 0.13 0.04
K;O 0.56 131 1.03 0.24
P,0s 0.35 0.55 0.00 0.00
SO; 0.00 1.14 0.00 0.00
Total 100.00 100.00 100.00 100.00

The results of ash composition determined by XRD are presented in Table 6-9. The results
were correlated with ash composition determined by proximate analyses method using
statistical tool in Microsoft Excel. Figure 6-20 shows a strong correlation between ash
compositions determined by XRD and proximate analyses. From the results, it can be seen
that there is a linear correlation coefficient of 0.98. From these analyses, it is noted that
although the results are slightly different, there is an overall correlation between ash
compositions determined by proximate analyses, petrography, and XRD. It seems most likely
that there is a good agreement in results mainly because the analysis is on a bulk scale.
Although bulk analysis considers the whole sample as a uniform unit, it is also noted that

variations in reporting of results become apparent when coals are probed on a smaller scale.
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Figure 6-20: Correlation between ash compositions determined by XRD and proximate analyses

6.9.3 X-ray diffraction (XRD) analyses of high temperature ashes

The mineral matter in HTA samples identified by XRD included quartz, hematite, anhydrite,
anatase, brookite, rutile and zircon as high temperature phases that formed at 815°C in air.
The compositions of the different minerals are summarised in Table 6-12, and illustrated in

Figure 6-21. The diffractograph of the different HTA samples are presented in Appendix F.

Table 6-12: X-ray diffraction (XRD) phases of high temperature ashes

Phases (wt. %) HTA-A HTA-B HTA-C HTA-D
Quartz 59.5 40.4 87.8 50.0
Hematite 6.9 19.0 6.6 114
Anhydrite 30.3 314 2.0 39
Anatase 0.5 1.6 14.8
Brookite 1.7 2.2 0.5 9.1
Rutile 0.4 11 ND 10.2
Zircon 11 4.6 15 0.6
Degree of crystallinity 51.0 34.0 64.0 22.7

The results show that quartz is the most dominant mineral in HTAS, with concentrations
ranging from 40.4 wt. %. to 87.8 wt. %. Quartz is inert and therefore remains stable without

undergoing phase changes at temperatures below 1000°C. Other dominant high temperature
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phases formed included hematite and anhydrite. HTA-A and HTA-B constituted the highest

amount of anhydrite, reported at 30.3 wt. % and 31.4 wt. % respectively.

M.

CQuartz Hematite Anhydrite Anatase  Brookite Rutile Zircon

WCoalA WCoalB ECoalC ECoalD

Figure 6-21: HTA XRD of the different high temperature minerals formed at 815°C

Anhydrite is a high temperature phase mineral, formed at high temperatures due to
dehydration of gypsum, crystallization of pore water, and reaction between calcium and
sulphur. The source of sulphur can be from organic matter, pyrite, or jarosite, whilst the
source of Ca can be from carbonate minerals such as calcite, dolomite, ankerite, and
fluorapatite [Vassilev et al., 2003]. Dolomite was the main carbonate mineral identified in
Coals A and B, and to a lesser extent calcite and aragonite (Table 6-8 and Table 6-9). The
mode of occurrence of carbonates, particularly in Coal B is siderite growth, indicating the

authigenetic nature of carbonates in the sample.

Pearson and Kwong (1979) proposed that anhydrite and hematite formed due to the oxidation

reaction between FeS, and CaCOg, as indicated by Equation 6-6.

4FeS, + 8CaC0; + 150, — 2Fe, 05 + 8CaS0, + 8C0, Equation 6 — 6
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Kostakis (2011) described the formation of anhydrite as a reaction between CaO which is
liberated when carbonate minerals decompose, forming gaseous phase (SO, and O;) as

indicated in Equation 6-7.
1
Ca0 + S0, +502 - CaS0, Equation 6 —7

Hematite was identified as one of the major HTA minerals. Hematite is an oxidation product
that is formed at high temperatures following the reaction between pyrite and oxygen, as

indicated in Equation 6-8.
1
2FeS, +§02 < Fe, 05 + 250, Equation 6 — 8

Pyrite is the common source of Fe that transforms into an amorphous Fe-containing glass and
hematite in bottom ash produced in gasifiers (Waanders and Bunt, 2007). Petrographic and
XRD analyses identified pyrite as the main source of Fe in raw coals; hence it is considered

that iron bearing minerals in HTA are derivatives of pyrite.

The Fe-rich minerals in their Fe®" state, and Ca-rich minerals interact at high temperatures
and form low melting eutectic mixtures of temperatures of about 700°C, which lowers AFT
[Han-xu, et al., 2008; Kostakis, 2011; Van Dyk et al., 2009]. Coal ashes with higher
anhydrite content typically have lower AFT [Han-xu et al., 2008]. Although the
concentration difference between HTA-A, and HTA-B is marginal, it can be suggested that

anhydrite identified in HTA-B had an effect on AFT results of the investigated coals.

The high concentration of hematite in HTA-B is also an indication that Fe lowered the AFT
of the coal, as it was discussed previously. The HTA XRD results confirm conclusions drawn

from slagging indices and thermodynamic modelling.
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The amorphous phase in HTAs was due to partial dehydroxylation and decomposition of clay
minerals such as kaolinite, forming poorly crystalline products [Vassilev et al., 2003]. From
the results, it was observed that an increase in ash content resulted with an increase in the
degree of crystallinity. A strong correlation with regression of 0.88 was determined between

ash composition and degree of crystallinity, as depicted in Figure 6-22.
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Figure 6-22: Correlation between degree of crystallinity and ash content

Rutile, anatase and brookite are minor elements in HTA, with high concentrations of the three
polymorphs reported in HTA-D. As observed in XRD analyses of raw coals and LTAs, coal
D had a high concentration of anatase. The formation of other phases such as rutile and
brookite could be due to phase transformation of anatase to brookite. Comparing the
composition of raw coals and HTA, it is noticeable that distinct phase transformation took

place between mineral matter in raw coals and HTA samples.
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6.9.4 Fourier Transform Infra-Red (FTIR) analyses of raw coals

The Fourier Transform Infra-Red spectroscopy (FTIR) was used to determine the structural
composition of the raw coals. The FTIR spectra in the transmittance mode were collected
over the mid-infrared (MIR) region (500-4000 cm™). Figure 6-23 depicts the typical spectrum
that was obtained and observed for all the raw coals studied. The individual spectra for
specific coals are presented in Appendix G. The infrared spectra observed were compared to
data available in literature. The study by Saikai and Parthasarathy (2010) was conducted on
clay mineral from Assam and Meghalaya, India, using both XRF and FTIR spectroscopy, and
the work was used for attentive assignment of clay minerals found in coal samples. From the
FTIR spectra in Figure 6-23, the OH vibrations typical found in kaolinite clays were
identified, confirming the presence of kaolinite in coals.
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Figure 6-23: FTIR spectrum of kaolinite in raw coal A within the 500-4000 cm™ spectral region

The results were also confirmed by fitting the kaolinite spectrum from the in-built spectral

library of inorganic minerals. A list of peaks and their assignment are shown in Table 6-13.
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Table 6-13: A summary of FTIR band position (cm™) identified in raw coals and theoretical kaolinite and
muscovite [Saikai and Parthasarathy, 2010].

Theoretical kaolinite  Coal A Coal B Coal C Coal D Assignment

3670-56 3686 3687 3687 3686 Al---O-H

3645 3618 3619 3619 3618 OH stretching crystalline
hydroxyl

1117-05 1115 1114 1115 1115 -

1035-30

Muscovite and quartz 1025 1026 1026 1026 Si-O stretching

1019-05 1004 1005 1003 1000 Si-O stretching

936 936 - 936

918-09 910 912 910 910 OH deformation linked
to AI** Mg?*

800-784 788 797 796 788

---------------- 749 750 750 750 e

700-686 667 668 668 667 Si-O-Si bending

---------------- 658 660 659 -------—----  Si-O-Si bending

The FTIR peaks within the 500-1100 cm™ spectral range and the doublet at 3695 cm™ and
3620 cm™ were assigned to clay minerals. A typical structure of kaolinite Al,Si;Os(OH), is
described by four adsorption bands in the OH stretching region (3200-3800 cm™), with the

bands positioned at 3695, 3670, 3650 and 3620 cm™ [Vaculikova et al., 2011].

Kaolinite in coals has two forms of crystallinity, the low crystalline detrital kaolinite and a
highly crystalline neomorphic kaolinite. The highly crystalline kaolinite form due to in-situ
leaching and re-precipitation processes that generally take place in peat swamps [Ward,
1989]. The interactions between precipitated alumina and silica in solution resulted in the

formation of authigenetic and well-ordered kaolinite mineral [Ward, 2002].

O’Gorman and Walker (1971), assigned the characteristic bands at 3691 cm™ and 3619 cm™
to a crystalline form of kaolinite, whilst the two weak, out of phase vibrations at 3651 cm™
and 3670 cm™ were assigned to the poorly crystalline kaolinite [Farmer, 2000; O’Gorman

and Walker, 1971].
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The adsorption band at 3618 cm™ is assigned to the inner hydroxyl, corresponding to H,O
vibrations and indicates the presence of water of crystallisation in clay minerals [Saikia and
Parthasarathy, 2010]. The inner hydroxyl group is due to the bonding between a proton and
oxygen that is also coordinated to AI** in an octahedral site [Kiros et al., 2013]. Therefore,
the results suggests that peaks observed at 3685 + 1 cm™ and 3617 + 2 cm ™, assigned to the

OH stretching bonds are an indication of a crystalline kaolinite.

The peaks at 936 cm™ and 910 + 2 cm™ wavenumbers are assigned to the OH deformation
bands. The peak at 936 cm™ was only identified in coals A and C. The presence of clays
influences the increase of adsorption of OH bending at 910 cm™ and the OH stretching band
at 3695 cm™. However, reports have shown that the effect of clay minerals is most significant
at the 910 cm™ absorption band [Vaculikova et al., 2011]. The Si-O stretching bands were
assigned to peaks at 788, 795 and 796 cm™, and the Si-O deformation bands were assigned to
peaks at 1000 + 5 cm™. The peaks at 910 cm™ and 1005 cm™ could also be assigned to nacrite
(AlSi,O5(0OH)4, a polymorph of kaolinite, because the peak assignment is similar to that of

kaolinite [Russell, 1987].

The challenge presented by the FTIR technique was the overlap of adsorption bands between
illite and smectite clays, which made it difficult to acquire well-defined peaks. Overlap
between different clay minerals were observed in the investigation by Ekosse (2005). In the
study, the overlap observed was due to the interference between smectite and muscovite at
797 cm™ and 799 cm™ adsorption bands, respectively. Based on findings by Ekosse (2005), it
is possible to confirm the presence of smectite and muscovite minerals identified in coals B

and C.
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The absorption band at 1026 cm™ was attributed to the presence of muscovite and quartz in
the clay minerals, with quartz interference observed at 785-820 cm™. The characteristic
feature of quartz is a doublet centred at 796 and 778 cm™ [Ramasamy and Suresh, 2009].
Therefore, the v (Si-O-Si) and the & (Si-O) bands confirm the presence of quartz in coals
[Nayak and Singh, 2007]. The interference of quartz and clay minerals indicates the
association of the two minerals, thus confirming petrographic observation made about the

association of clay minerals and quartz.

The major clay mineral was confirmed to be kaolinite. The FTIR spectrum of kaolinite was in
good agreement with peak positions observed by Saikai and Parthasarathy (2010), except for a
few peaks which could not be assigned in the investigation. Vibrational spectroscopy analyses
provided useful information about the hydration characteristics, interlayer cations, moisture

content in clays, and structural differences between clay minerals.

It was observed that clay minerals were also comprised of mixed layers of illite-smectite,
muscovite and quartz, confirming XRD results of LTA samples. However, FTIR spectroscopy
is not too popular in identifying mineral matter in coals, mainly due to the overlap of
adsorption bands, and because few mineral matter compounds can be identified by the

technique [Ritz and Klika, 2010].
Although FTIR can be mineral specific, subsequently placing a limitation to its application, it

is observed that the technique has value in studying clay mineral composition. The technique

can readily identify clay minerals relatively easy and faster compared to XRD analyses.
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6.9.5 Fourier Transform Infra-Red (FTIR) analyses of low and high temperature ashes

A number of spectra were collected for the different coal ashes, and the spectra can be found
in Appendix G. There was no distinct difference between FTIR spectra of raw coals and
LTAs. Since similar spectra were obtained for raw and LTA samples, it was concluded that
the minerals identified in raw coals were the same as minerals found in LTAs. These results
further highlighted the fact that the presence of organic matter did not have any effect on the
results. Therefore, it is not critical to perform ashing for FTIR analyses on coals because the

technique can easily characterise both the amorphous and crystalline phases.

A representative spectrum of HTA sample is presented in Figure 6-24. The inbuilt spectral
library was used to help identify the mineral matter in high temperature ashes. When
comparing LTA spectra to HTA spectra, it was observed that significant changes in the coal
mineral structures took place. The transformation of kaolinite could be noted and confirmed
by the disappearance of the 3686 cm™ and 3618 cm™ peaks that were identified in raw coals
and LTA samples. As discussed earlier, the peaks at 3686 cm™ and 3618 cm™ represented

water of crystallisation in the clay minerals.

Other significant peaks in the frequency range 1000 cm™ to 1200 cm™, that were attributed to
silicate minerals, could not be identified in FTIR spectra of HTA samples. Furthermore, there
was a noteworthy change in peak intensity from LTA and HTA samples within the 2000 and
2300 cm™ spectral range. The DTA and TG studies conducted by Vassilev et al. (1995) on
LTA found that the loss of water of crystallisation occurs at 110°C, following an exothermic
reaction. Therefore, high temperature ashing resulted in new high temperature phases
forming, and these phases were identified and confirmed by the appearance of new peaks on

the FTIR spectra.

178



From the spectrum presented in Figure 6-24, it can be observed that the abundant mineral in
HTAs is quartz, mainly because quartz remained unaltered at high temperatures, once again
confirming the XRD results. The characteristic peaks of quartz are identified at 1091 cm™ and
796 cm™ peak positions, with a doublet peak at positions 778 and 796 cm™. The peaks are
assigned to Si-O symmetrical stretching bands [Han-xu et al., 2008]. The shoulder peak at 694
cm™ is assigned to the Si-O bending vibrations, and the peak at 1082 cm™ is due to

asymmetric stretching due to the replacement of Al for Si [Buzgar et al., 2013].
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Figure 6-24: FTIR spectrum of high temperature ash of HTA-B

The FTIR spectrum of HTA-D, presented in Figure 6-25, shows an additional peak at 1091
cm™. Studies by Jin et al. (2009) assigned the peaks at 1090 and 790 cm™ to mullite. This
suggests that the dehydroxylation of kaolinite at temperatures above 550°C led to the

formation of a stable, high temperature phase mullite and the amorphous glassy (SiO,) phase.
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Figure 6-25: FTIR spectrum of high temperature ash of HTA-D

The formation of mullite could be as a result of Al,O3 reacting with SiO,, following the

reactions described in Equations 6-9 and 6-10 [Van Dyk et al., 2009].

3(Al1,052S8i0,2H,0) - 3(Al,0525i0,) + 6H,0 — — — — — — — — — — — — — — Equation 6 — 9

3(Al,0528i0,2H,0) » Aly05(Si0)2 + 6H,0 — — — — — — — — — — — — — — — Equation 6 — 10

It is important to note that technological challenges such as sintering are initiated as a result
of crystallization of anorthite and mullite [Matjie et al., 2009; Van Dyk et al., 2009]. The
thermodynamic modelling using FactSage 7.0 predicted the formation of mullite at high
temperatures, and from the analysis, it was apparent that the mullite phase contributed to slag

formation at high temperatures.
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6.9.6 Micro-Raman spectroscopy (mRs) analyses of raw coals

Micro-Raman spectroscopy (mRs), similar to FTIR and XRD analyses, is a structure specific
analytical tool commonly used to characterise macerals in coals, with capabilities to detect
changes in structural order. Correlation studies of Raman spectra and Raman parameters with
carbon structures have been extensively explored. These studies related the first-order (G-
bands) and second- order (D-bands) shifts with the degree of coalification or graphitisation in

coals [Guedes et al., 2010].

Although the technique has been widely used to characterise various inorganic minerals in
other areas of research, the technique is not popular in characterising mineral matter in coals.
The first published data on mineral matter in coals was reported by Green et al. (1983). Since

then there has been random efforts to characterise mineral matter using mRs techniques.

This section presents results of mRs analyses of mineral matter in raw coals acquired from
the SENTERRA instrument. Characterisation of the different mineral matter was performed
by analysing 100 individual particles under the microscope at room temperature, within a
spectral range of 100-1500 cm™. The various spectra were collected by varying instrument
parameters, which included a variation of laser power and the exposure time. Only a few
selected representative spectra are presented in this section. Major mineral matter identified

in raw coals using mRs included oxides, sulphides, and carbonates.

Although kaolinite was the dominant mineral observed from previously discussed techniques
such as ash chemistry, petrography, FTIR and XRD techniques, it proved difficult to identify
clay minerals using mRs, due to the fluorescence nature of the clay minerals. According to
findings and observations by Manoj and Kunjomana (2010), the clay minerals are more IR

active and Raman inactive.
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The challenge to identify clay minerals could also be attributed to the association of clays
with organic matter, as a result, the mRs was not successful in identifying clays and hence,
the discussion pertaining to clay minerals is excluded. Only sulphides, oxides, and sulphates

are discussed in the subsequent sections.

6.9.6.1 Raman spectra of sulphides

The most common sulphide in SA coals is present in the form of iron-sulphide. The two
polymorphs of iron sulphides commonly found in coals are pyrite and marcasite. However,
because of the sensitive nature of the instrument, mRs can easily discriminate between the

different polymorphs based on their characteristic bands.

Since sulphide minerals are good Raman scatters, it is therefore easy to characterise the
minerals using the technique. From the investigation, it was observed that the Raman spectra
of pyrite were dependent on the amount of power (energy intensity) illuminated on the pyrite
particle. Generally, more than 50% of the power was used to acquire a good Raman spectrum
without degrading the sample. The typical spectrum of the pyrite mineral acquired from coal
samples is shown in Figure 6-26 (a). The spectrum shows the three characteristics peaks of an
anisotropic pyrite structure. The assignment of the pyrite peaks is in accordance to the work
by Mernagh and Trudu (1993), with major peaks displayed at 341 cm™ and 374 cm™ and a

minor peak at 424 cm™.

The peak at 341 cm™ was assigned to the Ey mode, the peak at 374 cm™* was assigned to the
Ay mode, whilst the peak at 424 cm™ was assigned to the T4 mode. There was a slight shift in
wavenumber of the reported spectra when compared to work reported by other researchers
[Mernagh and Trudu, 1993; Voght et al., 1983]. The shift in peak position could be attributed

to the parameters such as laser power that were used in the investigation.
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The mRs technique is quite sensitive to the presence of any structural impurities, and this was
specifically observed with the Raman spectra depicted in Figure 6-26 (b). The spectrum
showed that in addition to the major peaks commonly found in a pyritic structure, there was
an additional sharp peak at 215 cm™ and a broad peak at 278 cm™. According to the work by
Mernagh and Trudu (1993), the additional peaks were attributed to the probable presence of

elemental sulphur.
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Figure 6-26: Raman spectra of sulphide minerals found in coal B in the wavenumber range 50-1500 cm™
(Micro Raman, excitation 532 nm)

Over and above the three forms of sulphur (organic, pyritic, and sulphate) commonly found
in coals, there is the fourth form of sulphur referred to as elemental sulphur. This fourth form
of sulphur was first identified by Chatterjee (1942) in weathered Indian coals. The findings
were validated by Richard et al. (1977), and later by White and Lee (1980). The analytical
technique adopted to determine elemental sulphur was gas chromatography. However, it was
highlighted that the detection limits of the technique presented challenges in terms of

accurately detecting elemental sulphur in coals.
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As a result, other techniques such as the electron capture detectors, sulphur selective flame
photometric detectors and later the Hall electrolytic conductivity detectors, with better and

improved sensitivity were used to characterise elemental sulphur [Ehrlich et al., 1981].

Duran et al. (1986) found that the composition of elemental sulphur in samples provided by
Illinois State Geological Survey, as determined by gas chromatography, was relatively high,
at 5%, and suggested the sulphur in the coal was introduced after the coalification process,
when the coals were exposed to air. Studies by Beyer et al. (1987) suggested microbial
oxidation of pyrite lead to the production of ferric sulphate [Fe, (SO4)3], and the reaction
between ferric ions and pyrite lead to the formation of elemental sulphur, as described by the

reaction proposed in Equation 6-11.

2Fe®* +FeS;, »3Fe*  + 2§ ———————— - — — - — — — — — — — — — — Equation 6 — 11

Findings by Stock and Wolny (1990) indicated that there was a direct relationship between
elemental sulphur content and extend of weathering. The findings showed that an increase in
the time of weathering led to an increase in the amount of sulphur content. Therefore, the

study concluded that elemental sulphur was a by-product of pyrite weathering.

It is plausible that the two peaks observed in coal B (Figure 6-26 (b)) could be attributed to
elemental sulphur, or possibly arsenopyrite. The detection of elemental sulphur is of
significance and valuable insight in this regard, since previous studies have proved it is
difficult to detect elemental sulphur. It is suggested that the possible association of pyrite
with elemental sulphur in this study could be due to the weathering of pyrite, therefore
agreeing with conclusions made by Stock and Wolny (1990). Other polymorphs of pyrite
present in coals are marcasite and pyrrhotite. However, both marcasite and pyrrhotite are

rarely found in SA coals.
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6.9.6.2 Raman spectra of oxides

Coal in its as received state may contains different oxide minerals. The most common oxide
found in coal is quartz. Other minerals present in minor quantities include minerals such as
hematite, cristobalite, corundum, ilminite, chromite, rutile, anatase and brookite. The three

main oxides identified in raw coals by the mRs technique included quartz, rutile, and anatase.
(i) Raman spectra of quartz

As noted previously in petrographic studies, the quartz found in coals was of a detrital origin,
and associated with either inertodetrinite or kaolinite. Quartz was identified as the second
most abundant mineral matter found in most coals as discussed and confirmed by ash

chemistry analyses, petrography, FTIR and XRD.

The Raman spectrum of quartz in coal samples is presented in Figure 6-27. Although quartz
is characterised by four A; symmetry Raman peaks [Denisov et al., 1986] at 207, 356, 464,
and 1085 cm™ [Scott and Porto, 1967], only one peak at 462 cm™ was observed. Other
characteristic peaks were not resolved on the acquired spectrum. The peak at 462 cm™ is
characteristic of a-quartz, and the peak was assigned to the Si-O-Si stretching-bending A;
mode [Kingma and Hemley, 1994]. Similar results are reported by Yin et al., 2017, whereby
quartz was identified in coal ashes. Accordingly, the mRs results confirmed the structure of

the quartz in the investigated samples as an a-quartz, of authigenetic origin.
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Figure 6-27: Raman spectra of quartz as observed using the 532 nm wavelength in the range 500-1500 cm™ (micro-
Raman, excitation 532 nm)

(if) Raman spectra of anatase and rutile (TiO,)

The three polymorphs of TiO,. rutile, anatase, and brookite, all have similar chemical
composition, but different crystallographic structures. Rutile and anatase have a tetragonal
structure, while brookite has an orthorhombic crystal structure. Rutile is considered the most
stable form of TiO,, whereas anatase and brookite are the metastable phases, which transform

to form rutile.

Figures 6-28 (a) and (b) represent the acquired Raman spectra of anatase and rutile
respectively. The micrograph on the right shows the dissemination of small bright particles of
anatase in coal C. The two spectra show the different fingerprints of the two polymorphs and
show how easily they can be discriminated, arguably without significant difficulties by the

mRs technique.
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Figure 6-28: (a)Raman spectra of anatase (top) and (b) rutile (bottom) found in coal sample C in the
wavenumber range 50-1500 cm™ (Micro Raman, excitation 532 nm), (c) White anatase particles
disseminated in coal A

According to the factor group analysis (Dan(141/amd), anatase consists of six Raman active
modes (Asg, 2B1g and 3Ey), and three infrared active modes (A1, and 2E,). The characteristic
peaks of the Raman active modes of anatase are positioned at 144 cm™ (Eg), 197 cm* (Ey),
399 cm™ (Byg), 519 cm™ (Ayy and Byg), and 639 cm™ (E,) in the first order Raman spectrum of
TiO; single crystal [Memon et al., 2013; Ohsaka et al., 1979]. The rutile single crystal is
comprised of four Raman active modes (Ayg, Big, Bag, and Eg) [Ohsaka et al., 1979]. The
active modes of rutile were measured by Porto et al. (1967) at 143 cm™ (Byg), 447 cm™ (Ey),
612 cm™ (Ayg), and 826 cm™ (By,). The assignment of anatase identified in coals was
compared to Raman peaks of pure anatase studied by Mahdjoub et al. (2010), with the peak

list and assignment presented in Table 6-14.
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From the comparison of pure anatase (TiO,) and the Raman spectrum acquired from the coal
sample it can be noted that the coal spectrum corresponds to the Raman active modes of
anatase. Furthermore, from results presented in Table 6-14, it can be noted that the Raman

spectrum of anatase closely matched the results reported by Yin et al. (2017).

Table 6-14: Peak position (cm™) of vibrational modes of pure anatase and mineral matter in coal ashes
[Mahdjoub et al., 2010; Yin et al., 2017]

Peak position (cm™) Yinetal., Mahdjoub et Relative Width Assignment
[This work] 2017 al., 2010 intensity

143 146 144 (vs) 46427 9.38 Eq

197 199 197 (w) 632 5.70 Eq

---------- 320 (vs)

397 396 399 (s) 3294 20.26 Big

516 516 515 (m) 2234 20.63 A

639 640 639 (m) 4569 20.46 Eq
----------- 795 (w) Big

The Raman spectra of rutile was characterised by three main broad peaks positioned at 267
cm?, 412 cm™ and 604 cm™, with the main peak positioned at 412 cm™, and minor peak
positioned at 144 cm™. These peaks were assigned and compared to a single rutile crystal,

and the results are presented in Table 6-15 [Arsov et al., 1991].

Table 6-15: Assignment of rutile spectra obtained from coal samples

Thiswork (cm™)  Arsovetal. (1991) (cm™)  Assignment

144 143 B,

267 236

412 447 E,

604 612 Agq
826 Bag

Previous studies by Betsch et al. (1991) assigned the weak peak at 144 cm™ to the B1y mode.

However, the broad peak at 267 cm™ has a different peak position to other previously
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reported work. Arsov et al. (1991) identified this peak at 236 cm™, which is a considerable

shift when compared to the observation made on coals investigated in this study.

Porto et al. (1967) assigned the broad band at 250 cm™ to be a second order phonon. The
peak at 412 cm™ was assigned to the Ey mode. The 826 cm™ peak assigned to the B2y mode
from the study by Arsov et al. (1991) was not observed in the acquired spectrum of coals.
Nonetheless, the Raman spectrum of rutile was somewhat comparable and in agreement to
the assignment based on previous research. The study further elucidated that the broadening
of the Raman peaks at high temperature showed that a kinetic transition took place in the coal

samples.

6.9.7 Micro-Raman Spectroscopy (mRs) analyses of low temperature ashes

The two Fe-minerals (lepidocrocite (FeO(OH)) and coquimbite (Fez(SO4)3.9H,0)) and a
sulphate anhydrite (CaSO,) are identified in LTA samples. Figure 6-29 shows the Raman
spectra of minerals identified. The anhydrite in LTA-B confirms the bassinite identified by

XRD analyses of LTA, as stated in section 6.9.2.
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Anhydrite

Coquimbite (Fe2(504)3.9H 20 ref

Lepidu:ucl_u:_ucl'te

LN

A \.___,._/-J\._m__,__.,_.._____ﬂpwu__.

200 400 600 200 400
Wavenumber [cm- :ll

Raman Intensity (arbitrary units)
1

Figure 6-29: Raman spectra of LTA-B sample showing the presence of iron sulphate, iron hydroxide and
calcium sulphate
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The Raman peaks at 246 cm™ and 520 cm™ confirms the presence of lepidocrite (y-FeO(OH))
in coal. According to a study by Hanesh (2009), the characteristic Raman peaks of lepidocrite
can be found at 250, 348, 379, 528, and 650 cm™, with the most prominent peak identified at
246 cm™ [Gehring and Hofmeister, 1994; Hanesch, 2009]. However, other peaks associated
with lepidocrocite are not identified, probably because of the amorphous nature of coal, and
the low laser power used to characterise the sample. The presence of carbon is indicated by

the typical G band at 1311 cm™.

Although goethite (a-FeO(OH)) and y-FeO(OH) have the same chemical formula and
orthorhombic symmetry, their Raman spectra are different, thus making it easy to
discriminate between the two minerals. The presence of y-FeO(OH) is confirmed for the first
time by mRs in LTA samples. The presence of y-FeO(OH) mineral can be an indication of

possible transformation of pyrite that took place in LTA samples.

Coquimbite is an iron sulphate mineral that is found as a secondary mineral in coals. The
assignment of coquimbite in the LTA samples was based on the work by Frost et al. (2014).
From the study, the peaks assigned to coquimbite are at 278 cm™ and 1022 cm™. Frost et al.
(2014) assigned the peak at 284 cm™ as FeO stretching vibration, and the peak at 1025 cm™
to SO4> symmetric stretching mode. However, there is a slight shift with reference to the low
frequency peak. The shift can be attributed to impurities and association between mineral

matter and organic matter.

Generally coquimbite is not found in fresh coals, but in weathered and oxidised coal samples.
The oxidation of pyrite mineral can form a number of sulphates such as coquimbite and

jarosite which are responsible for AMD. Ward (2002) identified coquimbite as a possible
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LTA artefact. The presence of coquimbite in this study could be due to the transformation of

pyrite during low temperature ashing.

Based on the results obtained, it can be noted that pyrite mineral underwent a series of
reactions and transformation during low temperature ashing. This transformation could only
be observed from Raman analyses, and could not be identified by any of the analytical

techniques discussed.

6.9.8 Micro-Raman Spectroscopy (mRs) analyses of high temperature ashes

This section presents results obtained from high temperature ashes prepared at 815°C.

6.9.8.1 Raman spectra of brookite (TiO,)

The TiO, polymorph, brookite was first observed in high temperature ashes. The Raman
spectrum of the polymorph is depicted in Figure 6-30. The work by Illiev et al. (2013) was
used to assign the Raman peaks of brookite, with the respective Raman peaks tabulated in

Table 6-16.

Rutile Ref —— E HTA brookite Brookite Ref

— Anatase Ref

Raman Intensity (@arbitrary units)
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0
Wavenumber [cm)

Figure 6-30: Raman spectra of a mixture of brookite, anatase, and rutile in HTA- D
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Table 6-16: Raman peaks of brookite in HTA-D

This work lliev et al., 2013 Assignment
157 152 (rutile, anatase) Ay
249 246 (brookite) Aq
286 Anatase

321 324 (brookite) A
371

411 412 (brookite) Aq
462 Quartz

505 492 (brookite) Ay
545 545 (brookite) Ay
586

646 640 (anatase) Ay

From the results presented in Table 6-16, it can be noted that the brookite Raman assignment
by llliev et al., 2013 closely matches the Raman peaks in this study. Tompsett et al., 1995
reported the seven Ay, mode of brookite at 125, 152, 194, 246, 412, and 640 cm™. In this
study, additional Raman peaks were observed at 321 cm™ and 545 cm™. These two additional
modes are in agreement with findings by Illiev et al. (2013). The two peaks that were not
assigned to TiO, polymorphs at 371 cm™ and 586 cm™ are attentively assigned to pyrite and
apatite respectively. From the analyses, it is observed that rutile, anatase and brookite were in

association with apatite, quartz and pyrite.

6.9.8.2 Raman spectra of chromite

Another mineral identified in HTA was chromite, with the Raman spectra depicted in Figure

6-31. Chromite (FeCr,Q,) is an oxide mineral that belongs to the spinel group. Chromium is
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one of the most toxic trace elements found in coals, particularly when it is in its hexavalent
(Cr®) oxidation state. Therefore, the mode of occurrence of Cr and its valence state are
important in combustion processes. It has been a challenge to establish the mode of
occurrence of Cr. Nonetheless, several studies were able to determine the mode of occurrence

of Cr using leaching methods.

Finkelman (1994) and Huggins et al. (2000) established that Cr is associated with both the
organic and mineral matter. The association of Cr with mineral matter is with mineral groups
such as clay, carbonates, oxides (hematite and chromite) and sulphides (pyrite) [Davidson,

2000], whilst in its elemental form, Cr is organically bound as Cr** in the coal structures.
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Figure 6-31: Raman spectra of chromite found in HTA-D

The prominent broad peaks at 700 cm™ was assigned to the symmetric stretching vibration,
(A1g). The peak could be attributed to the presence of bonds of trivalent ions such as cr¥,
Fe** and A" with Og octahedral. The two minor peaks were assigned to F,y and Egg
vibrational mode. It is deliberated that chromium in chromite is trivalent (Cr**) and
associated with illite. These findings suggest that the deposits where the coals were formed

contained Cr-bearing spinels [Reddy and Frost, 2005].
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Table 6-17 compares the Raman spectra of chromite found in coal samples to the assignment
of chromite based on literature. The bands observed at 500 cm™, 560 cm™ and 700 cm™ are in

good agreement with the work from Reddy and Frost (2005), Chen et al. (2003), and Wang et

al. (2004).
Table 6-17: Raman peaks (cm™) and assignment for FeCr,O, spinel structure

This work Reddy and Frost, 2005  Chenetal., 2003 Wang et al., 2004 Assignment
700 730 677 690 Asg (V1)

445 520 Eqv2)
500 550 500 600 Fag (V)
560 560 595 650 Fag (V)

195 445 Fag (rans)

218, 175, 160 Additional peaks

6.9.8.3 Raman spectra of hematite (Fe,O3)

Iron oxides are actually poor Raman scatters, and their peak positions are influenced by the
laser power. Studies by de Faria et al. (1997) showed that an increase in laser power leads to
a shift of Raman peaks to lower wavenumbers and subsequent increases in the bandwidth.

However, high laser power results in the oxidation of minerals to more stable magnetite.

Hematite was the most common iron oxide that formed in high temperature coal ashes.
Hematite appeared reddish brown in colour when viewed under the optical microscope.
Figure 6-32 depicts the Raman spectrum of hematite as observed in HTA. Hematite belongs
to the DS, crystal space group and the Raman spectra of hematite (a-Fe,Os) typically consist
of seven phonon lines [de Faria et al., 1997]. From Figure 6-32, it is shown that the six of the
seven phonon lines expected in a-Fe,O3 were identified, with the Raman shift and assignment

of characteristic peaks of hematite given in Table 6-18.
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The seventh peak positioned at 1320 cm™, assigned to a two magnon (a collective spin
movement) scattering has been reported in previous work by de Farai et al. (1997) and was

not identified in the spectrum acquired in this work.
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Figure 6-32: Raman spectra of hematite in HTA-D
The Raman spectrum of hematite showed strong peaks at 229 cm™ and 295 cm™. The peak at
229 cm™ was assigned to Fe-O stretching Aigmode. The peak at 295 cm™ was assigned to the
Fe-O bending E4 mode. The minor peaks were identified at 414 cm™, 500 cm™ and 615 cm™
peak positions. The 414 cm™and 615 cm™ peaks were assigned to the Fe-O bending Ey mode,
whilst the peak at 500 cm™ was assigned to the Fe-O Aqq stretching mode. These results are

in agreement with published Raman data of hematite in the investigations by Legodi and de

Waal (2007), de Farai et al. (1997) and other authors.
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Table 6-18: Raman shift and assignment of hematite found in high temperature coal ashes [de Farai et al.,
1997; Jubb and Allen, 2010]

This work (cm™)  Jubb and Allen, de Farai et al., 1997 (cm™) Assignment
2010 (cm™)
229 229 226.7 Aqq (Fe-O sym stretching)
249 245.7 E, (Fe-O sym bending)
295 295 292.5 Eq (Fe-O sym bending)
302 299.2 E, (Fe-O sym bending)
414 414 410.9 E, (Fe-O sym bending)
500 500 Aqq (Fe-O sym stretching)
615 615 611.9 Eq (Fe-O sym bending)
660 Ay (Fe-O sym stretching)

There have been controversial debates over the assignment of iron oxides, especially
magnetite (FesO4) and different authors reported different Raman peaks to represent the
different iron oxide phases. The Raman peak positions as identified by various researchers
are summarised in Table 6-19 [de Farai et al., 1997; Jubb and Allen, 2010]. From the
discussions and observations made, the band at 660 cm™ was identified as the characteristic
peak of magnetite. Jubb and Allen (2010) attributed the weak peak at 660 cm™ to the
presence of residual magnetite and maghemite. The phase transformation of magnetite to
form hematite is referred to as martitization. The transformation takes place at temperatures
of about 400°C. As temperature increases, Fe;O, is oxidised to a solid solution to form y-
Fe,O3 which transforms into a-Fe,O3. Therefore, from the analysis it can be seen that not all

the FesO4 was transformed to a-Fe,0s.

6.9.8.4 Raman spectra of phosphates

Figure 6-33 shows the Raman spectrum of a phosphate mineral found in the coals. The
characteristic features of the phosphate ion PO;~ with T4 symmetry is comprised of nine
vibration modes, thus the expected vibration modes are the total symmetric stretching mode

vy, double degenerate v, triple degenerate asymmetric stretching mode v3, and the triple
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degenerate bending mode vs. From the results, the acquired spectrum featured three main
peaks. The two weak broad peaks observed at 428 cm™ were assigned to the v, PO4 bending
mode and the peak at 578 cm™was assigned to the vs bending mode. The strongest peak at

964 cm™ was assigned to the v; PO, mode [Penel et al., 1997].
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Figure 6-33: Raman spectrum of apatite as observed in HTA-A

Comparing the Raman peaks of apatite in coal to phosphates and hydroxyl vibration modes in
the apatitic samples given in Table 6-19, it is noted that some of the peaks including the O-H
stretching mode, (which can be found in the 3510-3650 cm™ region) were not observed in the

acquired HTA spectrum.

The spectrum was identified as hydroxyapatite [Cajo (PO4)s(OH)2]. The results are in
agreement with observations made in XRD analyses of raw coal. The presence of
hydroxyapatite in coal ashes suggest that brushite identified in raw coals underwent phase

transformation at high temperatures, resulting in the formation of hydroxyapatite.
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Table 6-19: Phosphate and hydroxyl vibration modes in apatitic [Penel et al., 1997] and HTA-A sample

Vibration frequency (cm™)

Vibration mode This work Fluorapatite Hydroxyfluorapatite
(FAp) (FOHAD)
PO, v, 964 965 963
PO, v, 428 432 431
449 446
PO4 VU3
1034 1032
1042 1042
1053 1051
1061 1059
1081 1080
PO, vy 578 581 580
592 590
608 606
615 615
OH v, 3540 3540
3560
3570

Hydroxyapatite

(OHApP)
965
433
448
1029
1034
1041
1048
1057
1064
1077
580
591
607
614

3573

6.9.8.5 Raman spectra of anhydrite

The Raman spectra of anhydrite collected on coal ashes is presented in Figure 6-34 (i) and a

mixture of anhydrite with hematite in Figure 6-34 (ii). The Raman band positions and

assignments of anhydrite are summarised in Table 6-20.
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Figure 6-34: The Raman spectra of anhydrite mineral (i) and (ii) a mixture of anhydrite and hematite in

HTA-A.

198



Anhydrite is characterised by its major peak at 1015 cm™ assigned to the v; SO2~ stretching
vibration mode. The minor peaks are assigned to the SO, bending modes. The peaks at 417
cm™ and 498 cm™ are assigned to the vy, in plane bending, and the peaks at 623 cm™ and 674
cm™ are assigned to the v4, out of plane bending modes [White, 2009]. The assignment of

anhydrite is in agreement with data from literature [White, 2009; Yin et al., 2017].

Table 6-20: Anhydrite Raman band position (cm™) in HTA-B

This work White, 2009 Yinetal, 2017 Assighment

417 417 419 SO, bending (vy)

498 499 502 SO, bending (vy)

623 628 626 SO, bending (v4)

674 675 674 SO, bending (v,)

1015 1017 1017 SO, stretching (vy)
1128 1129 SO, stretching (v3)
1160 1162 SO, stretching (v3)

Figure 6-34 (ii) shows a mixture of hematite and anhydrite. The assignment of the different
peak positions of the mixture are summarised in Table 6-21 [Yin et al., 2017]. The Raman
shifts below 300 cm™ indicate the presence of hematite, whilst anhydrite was presented by

peaks within the 400-1000 cm™ range.
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Table 6-21: Raman peak position of a mixture of hematite and anhydrite [Yin et al., 2017]

This work Hematite Anhydrite Assignment
[Yinetal., [Yinetal.,
2017] 2017]
225 226 Hematite
244
290 293 Hematite
411
420 419 Anhydrite
495 500 502 Anhydrite
606 609 Hematite
623 626 Anhydrite
670 674 Anhydrite
1014 1017 Anhydrite

6.9.8.6 Raman spectra of unknown white particle

The Raman spectra of a white particle identified in HTA-B is depicted in Figure 6-35. The
intense peak at 1016 cm™ was assigned to the v, stretching vibrational mode of a sulphate ion.
This could suggest the particle was anhydrite. However, there was uncertainty in the
assignment of the peak at 462 cm™, which could be due to FeSO4 or BaSO, or possibly

quartz, depending on the crystal structure.
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Figure 6-35: Raman spectra of an unknown white mineral particle identified in HTA-B

6.9.8.7 Raman spectra of mixture of minerals

Another mineral mixture identified in the HTA was a mixture of anatase and quartz, depicted
in Figure 6-36. From the figure, it can be noted that the characteristic peak of quartz at the
465 cm™ was the prominent peak in the mixture. Anatase appeared in various colour shades.

In some instances it appeared white, and at times yellowish in the colour.
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Figure 6-36: Discard coal, anatase associated with quartz in HTA-C
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Other mixtures of minerals observed in high temperature ashes were a mixture of hematite
and cristobalite, and a mixture of quartz and apatite. Figure 6-37 shows the Raman spectra of

a mixture of anhydrite and aragonite.
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Figure 6-37: Raman spectra of a mixture of anhydrite and aragonite

The internal fundamental modes of vibration of carbonate ions of aragonite are found in the
high frequency region. The peak at 705 cm™ is assigned to v4 Ag) in-plane bending
vibrational mode, and the peak at 1085 cm™ is assigned to the v; (Ag) symmetric stretching
vibrational mode of CO%~. The mixture of anhydrite and aragonite indicates that not all the

water of crystallisation was lost when the coals was subjected to high temperatures of 815°C.

Other high temperature mixtures of anatase (TiO,), quartz (SiO,), apatite (Cayg (PO4)s(OH)>),
nepheline (NaAlSiO,4) and crednerite (CuMnO,) are depicted in Figure 6-38. However, only
the spectral reference of apatite, quartz and anatase are indicated in the figure. The rest of the

spectral references can be found in Appendix H, Figure H-2.
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According to Chen et al. (2015), the CuMnO., is a delafossite structure at high temperatures,
with two Raman two active modes, the A;g mode attributed to O-Cu-O vibration and the Eg
vibration mode derived from the MOg octahedral structure. Therefore, the strong Raman

active peak at 670 cm™ is attributed to CuMnO, peak.
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Figure 6-38: Raman spectra of HTA-B showing a mixture of anatase, quartz, nephaline, apatite, and
crednerite

6.10 Single particle analyses (SPA) clustering

The reporting of ash oxide using XRF analysis is limited by the inability to accurately detect
elements of an atomic number below Na (Z<11), and volatile elements such as Cl. Therefore,
establishing mineral association and mode of occurrence in the raw coals by XRF analysis
can be challenging. Although separation methods have been previously employed to
determine the mode of occurrence of mineral matter in coals, studies have shown that these

methods are also limited.
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Microanalysis techniques such as CCSEM and EPMA have a far greater chance of addressing
challenges related to the association and mode of occurrence of mineral matter in coals [Li et
al., 2007]. The single particle approach probes individual particles and allow for the
determination of low Z elements, including boron. The SPA can probe particles of
approximately 0.5 pum in size, which is a relatively high resolution compared to XRF

analysis.

In this study a combined model of principal component analysis (PCA) and chemical
boundary classification (CBC) was used to identify mineral matter in coals. The PCA model
does not require prior knowledge of composition of minerals. For CBC modelling, statistical
software (excel programme) based on chemical and phase boundaries approach by Kandler et

al. (2007) was applied to assign 500 analysed particles into 11 classes.

6.10.1 Elemental abundance in raw coals

A total of 500 particles was analysed, and elements with weight composition greater than 5%
were considered for species distribution. The elemental abundance of each element identified
in coal samples (C, N, O, P, S, Cl, Na, Mg, K, Ca, Al, Si, Mn, Fe, Cr, and Ti) is presented in
Table 6-22. Figure 6-39 provides a detailed overview of the elemental composition of the

investigated coals.
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Figure 6-39: Elemental composition of raw coal samples
Table 6-22: Elemental abundance in raw coal samples
Elemental abundance Coal A Coal B Coal C Coal D
(mol.%)
C 24.0 27.1 20.7 22.9
N 24.2 27.0 22.7 22.8
o 3.3 4.1 1.9 6.7
P 0.1 0.1 0.1 0
S 1 0.4 04 3.7
Cl 0 0.4 0.5 2.8
Na 0.1 0.1 0 8.4
K 0 0 0 0
Mg 1.1 0.5 0 0.7
Ca 0 0 0 15
Al 16.2 11.8 21.1 8.7
Si 15.9 12 22 8.9
Ti 1.3 2.3 1.2 14
Cr 2.3 2.8 14 2.2
Mn 2.6 3.3 2.2 2.6
Fe 8 8.3 5.6 6.6
Total 100 100 100 100
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From the results it is observed that Al and Si are the most abundant elements. This is as
expected, because XRF analyses on coal ash identified both Al and Si as abundant elements.
However, it can be a challenge to assign the Al: Si ratio to the relevant clay mineral.
Petrographic analysis indicated that clay minerals were of syngenetic and detrital origin. The
XRD analysis classified the major clay minerals found in coals as kaolinite. The results were

confirmed by FTIR.

Iron is the third most abundant mineral after Al and Si. From the aforementioned, Fe was
associated with S, and pyrite was identified as the most dominant sulphide mineral. Pyrite
was found in a wide range of morphologies, showing the syngenetic and epigenetic origin of
coals. XRD confirmed the presence of pyrite in coals, whilst mRs identified FeS, to have an
isotropic structure. However, XRD analyses on raw and LTA samples could not identify

pyrite in coal D, probably because of low detection limits.

Other minerals present in minor quantities in coal D included Na, Cl, Ca, and S. The
reporting of these elements, particularly CI in coal D is significant since the element could
not be detected by any of the techniques discussed, and was reported for the first time by

SPA-EPXMA.

6.10.2 Principal component analysis

The principal component analysis (PCA) is commonly used to analyse data sets of high
complexity by generating a new set of orthogonal variables and establish a link between the
new data set [Sharma et al., 2014]. The Eigen values are extracted from covariance matrix of

the original variables, and used to measure associated variance.
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Table 6-23 shows the varimax rotated component matrix obtained by PCA. From the table it
is observed that there is a strong correlation between Mg, Ca, and Mn for component 1,
which can be an indication of a carbonate mineral. Component 2 shows a strong correlation
between Fe and S, which indicates the presence of pyrite mineral. Component 3 shows a
strong relation between Na and P, these elements can be organically or inorganically bound.
Component 4 shows a strong affinity of Ti, indicating probability of TiO, minerals.
Component 5 indicates a probable association between Na and K, and lastly component 6

indicates an association between Si, S, Fe, and Mg.

Table 6-23: Varimax rotated component matrix of SPA data

Component
1 2 3 4 5 6
Na -.023 -.021 .936 -.019 110 .017
Mg .970 077 .040 -.013 .003 112
Al -.338 -.365 -.062 .017 .008 -.855
Si -.489 -.719 -.176 -.197 -.003 376
P .050 .013 939 -.004 .092 .015
S .015 .865 .015 -.062 -118 201
K -.047 -.028 187 -.021 976 -.006
Ca .954 .055 .073 -.013 -.044 .109
Ti -.033 -.010 -.023 997 -.020 -.021
Mn .828 .036 -.077 -.022 -.025 .063
Fe .002 .858 -.088 .-013 .075 182

The graphical plot of the correlation matrix was used to reduce the spread of data, and
establish association of different minerals as indicated in Figure 6-40. The rotated component
matrix gives a visual interpretation and association of mineral matter in coals. From the
results, it can be deliberated that there is pyrite, clays, carbonates and oxide mineral in coal
samples. The association of Mn with carbonates suggests a possible presence of

rhodochrosite (MnCO3), confirming ash chemistry results.
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Figure 6-40: Rotated component matrix clustering of mineral matter in coal A

The rotated component matrix for coal B in Figure 6-41 further indicates the presence of
alumina-phosphates. The XRD analyses of raw coal and LTA samples identified the two
phosphates in SA coals as gorceixite and goyazite. Therefore, results extracted from PCA are
in agreement with observations made by XRD results, where gorceixite and goyazite was

identified in raw coal and LTA of samples A and B.

The phosphate minerals are associated with Ti, whilst Si occurs as quartz. The association of
K and Al suggests the possible presence of feldspars (microcline, orthoclase and anorthite)
and glauconite in investigated coals. Minor concentrations of mica were detected by XRD
analyses of LTA samples. Therefore, the results suggest the presence of glauconite in the

samples as predicted by PCA.
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Figure 6-41: Rotated component matrix clustering of mineral matter in coal B

From the results it is observed that the association of elements is quite variable, and depends
on the source of element and the environment at which the mineral were formed. Moreover,
these results show that bulk analysis (ash chemistry analyses) are not fully descriptive and do
not give the mode of occurrence of minerals, but depend on structural analytical techniques to

confirm the compositions.

6.10.3 Chemical boundary classification (CBC)

The 11 mineral classes (Fe-rich, quartz, carbonates, silicates, gypsum, Ti-rich, sulphate
silicate mixture, dolomite, sulphates, halites, other Ca-rich, other carbonaceous, not assigned)

with their respective criteria used for CBC modelling are presented in Table 6-24.
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Table 6-24: Clustering of different mineral matter using chemical composition and phase boundaries
(Kandler et al., 2007)

Class name Criteria
Iron-rich |Fe| > 0.15and Si / Fe < 1and Ti/Fe<1.33
Titanium-rich Ti| > 0.3and Na/Ti <1and Mg / Ti <Zland Al /Ti <1and

Si/Ti<land S/Ti <land Fe/Ti <1

Carbonates [[Ca+ Mg|>0.52d 0.33< Mg/Ca <3]or[|Ca| > 0.5and

Mg/Ca <0.33adSi/Ca <0.5ads /ca < 0.25ad
P/Ca < 0.15]

Other calcium-rich |Ca| > 0.25and Si/Ca < 0.5 and notin class carbonates or gypsum

Gypsum |Ca+S| >0.5ad 0.25<Ca/S <4ad Na/Ca < 0.5

Halite INa-+Cl|>0.52dS/Na <0.375ad S /Cl < 0.5and
Si/Cl <0.5

Quartz |Si| > 0.5ad Mg/ Si <0.2and Al/Si<0.2

Silicates |Si| > 0.2ad Na/Si <0.7and Mg/ Si <1.33and

Al/Si <0.33and K /Si < 0.5 Ca/Si <0.5and
Ti/Si<O.5andFe/Si <0.5ad |P+S +Cl|<0.2

and not in class quartz

Sulphate silicates mixtures \Na+ S + Mg +Al+Si+ K + Ca\ ~ 0.7and
06<S/Si<?2
Sulphates |S| >0.5adCl1/S <0.3and Si/S <0.5ad Fe/S <0.5

and not in class gypsum

Other Not in other class

All elements ratios based on moles; ‘X ‘ =total atomic content of element X relative to all other elements

analysed (except C and O); HX H total atomic content of element X relative to all other elements analysed
(including C and O).
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The results of mineral classification are presented in Figure 6-42, and from the results it can
be noted that a large percentage of the minerals are silicate, particularly in coal C. Coal B is
characterised by a high concentration of Fe-rich minerals. Significant amount of Fe-rich, and
Ti-rich minerals were identified in coal B. Carbonates and gypsum were dominant in coal A,

and halite and sulphate were high in coal D.
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Figure 6-42: SPA clustering of mineral matter in coal using the chemical boundary classification method

To clarify the types of silicates in coals, the minerals were further classified into minor

groups listed in Table 6-25 showing the abundance of each respective class.
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Table 6-25: Minor groups of silicate minerals in raw coal samples

Minerals (mol.%) Coal A Coal B Coal C Coal D
Silicates 47.88 36.04 47.63 20.93
Silicate, Fe-cont 14.41 9.01 18.53 7.91
Silicate, Ti-cont 5.93 7.21 22.20 2.56
Silicate + Ti,Fe-cont 1.69 0.45 7.54 0.23
Silicate + S-cont 6.78 7.66 2.37 0.23
Silicate mix 5.72 8.33 0.22 12.79
Silicate mix Fe-cont 1.69 1.13 0.00 3.72
Silicate mix Ti-cont 1.06 4.50 0.00 6.28
Silicate mix S-cont 2.54 4.28 0.22 5.12
Sulphate silicate 0.42 0.90 0.22 7.67
Fe-rich, silicate containing  10.38 10.59 0.86 6.51
Fe-rich, Ti-rich 0.21 4.73 0.22 2.33
Other 0.21 0.90 0.00 14.19
Carbonaceous 0.64 2.93 0.00 5.35
Carbonaceous, S-rich 0.42 1.35 0.00 4.19
Total 100 100 100 100

From the results it is observed that pure silicates, Fe, Ti containing silicates were abundant in
coal C. The Fe, Ti containing silicates indicates the possibility of clay minerals such as

fayalite (FeSiO,) and almandine (FezAl,Siz01,).

As discussed previously, coal D had an abundance of Na, Cl, S, and silicate minerals. It can
be deduced that the sample will have halite and sodalite mineral. The Fe, Ti-rich mineral
group indicates the presence of the ilmenite (FeTiOz) mineral in coal B. Ti-containing
minerals occur in areas that have been subjected to hydrothermal activity associated with
volcanic activities or metamorphism. Other than pyrite being the dominant Fe-containing
mineral, additional mineral that are present in minor quantities are identified by the SPA-

EPXMA technique.

212



From the results it can be seen that most of the minerals were under reported by all the
characterisation techniques. The use of SPA-EPXMA was instrumental in characterising and
identifying minerals that would otherwise not have been identified. Some of the minerals
identified by SPA are confirmed by XRD, FTIR, and mRs, and some were identified for the
first time by SPA-EPXMA technique. Minerals identified by SPA-EPXMA include
rhodochrosite, gorceixite, goyazite, anatase, quartz, feldspar, glauconite, ilmenite, almandine,

fayalite, halite and sodalite.

It has been discussed that the lower AFT reported in coal B was due to the activity of Fe
found in pyrite. However, the results presented by SPA-EPXMA suggest that the Fe?*
activity is not only due to pyrite, but also attributed to the presence of ilmenite in the sample,
leading to the formation of slag phase at relatively low temperatures. It is postulated that Fe
in silicates does not significantly impact on AFT. This speculation is supported by the fact
that significant amounts of silicate, Fe-containing minerals were detected in coal C, but did

not lower the AFT of coal C.

From thermodynamic modelling, it was observed that high concentrations of feldspar reacted
at temperatures between 1100°C and 1200°C, resulting in an increase in the formation of the
slag phase. The presumed presence of feldspars predicted by FactSage was supported by PCA
analysis. Therefore, the SPA-EPXMA technique can be used to validate and confirm the
thermodynamic predictions. Feldspars act as a fluxing agent, therefore it is expected that the

presence of feldspar will reduce AFT.

It was reported earlier in the study that the chemistry of the melt phase can be related to coal
composition. It was considered that the high mullite content in coals will have a correlation

with the amount of kaolinite in coal samples.
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Findings from SPA indicate that the high amounts of total silicates were reported in coal C.
However, in the case of coal C, the FactSage predicted a low concentration of mullite, which

means the correlation, was not valid in this instance.

It can be said that SPA-EPXMA was more detailed in characterising mineral matter, and
more information was derived from the analysis. The SPA-EPXMA results not only did they
confirm the bulk analysis results, but augmented on what was initially derived from bulk
analyses. The results prove that SPA-EPXMA is a powerful technique that can be considered
for analysis of coals and for thermodynamic modelling. Moreover, it can be considered an
added advantage that the results are performed on raw coals; therefore, one can correctly

identify the mineral matter in coal without having to perform mineral separation.

6.11 Discussion

Clean coal technologies, coal cost and quality, environmental consideration, sustainable
development, growing economy, and governmental regulations are some of the issues faced
by the coal industries today [Jeffrey, 2005]. This work was focused on addressing some of
the challenges by understanding the mineralogical assembly of mineral matter of inertinite
rich (medium rank C bituminous coal) samples. For this purpose, multiple techniques were
used to evaluate the heterogeneity of mineral matter in coals. A novel approach was
developed for the characterisation of mineral matter in selected SA coals from within the
Karoo sequence. Multiple techniques such as XRF, SPA-EPMXA, petrography, XRD, FTIR,

and mRs were used to characterise mineral matter.
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Characterisation of raw coals

From the study, it was observed that the traditional physico-chemical analyses gave a broad
picture of the type of coal. However, the analyses on their own did not provide a complete
description or a true reflection of the nature of coals, nor did it give an indication of how the
different minerals occurred or interacted in coal conversion processes. Nonetheless, the
information derived from the physico-chemical analyses is still useful, most especially within

the coal industry for selection and grading of coals.

Ash chemistry gave an indication of possible minerals present. However, the analyses did not
identify nor give the speciation of specific minerals. Even so, based on the elemental
composition, one could make an intuitive decision and extrapolate information using
chemistry and molecular ratio, to identify possible mineral matter phases in coals. The ash
chemistry and the mineralogy of the coal samples suggested clay minerals were the most
dominant mineral matter present in all four coal samples. The results were later confirmed by

petrography, XRD, FTIR, mRs and SPA-EPXMA techniques.

Petrographic analyses classified the main minerals into their respective groups without
identifying specific minerals. Petrographic methods gave a general and broad characterisation
by assigning minerals to different groupings. The minerals were identified and distinguished
by their characteristic colours, and geological features. The analyses confirmed the presence
and mode of occurrence of clays, carbonate, sulphides, and oxide minerals. Largely, the coals
were of both syngenetic and epigenetic origin. The DAI index based on ash chemistry
classified mineral matter found in coals A, B and D to be of detrital origin, whilst mineral
matter in coal C was of authigenetic origin. The DAI index and ash classification were

confirmed by the petrographic results, indicating the nature of coals in the study.
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The mode of occurrence of mineral matter in coals is important because it is directly related
to the behaviour of mineral matter. Therefore knowledge about the composition and
distribution of mineral matter can be the most critical starting point for interpretation of

potential application and effects of coals.

The disadvantage of petrographic analyses was the inability to discriminate between
minerals. Moreover, one has to rely on the experience of the operator. The results obtained
from petrographic analysis are reported in volumetric percentage. Therefore, one would need
to know the true density of the different minerals to estimate the actual amount of mineral
matter present. However, there was a good correlation between ash content reported by

petrography and proximate analyses.

In order to have a true presentation and appreciation of the minerals found in coals, bulk and
point particle analyses were considered. Furthermore, the coals were subjected to low and
high temperature ashing. The purpose of ashing was to drive off the organic matter and

analyse the samples without interference of organic matter.

The XRD studies on raw coal confirmed the presence of minerals such as quartz, kaolinite,
calcite, aragonite, dolomite, pyrite, muscovite, alunite, gypsum, brushite, gorceixite, and
anatase. The results are in agreement with findings by Matjie et al. (2006); Everson et al.
(2013) and Pinetown et al. (2007) who studied some of SA coals. Matjie et al. (2006)
identified kaolinite, quartz, calcite, dolomite, pyrite, feldspar microcline, muscovite, illite,
rutile, anatase, apatite, Fe-oxide and siderite when characterising low rank bituminous coal
used in gasification processes. Traces of microcline, illite, smectite-illite, mixed layers,
analcime, plagioclase, marcasite, anatase, aragonite, ankerite, rhodochrosite, alunite, jarosite,
apatite, crandalite, gorceixite, goyazite and gypsum have been reported in the No.4 lower

seam in the Witbank and Highveld coalfields by Snyman and Botha (1993).
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Although the list of minerals identified in this study was not exhaustive, it was clear that most
of the minerals typically found in SA coals were identified. Most of the minerals were

identified by SPA-EPXMA.

The XRD analyses on raw coals were also confirmed by XRD analyses of LTA samples.
Although there were inconsistencies in the reporting of minerals found in raw coals and LTA
samples, it was noted that there was a strong correlation in the reporting of major minerals,
namely; kaolinite and quartz, with correlation coefficient of 0.98. Characterisation of clay
minerals with XRD can be difficult due to factors such as compositional variations, variable
degree of structural order, and preferred orientation. As a result, oriented aggregate XRD
analysis was conducted to characterise clay minerals with particle size below 2 pum. The
analysis confirmed the presence of other clay minerals such as illite, and illite/smectite
expendable clays. However, these clay minerals were present in minor quantities. The results
are in agreement with reporting by Matjie et al. (2016), for the determination of mineral

matter of low grade, medium rank C coals from Highveld coalfield.

The clay assemblage in raw coal samples was further classified by FTIR. The FTIR peaks
were attentively assigned to kaolinite, illite, muscovite, smectite and quartz. Kaolinite with
characteristic peaks at 3691 cm™ and 3619 cm™ confirmed the clay to be well ordered and of
authigenetic origin. Although XRD analyses confirmed the presence of muscovite in coal
samples A and C, FTIR analyses was capable of confirming the presence of muscovite in all
coal samples investigated. These findings highlight the limitations of bulk analyses and the

detection limits of XRD over FTIR analyses.
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The FTIR analyses of raw and LTA samples showed similar results. This could suggest
special preparations such as low temperature ashing are not necessarily required when
characterizing clay minerals in coals when using FTIR technique. These attributes from FTIR
can be beneficial to coal characterisation, because time is always a concern in industry. Low
temperature ashing can take days, and further classification is required in XRD analyses to
characterise finely disseminate clay minerals of particle size less than 2 um. FTIR proved to
be relatively fast in charactering clay minerals, albeit the overlap of some of the characteristic
peaks. The main disadvantage of FTIR was due to that the fact that the technique was mineral
specific, since only clay minerals could be identified. In this case, the limitation was imposed

by the spectral range of the instrument used.

Other minerals identified by the XRD technigue included phosphate minerals. The presence
of P,Os was first reported in ash chemistry of coal samples. Phosphorus was assigned to
minerals such as brushite (CaPO4(OH)(H20),), and gorceixite (BaAl3(PO)4(PO30OH)(OH)s)
in coal A. However, the LTA samples identified goyazite (SrAlIsPO4)(PO3OH)(OHg) in coals
A and B, and not gorceixite. The two minerals (gorceixite and goyazite) belong to the
crandallite mineral groups, and can be difficult to differentiate. Aluminophosphates occur
mostly as infilling in pore spaces and cell cavities of inertinite macerals. However, these
minerals can also be associated with kaolinite and quartz [Ward et al., 1996]. Apatite was
later identified and confirmed by mRs in HTA. The occurrence of both apatite and goyazite
mineral groups have also been report [Ward et al., 1996]. This results show that the presence
of carbonaceous materials can affect the reporting of mineral matter, hence it is generally

preferred to subject coals to LTA before analysing with XRD.
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The dominant sulphide mineral identified in coals was mostly anisotropic pyrite. The mRs
technique could not identify clay minerals in coals. This was attributed to the fluorescent
nature of clay minerals in coals, which complicated their identification. However, some of the
minerals that are Raman active could be identified. The minerals identified in raw coals
included pyrite, anatase, rutile, quartz, and jarosite. Quartz, which was reported as the second
most dominant mineral matter by petrography and XRD was of detrital origin, and associated
with clay minerals. The mRs technique identified its structure as the o-quartz. Additional

information provided by the mRs technique showed that pyrite has an anisotropic structure.

An unusual distinctive feature was observed in one of the typical Raman spectra of pyrite in
Coal C. The presence of an uncharacteristic peak indicated that pyrite in coal was not in its
pure form. The peak was assigned to the possible occurrence of either elemental sulphur or
arsenopyrite. The presence of elemental sulphur can be attributed to oxidation of sulphide
minerals, whilst arsenopyrite can be attributed to the presence of trace elements. There is
abundant evidence in literature that has correlated the association of pyrite to trace elements
such as mercury, zinc, lead and arsenic [Swaine, 1990; Finkelman, 1994; Davidson, 1996].

The presence of jarosite in raw coals was evidence that oxidation took place in coal C.

Moreover, the technique was able to discriminate between the two polymorphs of TiO;
minerals, (i.e. rutile and anatase). Consequently, the high spatial resolution of mRs analyses
was able to identify and confirm the presence of TiO, in coal D, which could not be detected
by XRD analyses. The mineral could not be identified because of low concentration of TiO,

in coal samples.
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The major challenge of using mRs was its inability to characterise clay minerals, which are
considered to be the dominant phase in coals. This was attributed to the fluorescent nature of
coal and the laser source used to characterise raw coals. The other disadvantage of using mRs
was the topographic structure of mineral particles. Although sample preparation is not
important in characterising samples with mRs technique, it was observed that mounting
samples in resin did not help in charactering minerals particularly, fluorescent minerals, it

was also noted that powdered samples proved to be challenging to characterise at times.

Single particle analysis (SPA) classified silicate minerals into various classes. Clay minerals
were the most abundant minerals found in coal samples as indicated by ash chemistry,
petrographic methods, XRD, and FTIR. However other groups of silicate minerals were
identified and the garnets mineral group was the second most abundant mineral in coal
samples. The common Fe-containing silicates included fayalite (Fe,SiO,4), and almandine
(FesAl,Si30;1,). Traces of ilmenite (Fe-TiO3) were identified in coal B, whilst trace of sodalite

were detectable in coal D. Silicate containing Ti were dominant in coal C.

Coal D was characterised by silicate mix. From the analyses it was observed that not all clay
minerals were characterised by bulk analyses. More detailed and descriptive nature of
silicates was attained by SPA. The SPA gave more insight on mineral matter in raw coal far
better than any technique that was considered for analysis. The results from SPA could be
considered as somewhat the true representation of minerals in raw coals. There was no
correlation drawn between ash chemistry and SPA-EPXMA results, because the state of the
sample was altered for ash chemistry analyses, and the technique assumes ash to be
homogeneous, whilst SPA-EPXMA took into account the heterogeneity of the coal particle.
Although XRF is highly relied upon in many coal applications, the technique simply gives

one an indication of expected compositions and not the actual compositions.
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A noteworthy observations made with regard to SPA was the identification of halite and
sodalite in coal D. The presence of these minerals gives one an indication of the type of
environment the coals were subjected to during coalification. Although most of the coals
were influenced by hydrothermal and volcanic activities, it is noticeable that coal deposits
were subjected to environments where the salinity of ground water was high. This explains
the high concentrations of dolomite as it was observed with the investigated coals [Vassilev
et al.,, 2010]. These findings once again indicate the benefit of using SPA for coal

characterisation.

Another remarkable finding by SPA was the abundance of S, Ca, and Na detected in coal D.
The CBC analysis showed that the high abundance of S in coal D was associated with
sulphates and sulphate silicates. Hence pyrite was present in minor quantities relative to the
coals investigated. These results show clearly that if the coal chemistry is not closely
supervised, one can easily assume that sulphur is associated with iron to form pyrite, which
was not the circumstance for coal D. It is interesting to note that this identification could not
have been possible, since these observations were not obvious with conventional bulk

analysis.

Although Cr was not assigned to any mineral group, chromite was identified by mRs in HTA-
D. This is an indication of the importance of using a structural technique. In this case, even

though the mineral was not classified, its existence could nonetheless be confirmed.

Comparing ash chemistry analysis to SPA-EPMXA, it was easily noticeable that SPA-
EPMXA is more suitable to characterise mineral matter. The technique is capable of
analysing elements of small atomic and particle size in their unaltered state. The elemental
composition analyses using SPA-EPMXA proved to be ideal since the technique was capable

of identifying some of the minerals that were not identified by any of the techniques used.
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The PCA and clustering of different elements gave an in-depth knowledge of the association
of the different elements in coals. The results were more detailed compared to ash oxide

chemistry of coals.

Bulk analyses fell short in terms of identifying minerals present in raw coals. Overall the
minerals identified by bulk analyses were under reported. This gives a glimpse of the
challenges of understanding the behaviour of mineral matter in combustion processes,
considering the fact that these approaches are still used to explain complex processes.

Insufficient information is generally used to understand boiler and gasification conditions.

Nonetheless, not all minerals could be assigned by the CBC method. The unassigned
minerals did not fit into the criteria set to determine the mineral phases. A significant
proportion of minerals in coal D are not assigned to any mineral. This is an indication that the

boundary classification can be revised so that as many minerals as possible can be classified.

The challenge presented by the SPA-EPXMA is the large amount of data to be mined from
X-ray analyses of individual particles. Although the approach is supervised and more reliable,

it is laborious and time consuming making the interpretation a daunting task.

Table 6-26 gives a summary of the different minerals identified by the different techniques.
From the summary, it can be extracted that some of the minerals could be easily identified by

all techniques. However, every technique had its advantages and limitations.
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Table 6-26: Mineral matter identified in raw South African coals

Minerals Ash chemistry Petrography XRD FTIR mRs SPA
(raw coal)
Silicate Kaolinite Kaolinite Kaolinite Kaolinite Quartz Kaolinite
minerals Quartz Quartz Muscovite | lllite Chlorite
Mica Quartz Muscovite Quartz
Smectite Alunite
Quartz Fayalite
Almandine
Oxides, Anatase Anatase Rutile Anatase
Hydroxides Anatase lImenite
Sulphides Pyrite Pyrite Pyrite Pyrite Pyrite
Pyrrhotite
Marcasite
Phosphates Brushite Brushite
Gorceixite Gorceixite
goyazite
Sulphates Gypsum Gypsum
Alunite Dolomite
Calcite
Sodalite
Carbonates Calcite/Dolomite Calcite/Siderite | Dolomite Rhodochrosite
Calcite
Aragonite
Salts NaCl

Characterisation of low temperature ashes

The three techniques used to characterise low temperature ashes were XRD, FTIR, and mRs.

From the discussion above, it was stated that there was a slight difference in the results

reported by XRD and FTIR on raw coals and LTA samples. However, it was established that

an artefact was formed when LTA samples were prepared. It is presumed that calcium

reacted with sulphur to form a sulphate mineral, bassinite.

The analysis of LTA by mRs alluded to the possibility of additional reactions taking place to

form artefacts in LTA. The secondary oxidation products identified in LTA included

lepidocrite (y-FeO(OH)), coquimbite (Fe»(SO4)3.9H,0, and anhydrite (CaSO,).
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These minerals were not detected in LTA samples, but were evident in mRs analyses. The
only artefact identified by XRD was bassinite. From the results it can be confirmed that

sulphur reacted with both Ca and Fe in LTA to form sulphate minerals, and oxides.

Although LTA analyses are considered to be a true representation of mineral matter, the
phases that are identified and information brought forth by mRs analysis shows that there is
an element of error in the reporting of LTAS, hence the inconsistencies, especially with the

reporting of minerals that are present in minor quantities.

Despite the fact that LTA has been accepted as the best approach to selectively isolate
mineral matter from coal, the approach seems to be suitable for major minerals, as it is the
case with other bulk analyses. Hence there was a good correlation in the estimation of
mineral matter by proximate analysis, petrography and LTA analysis. These implications
show that for one to fully understand coal, it must be analyses in its unaltered state.

Therefore, methods that do not require organic matter to be isolated should be sought after.

Table 6-27 gives a summary of the different minerals identified by the aforementioned

techniques to characterise low temperature ashes.

Table 6-27: Mineral matter identified in low temperature ashes

Minerals (LTA) | XRD FTIR mRs
Silicate minerals | Kaolinite, Muscovite, Illite Kaolinite, Muscovite
Quartz Smectite, Illite, Quartz
Oxides, Goyazite Lepidocrite
Hydroxides
Sulphides Pyrite
Phosphates Brushite, Gorceixite
Sulphates Bassanite Anhydrite, Coquimbite
Carbonates Dolomite, Calcite

224



Characterisation of high temperature ashes

Ashes generated from high temperatures were analysed in the same manner as LTAs. From
the analyses it was noticed that some of the mineral matter underwent phase transformation.
The process of dehydroxylation was first observed in FTIR results. The observation was
confirmed by a decrease in intensity of the infrared bands assigned to the inner hydroxyl
group at 3618 cm™ and 3686 cm™. The TGA studies by O’Gorman and Walker (1973)
indicated that the dehydroxylation process starts from 500°C until 600°C. The product that
was formed after dehydroxylation was an amorphous metakaolinite [Cheng et al., 2012],
which further transformed to mullite at higher temperatures. The FTIR technique identified

mullite and quartz as high temperature minerals that formed in the prepared ashes.

Minerals identified by XRD analysis included anhydrite, quartz, hematite, rutile, anatase and
brookite. Quartz was identified as the most dominant mineral, with anhydrite being the
second highest mineral reported in HTAs. It was expected that quartz will not undergo any
phase transformation because of the temperatures (815°C) the samples were subjected to.

Anhydrite was formed as a result of dehydration of sulphate minerals, presumably gypsum.

Most of the minerals that formed in HTA were identified by the mRs technique. The minerals
identified included quartz, hematite, magnetite, marcasite, pyrrohotite, anatase, rutile,
brookite, anhydrite, cristobalite, nepheline, aragonite, chromite, crednerite, and gypsum. The
mRs analysis of HTA showed that HTA was quite heterogeneous in nature, this was
noticeable since different mixtures of phases in HTA were identified by the technique. The
association of mineral matter plays a significant role in determining the type of slag that
forms. Although HT-XRD is used in modelling the behaviour of ashes at high temperature,

the technique is still a bulk analysis, and therefore disregards the particle to particle

225



interactions. Table 6-28 gives a summary of the different minerals identified by different

techniques in HTAs.

Table 6-28: Mineral matter identified in high temperature ashes

Minerals (HTA) XRD FTIR mRs

Silicate minerals Mullite, Quartz Quartz, Nepheline

Oxides, Hydroxides | Hematite, Zircon Rutile, Anatase, Brookite, Hematite,
Brookite, Anatase Magnetite, Chromite, Crednerite

Rutile, Quartz

Sulphides Pyrite, Pyrrhotite, Marcasite
Phosphates Apatite

Sulphates Anhydrite Gypsum, Anhydrite
Carbonates Aragonite

From the results it was deduced that mRs was quite suitable for characterising high
temperature ash. mRs is not a bulk technique, and therefore, one can control and identify key

minerals of interest in the samples.

However, it should also be emphasised that fluorescence is a serious challenge with the mRs
technique. Nonetheless, the author is of the view that information derived from mRs and SPA
could be used together with thermodynamic models to validate slagging and fouling

propensities, and understand the behaviour of minerals at high temperatures.

Slagging and fouling propensities

Slagging and fouling indices, AFT, together with thermodynamic modelling were used to
predict slagging propensities of investigated coals. The high temperature phases that are
predicted to form include mullite, feldspar, corderite, TiO,, corundum, immiscible slag
phases and gases. From the modelling results, it was observed that mullite was estimated to
be high in Coal A. The presence of mullite was confirmed by FTIR analyses of HTA

samples. The predicted high concentration of the slag phase in Coal B confirms the low AFT
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reported for the sample. Information drawn from the deposition indices indicated that lower
AFT reported by coal B was attributed to high concentration of Fe. The results were
confirmed by XRD and SPA. This distinctively proved that Fe reduced the melting
temperature of eutectics in coal. The observations are in line with what has been reported in
literature. The relationship that is drawn between ash composition, ash indices, and AFT
indicate that Fe and Ca play a significant role in the slagging and fouling propensity. Pyrite,
dolomite, and ilmenite proof to be the minerals responsible for slagging in SA coals

investigated.

The limitation of geochemical indicators commonly used to determine the propensity of
slagging and fouling in coals were also observed. For example, DAI has been proven to
influence slagging. However, there was no correlation between DAI and AFT in this study.
Only the Si/Al ratio, Fe/Ca ratio, and Fe content could be related to AFT. Thus the high acid

sialic coal B was found to be susceptible to slagging and fouling.

However, it is common that highly basic ashes will be most susceptible to slagging and
fouling [Vassilev and Vassileva, 2009]. It is considered that Ca also contributed to the

lowering of AFT.

The high clay mineral matter content tends to lower the basicity of coals and the subsequent
increase in AFT to temperatures above 1300°C. Similar observations were made by Snyman
and Botha (1993) and Bunt et al. (2012), whereby coal samples with high clay mineral
contents had high AFTs. In their studies, it was also observed that there were minimal
changes of AFT with increasing clay mineral content. This behaviour was attributed to the
refractory nature of clay minerals. Thus, it is expected that the AFT of coals A, C, and D was

relatively high, and this can be explained by the high concentration of clay minerals, with
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contribution of sulphate minerals in coal D. The concentration of clay minerals was

confirmed by XRF, SPA-EPMXA, petrography, and XRD.

Although thermodynamic models can be used to predict phases, it is important to understand
that the input data is equally important. Since thermodynamic modelling depends on input
data and equilibrium reached, every effort is to be made to make sure that realistic predictions
are achievable. Ideally thermodynamic modelling should not be used separately. Van Dyk et
al. (2009) found that coupling thermodynamic data with advanced characterisation tools such
as high temperature X-Ray diffraction (HT-XRD) provides better insight into mineral
interactions and slag formation in gasifiers. In this study, it is observed that mRs can be of

value to better understand phase transformations taking place at high temperatures.

It was observed that most of the mineral phases that occurred in HTA were quite
heterogeneous, and reported to the slag phase. The mRs technique was capable of

discriminating between mixtures that would have been unnoticed with bulk techniques.

The SPA-EPMXA analyses provided more information and insight on the morphology and
elemental concentration of elements in coals. Thus, the results obtained from SPA-EPMXA
could be understood to provide a true reflection of elemental composition, without inducing
any structural or elemental alterations. It is therefore considered that knowledge obtained
from SPA-EPMXA and mRs in conjunction with FTIR and XRD techniques can proved to be

helpful in understanding phase transformations taking place at high temperatures.

The mRs and SPA-EPMXA allow for high spatial resolution identification of individual
elements. This further confirms that both SPA-EPMXA and mRs can easily identify minerals

that are present in minute quantities or minerals that are present in a finely disseminated
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morphology. However, with mRs, this will only apply if the mineral to be identified is Raman
active. The limitation of bulk analysis is reflected by under reporting or exclusion of minerals
such as Cl, which are critical in slagging and fouling behaviour of coals. Halite in the form of
NaCl or other compounds can exist in the molten phase individually or through formation of
eutectic mixtures [Krishnamoorthy and Pisupati, 2015]. The mRs technique was able to
detect nepheline (NaAlSiO4) in HTA. This could suggest the sodalite underwent

transformation at high temperatures, releasing chloride ions.

Nonetheless, the use of mRs and SPA-EPMXA introduces a new outlook towards increasing
knowledge and understanding of coal in conversion processes. The author is of the view that
mRs and SPA-EPMXA will be able to characterise the amorphous glass phase, thus giving a
good indication of the behaviour of mineral matter and their interaction at high temperatures.
Using SPA data as inputs for thermodynamic calculations will improve the modelling of high

temperature phases.

This unique and novel approach to gather detailed information about the mineral composition
in coal has not been applied to SA or any other coals previously and constitutes a contribution
to the field of study. It is quite evident from the most recent work on the determination of
mineral matter and elemental composition in SA coals [Matjie et al., 2016] that more
knowledge is still required to address challenges in coal conversion processes. Hence the use
of mRs and SPA is a step in the right direction towards achieving goals for clean coal

technology.

Moreover, the results presented show emphasises on the need for multiple approach studies
of mineral matter in coals, as it has been proposed over the years [Stefaniak et al., 2009; Jung
et al., 2014; Kumar and Rajmunar, 2014; Matjie et al., 2016]. The use of a multiple technique

study distinctively provided a deeper understanding of mineral matter, which could not be
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met by a single technique approach, and put into perspective a clearer picture of mineral
matter present in coals. The study showed the capabilities and synergy of the different
techniques, and valuable information derived from elemental, spot, and bulk analyses of the
coal samples investigated. The combination of techniques worked well in terms of
characterising mineral matter, since more information was derived from the different
techniques combined, compared to results obtained from one technique. The insight provided
about the nature of minerals in coal through a combination of SPA-EPMXA and mRS is
unrivalled by any other technique or combination of techniques, and can be considered as a
new novel contribution made by this investigation. Nevertheless, it remains important that the

limitations of each technique are kept in mind.

6.12 Chapter summary

The limited understanding of transformation of mineral matter, and subsequent challenges in
coal conversion processes, calls for a comprehensive characterisation of mineral matter in
coals. An advanced multiple technique approach has been adopted to address some of these
challenges. This chapter presented results obtained from characterisation of mineral matter in
SA coals. This was achieved by studying raw coals, LTAs, and HTAs. The principal minerals
identified in SA coals included clays, carbonates, sulphides, sulphates, oxides, and
hydroxides. The dominant minerals include kaolinite, quartz, pyrite, calcite, dolomite, rutile,
and gypsum. The presence of the minerals was confirmed by the various techniques used in

this study.

Ash chemistry compositions were used to determine the mineral matter present in coals and
to calculate slagging indices. The correlation between ash chemistry and AFT indicated that

Fe and Ca influenced the behaviour of coals at high temperatures. Therefore, minerals such as
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carbonate and pyrite should be evaluated before the samples are subjected to conversion
processes. However, thermodynamic modelling, supported by characterisation techniques are

recommended to help predict slagging and fouling propensities in conversion processes.

Clustering of SPA-EPXMA results gave an insight on the abundance and types of mineral
matter found in coals. The clustering and PCA were able to put into perspective the elemental
compositions by assigning the elements to mineral groups. The analyses were able to report
the presence of halite. This was made possible because of high resolutions by the technique.
Some of the mineral groups identified by SPA-EPXMA were confirmed by bulk and
structural analyses, and in some cases, PCA analysis was put to use to determine the

association of minerals in coals, which proved to be valuable.

Comparing ash chemistry to SPA-EPMXA, it was noted that the technique is a closely
monitored characterisation method that proved to carefully describe the association of
element on a particle to particle basis. The advantage offered by the technique shows that the
classification using this approach is more realistic when compared to ash chemistry analysis.
Unlike ash composition, which assumes a homogenous ash, SPA-EPMXA exploits the

heterogeneous nature of coal particles and gives the true composition of elements.

Overall, the techniques were complimentary to one another in characterising coals fully.
More information could be derived when using multiple techniques compared to using one or
two techniques. Petrographic analyses gave a broad overview of the mineral matter present in
coals. Structural techniques identified the mineral groups classified by petrographic methods.
The mRs and XRD techniques easily discriminated between different polymorphs, albeit at
different limits of detection. However, no single technique was able to characterise all

mineral matter in coals. FTIR was valuable in characterising clay minerals in coals. The mRs
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technique proved to be ideal for studying and understanding high temperature
transformations. The descriptions and observations of these high temperature transformations
by mRs has not been previously described, particularly in SA coals, and is a new contribution

to knowledge in the field of study.

Characterisation of individual particles, demonstrated that single particle analyses offers a
realistic analyses of materials. Moreover, the application of mRs and SPA-EPMXA can prove
to be useful in determining probable mechanisms of formation of high temperature mineral
phases. In this study, it was demonstrated that combining SPA-EPMXA, FTIR, mRs, XRD,
petrography, and ash chemistry was a worthwhile approach to studying mineral matter in

coals.

The knowledge obtained of the mineral matter in coal in this study is unrivalled by any other
study previously conducted on SA coals, and especially the confirmation of high temperature

phases transitions can prove very useful in dealing with slagging and fouling cases.

However, there were drawbacks related to the techniques, mainly due to detection limits. For
example, an optical microscope is ideal to characterise mineral matter that is above 20 pum in
size. Moreover, the technique relies on the knowledge of the observer. Thus, the analyses are
based on level of experience of the operator. Structural analysis on the other hand can be
better understood in depth when techniques such as XRD, FTIR and mRs are used.
Nonetheless, the observations made showed that these structural analytical techniques

presented advantages and disadvantages.

The XRD technique works well when the composition of materials is above 5 wt.%. In cases
where concentrations were below detection limits, mineral matter could not be detected.

Therefore, when selecting analytical techniques, one should first identify the need for the
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analyses and the intended information that is to be acquired. Nevertheless, the combination of

the techniques improved the understanding and knowledge of the coal structures.

Notably, the use of multiple techniques such as XRD, FTIR, mRs, and SPA-EPMXA is
unrivalled by any other technique or combination of techniques, and can be considered as a
new novel contribution made by this investigation. These findings answers and confirm
hypothesis of this research work. Table 6-29 gives a summary of the different mineral matter
identified by different techniques. The advantages and limitations of the techniques are also

presented.
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Table 6-29: Summary of the different techniques

Analytical technique

Petrography

FTIR

mRs

XRD

SPA-EPXMA

Raw coals

Major mineral matter: Kaolinite, quartz:
Minor mineral minerals: carbonates,
sulphates, and sulphides

Major mineral matter:
Kaolinite, smectite, muscovite,
illite and quartz

Pyrite, anatase, rutile, quartz, jarosite
and calcite.

Clays, carbonates,
phosphates, oxides,

Kaolinite, rhodochrosite, microcline,
orthoclase, glauconite, fayalite,
almandine, ilmenite, anatase, halite,
sodalite

Low temperature ashes

Kaolinite, quartz, smectite,illite

Lepidocrite, anhydrite, coquimbite

Similar to raw coals

High temperature ashes

Quartz, mullite

Hematite, anatase, rutile, brookite,
apatite, anhydrous, magnetite, zinc
sulphate, chromite,quartz, mixture of
mineral matter

Hematite, quartz, zircon,
rutile, brookite, anatase,
anhydrite

Advantages Identify the different morphologies of Easily characterise clay Can resolve close particles, and easily | Discriminate between High resolutions, analyses particles
mineral matter, their origin and minerals in coals. detect mixtures of different mineral polymorphs of less than 0.5 in diameter.
association in coals. matter, no sample preparation is Can identify a wide range of

required. Fast execution of results, minerals
gives detailed structural information
of minerals, easily discriminate
between polymorphs
Limitations Cannot resolve particles less than lum in | Limited to analysing clay Fluorescence nature of kaolinite, close | Bulk technique, cannot Can be restricted by chemical

size, requires a skilled operator.

minerals, overlapping of peaks
could make it difficult to
identify other mineral matter
present.

control of laser power to avoid
burning the sample, topography of the
sample can make it difficult to get a
good spectrum

analyse particles below 1
wt.%

boundary criteria

234




CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

As discussed in Chapter 1, the coal industry is faced with serious challenges to meet soaring
energy demands, improved efficiencies, and adhere to stringent legislation. For sustainability
of coal reserves, to meet energy demand, and to achieve the emission restrictions, CCTs seem
to be the viable option to revolutionise the coal industry, and ultimately change perceptions
surrounding coal conversion processes. The successful inception of CCTs will result in
processes operating at higher efficiency targets, and consequently, reduced emissions of
hazardous greenhouse gases, TEs, and PM. Nonetheless, it is apparent that a comprehensive
understanding of mineral matter using characterisation techniques must be a primary focal

area of interest before investing in expensive technologies.

The objectives of this research work were to quantitatively and qualitatively characterise raw
coals and coal ashes using the proposed multiple techniques, and evaluate how the multiple
technique approach helps to better understand mineral matter. The adopted approach involved
studying mineral matter on an elemental basis using XRF and SPA-EPMXA. The results

were correlated with analytical technigues such as petrography, XRD, FTIR and mRs.

The following research questions posed in this study were addressed, and the main findings

of this work are summarised as follows:

(i) Is there a need for multi-technique characterisation of mineral matter in coals?

The results computed from the generated data provided evidence and confirmed there is a
greater need for the coal industry to adopt the multiple technique approach over a single
technique approach. From the results, holistic information can be obtained from elemental

analyses, physical properties and the bulk analyses.
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Elemental analysis using EPXMA on single particles showed the different associations of
mineral matter, identifying some of the elements that could not be identified by alternative
analytical tools. Coal petrography can be used to gain an overall overview of mineral matter,
their organic and inorganic association, and the rank of coal. The XRD and FTIR analyses
remain the ideal techniques to characterise clay mineral matter in coals. The mRs technique
was able to identify mineral matter such as pyrite, anatase, rutile, carbonates, and quartz in

raw coals.

Analyses of coal ashes were conducted to study and understand mineral matter without the
interference of the organic matter in coals. The findings showed that effect of removing
organic matter using low temperature ashing methods were beneficial in the XRD analyses.
However, analysing LTA’s using mRs did not introduce any significant improvement on the
mRs analyses compared to raw coals. This could be due to the high kaolinite content in LTA
samples, which caused fluorescence. The XRD analyses on the HTA have revealed an
abundance of glass phases, which were amorphous in nature. The results further elucidated
the reactions and phase transformation that took place at around 815°C. Characterisation of
HTA using mRs showed that the phases formed are not single homogenous phases, but

mixtures of different high temperature minerals.

(i1) How does a multi-technique approach benefit the coal industry?

The use of multiple technique approach addresses both environmental and technological
challenges presented by mineral matter. Knowledge of mineral matter in coals can help

predict behaviour of mineral matter in conversion processes.
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(ii1) What are the benefits of using mRs over other analytical techniques?

The mRs technique is sensitive to structural defects and structural deformation. The ability to
characterise the different mixtures in coal ashes provided an insight concerning the
interaction of mineral matter at high temperatures. This interaction was not displayed by any
other technique. This was an indication that the technique can be easily adapted to study and
understand the different combustion products. Moreover, integration of various analytical
techniques presented improved the basis for evaluating ash forming processes. The
application of mRs and SPA-EPMXA can prove to be useful in determining probable
mechanisms of formation of high temperature materials, and provide additional information

not obtainable with any other single technique or combination of techniques.

(iv) What are the possibilities of using mRs as an on-line technique?

Using mRs as an on-line technique proves to be challenging. This is mainly due to the
amorphous nature of coal, fluorescence mostly due to clay minerals, topography, and
heterogeneity of the complex structure. The different minerals do not all give a good Raman
spectrum at the same laser power, therefore the power has to be adjusted accordingly.
However, high laser power has the potential to destroy the sample. These challenges diminish
the possibilities of mRs applications as an on-line technique, most especially for an

amorphous and heterogeneous structure like coal.

(v) How does mineral matter influence coal behaviour in coal conversion processes?

From the study, it can be concluded that elemental and structural composition of coal
influences the behaviour of coals. For example, sulphur in the form of pyrite influence AFT,

whilst organic sulphur will contribute to the formation of SOx.
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Understanding the form in which elements are present and the mineralogical structure they
are associated with will help elucidate the overall impact, and remedial measures that will be

necessary to minimise the effect of such mineral matter in combustion processes.

From the investigations, the following conclusions based on the study were reached:

e The use of SPA-EPMXA together with optical and structural techniques such as
petrography, FTIR, XRD, and mRs offers novel characterisation capabilities that are
not possible when using one conventional analytical technique.

e From the study it was observed that the use of multiple techniques contribute greatly
to a holistic understanding of a heterogeneous material such as coal. Using multiple
techniques will not only minimise the effect presented by limitations of each
technique, but also reduce the errors presented by each single technique.

e This study elucidated the capabilities of using mRs. The mRs will benefit the coal
industry in investigating high temperature conversions.

e A significant advantage of mRs over FTIR and XRD is that information on mineral
phases of interest can be attained directly.

e It was relatively easy to study the transformation that the clay mineral, kaolinite,
undergoes when exposed to high temperatures, using FTIR. Although the technique
was successful in characterising the different types of clay minerals, there were
limitations displayed by the technique. The major limitation of using FTIR was the
inability to identify most of the mineral matter found in either raw coals or coal ashes.
Thus, it was necessary to use techniques such as XRD, petrography, and mRs to fully

characterise mineral matter in coals.
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The mRs technique could not positively identify kaolinite, despite previous
documented work, where mRs was used to characterise clay minerals [Michaelian,
1986]. The challenge of using mRs was mainly due to weak Raman signals by clay
minerals, fluorescence and photodegradation of samples. As a result, the technique
could not positively identify kaolinite, which was presumed to be the dominant
mineral matter, as detected by various other techniques.

The mRs technique proved to be suitable in characterising HTA samples. From the
analyses, it was possible to characterise the different mineral mixtures and
discriminate between various polymorphs. The other advantage presented by the
technique was the rate at which results were acquired. Although sample preparation
was not important with mRS, it was observed that surface topography could influence
the Raman intensity. Again, close power control was necessary, to avoid damaging
the samples.

The optical microscope proved to be ideal for characterising mineral matter, maceral
matter and association of mineral matter in coals with micro-structural resolution
greater than 20 nm.

The use of XRD, mRs, FTIR and thermodynamic modelling can be a useful tool to
study phase transformations taking placing in coal conversion processes.

High concentration of pyrite, calcium and silica content, increases the propensity of
coals to form slagging and fouling.

Pyritic sulphur has more influence and effect on slagging propensity than any other
form of sulphur.

The slagging and fouling parameters are largely dependent on the compositional

structure and morphology of minerals of interest.
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e Continuous development should be undertaken to improve ways of characterising

mineral matter in coals.

7.2 Recommendations

The research work presented an area of knowledge that still needs further development to
achieve sustainable gains, and achieve desired efficiencies and emission targets. With the
endless improvement of the different techniques available on the market, the characterisation
of coals should be easier, faster and more comprehensive. Moreover, the information derived
from the characterisation of coals should be easily translated into the functional prediction of

coals in conversion processes.

The following are suggested recommendations derived from the present study, and to be
considered for future work:

e The use of multiple technique present avenues that help in understanding mineral
matter, thus it is suggested in order to understand mineral matter, more techniques can
be incorporated, including microscopic studies, which could assist in characterising
mineral matter and TE and their mode of occurrence without performing selective
leaching methods.

e Due to the amorphous nature of coal, it is suggested that a combination of techniques
should be selected in such a way that the amorphous matter in coal and the crystalline
matter are adequately characterised separately.

e Due to the heterogeneous nature of coals, predictive models used for slagging and
fouling propensities should use inputs from all techniques that give more information

about the combustion process, such that the predictions are more accurate.
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Consider using FT-Raman spectroscopy, since it has been reported that the technique
minimises fluorescence in clay minerals, thereby subsequently, improving the signal
to noise ratio, and reducing the effect of degradation of samples.
The possible combination of SPA-EPXMA, CCSEM, HT-XRD, and mRs in fouling
and slagging investigations could fruitfully be further exploited.
Use mRs to characterise slag and ash that formed under combustion or gasification

operating conditions.
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Appendix A: Ultimate analyses, ash chemistry and forms of sulphur

Table A-1 shows the ultimate, ash analysis, forms of sulphur of four coals samples submitted at the ALS laboratories in Witbank.

WITLAD (Pty) Ltd

CERTIFICATE OF ANALYSES

Results reported on an Air-Dry Basis

Coal and Mineral Analysts

Ash Fusion Temperature

% % % % Mj/Kg % % % °C Reducing Atmosphere % % % %
Cal T T
Lab No. Sample Identity | H,0 Ash Volatile | F/Carbon | Value | Sulphur | Moisture | Phos Def Soft Hem Flow | Carbon | Hydrogen | Nitrogen | Oxygen
415153 Coal sample A 5.6 35.8 1.03 48.32 2.85 1.14 10.86
415150 Coal sample B 7.9 27.3 1.63 53.24 3.36 1.42 13.05
415152 Coal sample C 4.4 69.3 2.52 17.70 1.80 0.46 8.22
415151 Coal sample D 7.4 19.6 0.49 60.33 3.72 1.53 14.33
Ash Constituent Analyses Forms of Sulphur

% % % % % % % % % % % % % % %
Lab No. Sample Identity | CaO | MgO K20 Na20 | Fe203 | TiO2 | AI203 | SiO2 | Cr203 | MnO | SO3 | P205 | Mineral Piritic | Organic
415153 Coal sample A | 0.45 | 0.19 0.32 0.16 211 2.90 42.0 49.3 0.01 N/D | 0.07 | 0.40 0.78 0.09 0.16
415153 Coal sample B 0.80 | 047 0.83 0.24 6.35 1.61 28.7 57.9 0.01 0.01 0.63 0.24 1.40 0.111 0.12
415152 Coal sampleC | 753 | 2.35 0.77 0.60 5.61 1.89 23.8 45.1 0.02 0.02 | 9.85 | 0.86 2.34 0.09 0.09
415151 Coal sample D 3.46 1.95 0.26 0.26 3.23 1.90 36.1 455 0.01 0.04 | 3.96 0.98 0.30 0.05 0.14

1. The results reported in this certificate relate only to those items listed.
2. This certificate may only be reproduced in full, unless prior written consent of Witlab (Pty) Ltd is

obtained.

3. This document is issued in accordance with the Principal's instructions and is subject to the Standard Terms and Conditions of Business of Witlab (Pty) Ltd. (A copy is available on request)
4. Liability shall be limited to an amount equal to the fee paid for the service as instructed and claims in respect of this document will only be considered if based on proven gross negligence.
5. This document is not intended to relieve the parties from their contractual obligations or any sales contract.
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Appendix B: Slagging and fouling indices calculations

The slagging and fouling indices calculated in the study include the detrital-authigenic index
(DAL), silicion ratio, base-acid ratio, fouling index, Fe/Ca ratio, Fe plus Ca, and Fe index.

Si0,+Al, 03 +K,0+ Nay0+Ti0,

Detrital — Authigenic Index (DAI) = Equation B-1
Fe;03+ MgO+Ca0+50;

- . si0 .

Silicon ratio = — 2 Equation B-2
Si0,+Fe;03+Ca0+Mgo

, . Fe;03+Ca0+Mg0+Naz0+K;0 .

Base — acid ratio = —2=3 =279 T AT T Equation B-3
Fe,03+Al,03+TiO,

L Fe,03+Ca0+Mgo+Naz0+K,0 .

Fouling index = —22 20729777927 527 » Na,0 Equation B-4
Fe;03+Al;03+TiO,

, B .

Iron index = Fe,05 X (Z) Equation B-5

Appendix C: Ash fusion temperature

The ash fusion test was conducted following 1ISO 540

Table C-1: Ash fusion temperature of SA coals

Sample | Mass (g) Def (°C) Soft (°C) | Hem (°C) Flow (C)
Coal A 100 +1500 +1500 +1500 +1500
Coal B 150 1300 1320 1340 1360
Coal C 130 +1500 +1500 +1500 +1500
Coal D 100 +1500 +1500 +1500 +1500

275



Appendix D: Thermodynamic equilibrium modelling-FactSage 7.0

Table D-1: Thermodynamic modelling data Coal A

g-xid- g-xid- g-xid- g-xid- g-xid- g-xid- g-xid-
T°(C) g-GAS SLAGA#1 SLAGA#2 Cord Mull CORU Feld TiO, | Total
1100 0.07 34.97 1.02 0.31 58.44 2.06 0.85 2.29 100
1160 0.08 34.93 3.74 0.14 57.82 1.65 0.00 1.64 100
1173 0.08 34.89 4.37 0.00 57.67 1.50 0.00 1.48 100
1233 0.11 33.95 9.37 0.00 56.30 0.00 0.00 0.26 100
1254 0.12 33.80 10.30 0.00 55.78 0.00 0.00 0.00 100
1400 0.21 26.43 22.46 0.00 50.90 0.00 0.00 0.00 100
Table D-2: Thermodynamic modelling data Coal B
g-xid- g-xid- g-xid- g-xid- g-xid- g-xid- g-xid-
T°(C) g-GAS SLAGA#1 SLAGA#2 Cord Mull CORU Feld TiO, Total
1100 0.65 50.69 0.55 2.95 35.00 6.62 2.89 0.66 100
1160 0.66 51.85 1.70 2.93 34.37 6.29 2.20 0.00 100
1173 0.67 49.14 7.83 2.59 34.05 5.72 0.00 0.00 100
1233 0.75 44.10 18.78 0.00 32.58 3.79 0.00 0.00 100
1254 0.94 35.26 35.40 0.00 28.40 0.00 0.00 0.00 100
1400 1.09 60.92 14.49 0.00 23.51 0.00 0.00 0.00 100
Table D-3: Thermodynamic modelling data Coal C
g-xid- g-xid- g-xid- g-xid- g-xid- g-xid- g-xid-
T°(C) g-GAS SLAGA#1 | SLAGA#2 Cord Mull CORU Feld TiO, Total
1100 10.02 21.04 2.13 15.41 4.10 5.58 40.21 1.50 100
1178 10.06 17.53 14.33 14.86 3.21 4.27 35.74 0.00 100
1225 10.15 46.11 0.00 12.02 3.51 2.20 26.01 0.00 100
1264 10.26 62.96 0.00 5.00 5.48 0.00 16.29 0.00 100
1282 10.28 71.99 0.00 0.00 7.06 0.00 10.67 0.00 100
1329 10.34 83.47 0.00 0.00 6.20 0.00 0.00 0.00 100
1400 10.39 87.99 0.00 0.00 1.62 0.00 0.00 0.00 100
Table D-4: Thermodynamic modelling data Coal D
g-xid- g-xid- g-xid- g-xid- g-xid- g-xid- g-xid-
T°(C) g-GAS | SLAGA#1 | SLAGA#2 | Cord Mull CORU Feld Tio, Total
1100 4.07 24.30 2.53 12.32 36.64 3.00 15.66 1.47 100
1168 411 20.19 14.53 11.95 35.67 1.64 11.93 0.00 100
1210 4.18 36.19 9.77 10.33 35.59 0.00 3.95 0.00 100
1225 4.20 46.19 4.81 8.99 35.81 0.00 0.00 0.00 100
1260 4.22 54.57 0.00 5.93 35.28 0.00 0.00 0.00 100
1304 4.25 60.27 0.00 0.00 35.47 0.00 0.00 0.00 100
1400 4.30 64.33 0.00 0.00 31.37 0.00 0.00 0.00 100
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Appendix E: Petrographic composition of selected South African coal samples

Table E-1: Maceral group and mineral matter analyses (presented as a percentage of total sample point
counts) of four South African coals calculated on a mineral matter free (mmf.) and including mineral

matter.

Sample Coal A Coal B (inc. Coal D

identification: (inc. mm) | mmf | mm) mmf | Coal C mmf | (inc mm) mmf

Vitrinite Collotelinite 1.8 3.2 7.4 9.7 14 4.1 6.6 7.3
Vitrodetrinite 0.4 0.7 7 9.2 0 0.4 0.4
Corpogelinite 0 0 0.6 0.8 0 1 1.1
Gelinite 0.6 11 0.2 0.3 0 1.6 1.8
Pseudovitrinite 0 0 0.6 0.8 0 0 0 0

Inertinite Fusinite 2 35 6.1 8.1 1.2 35 34 3.8
Reactive semifusinite 3 5.3 45 5.9 0 0 2.2 2.4
Inert semifusinite 16.6 29.4 16 21 9.8 285 23.8 26.5
Micrinite 0 0 0.4 0.5 0 0 0
Macrinite 0.2 0.4 16 2.2 0 0 0
Secretinite 2 35 0.4 0.5 3.2 9.3 4.2 4.7
Funginite 0 0 0.2 0.3 0 0 0 0
Inertodetrinite 27.4 48.6 28.1( 36.9 14.8 43 38 42.3

Liptinite Sporinite 1.2 2.1 2.7 35 41 116 54 6
Cutinite 0.4 0.7 0.2 0.3 0 0 3 3.3
Resinite 0.4 0.7 0 0 0 0 0.2 0.2
Liptodetrinite 0.4 0.7 0 0 0 0 0 0

Mineral matter Silicate 17.4 5.3 46.6 4.8
Sulfide 5.8 25 4 0.8
Carbonate 3.8 55 1.2 1
Quartz 16.2 10.5 13.6 34
Other 0.4 0.2 0.2 0.2

Maceral group

total (vol.%) Vitrinite 2.8 5 158 | 20.8 14| 41 9.6 10.7
Inertinite 51.2 90.8 574 755 29 | 84.3 71.6 79.7
Liptinite 2.4 4.3 29 3.8 41 116 8.6 9.6
Mineral matter 43.6 24 65.6 10.2
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Appendix F: XRD analyses of low temperature and high temperature ashes

Four powdered coal samples were supplied by the University of the Witwatersrand. A
representative portion of each coal was subjected to low-temperature oxygen-plasma ashing,
using an IPC 4-chamber asher, as outlined in Australian Standard 1038, Part 22. The mass
percentage of low-temperature ash (LTA) was determined in each case. The mineralogy of
each LTA was analysed by X-ray powder diffraction using a Phillips X'pert diffractometer
with copper K-ao radiation, and the minerals present identified by reference to the ICDD
Powder Diffraction File. Quantitative analyses of mineral phases in the LTA were made
using SIROQUANT™, commercial interpretation software written by CSIRO (J.C. Taylor,
Powder Diffraction, 6, 2-9, 1991) based on the Rietveld XRD analysis technique.

Table F-1 provides data on the percentages of the individual minerals in the LTA sample
from the Siroquant interpretation. The table lists the estimated weight percentage of the
crystalline phases recognised, together with the relative error in the estimation (estimated
standard deviation or ESD) for each individual mineral determination. The overall level of fit
for the SIROQUANT evaluation is given by the relevant global chi? value at the foot of the
table. The total error for each mineral percentage can be calculated from the product of the
ESD associated with that mineral and the square root of the global chi® value for the
SIROQUANT analysis. In some cases the error is larger than the actual percentage indicated.
The mineral abundance in such cases is close to or below the detection limit of the analysis
process, but is mentioned in the table to maintain consistency and to ensure that its possible
presence is taken into account.

Traces of anatase and/or rutile may be present in some samples, especially LTA-D. However
they could not be quantified by Siroquant, and if present are therefore at concentrations
below the detection limit of the XRD system.

The clay fraction (less than 2 um effective diameter) of each sample was isolated by
ultrasonic dispersion in sodium hexametaphosphate (Calgon) and subsequent settling. The
clay fraction was investigated further by X-ray diffraction of oriented aggregates, using
glycol and heat treatment. The relative proportions of the different clay minerals in this
fraction for each sample (Table 2) were determined by the method of Griffin (in R.E. Carver,
Procedures in Sedimentary Petrology, Wiley, 1971). The inferred chemical composition of
the ashes expected from each sample, calculated from the mineral abundance and assumed
mineral compositions, is given in Table F-5

High temperature ash XRD diffractograph are presented in Figures F-1 to F-8.
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Mineralogical analysis data by powder XRD and Siroquant

Table F-1: X-ray diffraction (XRD) analyses of LTA-A (48.7 wt. %)

Phase Weight % Error of Fit
Quartz 4.6 0.17
Kaolinite 79.2 0.68
Mixed layer illite/smectite 10.6 0.64
Dolomite 2.7 0.28
Pyrite 2.1 0.18
Goyazite 0.9 0.23

Global Chin2: 5.78

Table F-2: X-ray diffraction (XRD) analyses of LTA-B (31.6 wt. %)

Phase Weight % Error of Fit
Quartz 20.3 0.28
Kaolinite 47.3 0.62
Mica 2.7 0.17
llite 2.8 0.70
Mixed layer illite/smectite 12.6 0.46
Calcite 1.4 0.21
Dolomite 7.6 0.43
Pyrite 2.1 0.15
Goyazite 1.4 0.18
Bassanite 1.8 0.21

Global Chin2: 5.42

Sample: LTA sample C 77.9%

Table F-3: X-ray diffraction (XRD) analyses of LTA-C (77.9 wt. %)

Phase Weight % Error of Fit
Quartz 15.2 0.31
Kaolinite 63.7 0.94
Ilite 15 0.98
Mixed layer illite/smectite 17.2 0.81
Dolomite 1.0 0.25

Global Chi®2: 5.59

Table F-4: X-ray diffraction (XRD) analyses of LTA-D (24.1 wt. %)

Phase Weight % Error of Fit
Quartz 1.8 0.15
Kaolinite 935 0.57
Mixed layer illite/smectite 4.6 0.55

Global Chin2: 4.96
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Table F-5: Mineralogy of <2 um fraction (wt. %) in low temperature ash samples by oriented-aggregate

XRD analysis

Sample Name Kaolinite % lllite % Expandable clays% Nature of Expandable Clay
LTAA 96 0 4 Irregular illite/smectite
LTAB 90 0 10 Irregular illite/smectite
LTAC 91 6 3 Irregular illite/smectite
LTAD 97 2 2 Irregular illite/smectite
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X-ray diffraction (XRD) analyses of high temperature ashes
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Figure F-1: As measured diffraction pattern of HTA-A.
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Figure F-2: Background subtracted diffraction pattern of HTA-A overlaid with stick pattern of the proposed phases
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Figure F-4: Background subtracted diffraction pattern of HTA-B overlaid with stick pattern of the proposed phases

284



30000 —

(Counts)

Lin

20000 —|

15 20 30 40 50 60 70 80 90 100 110 1

2-Theta - Scale

@Flle: DISC 160913_LM1.raw - Type: 2Th/Th locked - Start: 15.000 ° - End: 119.996 ° - Step: 0.020 ° - Step time: 874. s - Anode: Cu - WL1: 1.5406 - WL2: 1.54439 - Generator kV: 40 kV - Generator mA: 40 mA - Creati
Operations: Import

Figure F-5: As measured diffraction pattern of HTA-C
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Figure F-6: Background subtracted diffraction pattern of HTA-C overlaid with stick pattern of the proposed phases
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Figure F-7: As measured diffraction pattern of HTA-D

287



>

6000

5000

4000

3000

Lin (Counts)

2000

1000

X y '1 L, i i o v, [ Y \ \
jw | ' . !' 11‘ 1 .| | 3 (0 . MY ‘3 Bl L , I! J.".v,, VYN T il .L" ,u’} LS A T it T
0 4 L L e B B - — ST — = -

15 20 30 40 50 60 70 80 90 1

2-Theta - Scale

mY + 1.7 mm - File: ERM_LM1.raw - Type: 2Th/Th locked - Start: 15.000 ° - End: 99.981 ° - Step: 0.040 ° - Step time: 1538.9 s - Anode: Cu - WL1: 1.5406 - WL2: 1.54439 - Generator kV: 40 kV - Generator mA: 40 mA -
Operations: Enh. Background 82.500,1.000 | Enh. Background 21.380,1.000 | Enh. Background 17.783,1.000 | Enh. Background 3.802,1.000 | Enh.

@03-065-0466 (A) - Quartz low, syn - O2Si - WL: 1.5406 - Hexagonal - a 4.91410 - b 4.91410 - ¢ 5.40600 - alpha 90.000 - beta 90.000 - gamma 120.000 - P3221 (154) - Primitive

E01—084—1285 (A) - Anatase, syn - TiO2 - WL: 1.5406 - Tetragonal - a 3.78479 - b 3.78479 - ¢ 9.51237 - alpha 90.000 - beta 90.000 - gamma 90.000 - I141/amd (141) - Body-centered

[®]01-076-1934 (*) - Brookite - TiO2 - WL: 1.5406 - Orthorhombic - a 9.17400 - b 5.44900 - ¢ 5.13800 - alpha 90.000 - beta 90.000 - gamma 90.000 - Pbca (61) - Primitive

[4]03-065-0191 (D) - Rutile, syn - O2Ti - WL: 1.5406 - Tetragonal - a 4.59330 - b 4.59330 - ¢ 2.95800 - alpha 90.000 - beta 90.000 - gamma 90.000 - P42/mnm (136) - Primitive

E01-089-2655 (A) - Zircon - Zr(SiO4) - WL: 1.5406 - Tetragonal - a 6.62200 - b 6.62200 - ¢ 6.02400 - alpha 90.000 - beta 90.000 - gamma 90.000 - I141/amd (141) - Body-centered

1-086-2270 (A) - Anhydrite - Ca(S04) - WL: 1.5406 - Orthorhombic - a 6.99300 - b 6.99500 - ¢ 6.24500 - alpha 90.000 - beta 90.000 - gamma 90.000 - Amma (63) - Base-centered

Figure F-8: Background subtracted diffraction pattern of HTA-D overlaid with stick pattern of the proposed phases

288



Appendix G: Fourier-Transform Infra-Red (FTIR) analyses of raw coals, low temperature
and high temperature ashes

Figures G1-G8 represents the actual FTIR spectra obtained from low and high temperature
samples. The analyses were recorded over a spectral range of 500 to 4000 cm™.

9% <

90 <

851

804

3618.88

754
704

65 <

3686.21
658.78

&4

% Transmittance

=8 |

667.72

g0
154
0
%1

| =
| =
Eil <
1 (=]

o

936.31

254

4000 3500 3000 2800 2000 1800 1000 500

Wavenumbers (cm-1)
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Appendix H: micro-Raman analyses of raw coals, low temperature and high temperature
ashes

Figure H-1 to H-5 represent Raman spectra of mineral matter identified in raw coals, low and
high ashes. Raman spectra were collected over a spectral range from 50-1500 cm™
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Figure H-1: Raman spectra of jarosite observed in coal B, in the 50-1500 cm™ range (Micro Raman,
excitation 532 nm).
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Figure H-2: Raman spectra of a mixture of anatase, quartz, nepheline, apatite, and crednerite in HTA in the
50-1500 cm™ range (Micro Raman, excitation 532 nm).
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Figure H-3: Raman spectra of a mixture of anatase, rutile and brookite in HTA-D in the 50-1500 cm™ range
(Micro Raman, excitation 532 nm).
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Figure H-4: Raman spectra of a mixture of anatase, rutile, anhydrite in HTA-B in the 50-1500 cm™ range
(Micro Raman, excitation 532 nm).
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Appendix I: Single particle analysis (SPA)-electron probe X-ray micro analyses (EPXMA)

of raw coals

The principal component analysis (PCA) and chemical boundary classification (CBC) data used
to determine mineral matter classification. Data was collected on 500 particles.

Table I-1: Single particle analysis (SPA)-elemental abundance in raw coals (mol. %)

Elemental

abundance (%) Coal A Coal B Coal C Coal D
C 24.0 27.1 20.7 229
N 24.2 27.0 22.7 22.8
0] 3.3 4.1 1.9 6.7
P 0.1 0.1 0.1 0
S 1 0.4 0.4 3.7
Cl 0 0.4 0.5 2.8
Na 0.1 0.1 0 8.4
K 0 0 0 0
Mg 1.1 0.5 0 0.7
Ca 0 0 0 15
Al 16.2 11.8 21.1 8.7
Si 15.9 12 22 8.9
Ti 1.3 2.3 1.2 14
Cr 2.3 2.8 1.4 2.2
Mn 2.6 3.3 2.2 2.6
Fe 8 8.3 5.6 6.6
Total 100 100 100 100
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Table 1-2: Component matrix extraction loading

Component

Na

Mg

Al

Si

Ca

Ti

Mn

Fe

.070

.873

-.649

-.709

.149

493

-.071

.853

-.033

712

A57

.903

.024

.047

-.067

.894

-.173

522

.043

-.056

-.084

-.199

-.125

442

.238

.301

-.112

-.720

-.078

450

-.029

422

=717

.010

-.006

.349

-.430

.032

-.066

-.102

-.002

.889

-.006

-.038

-.230

.054

.044

-.053

-.240

-.087

.834

-.003

.064

.060

131

.028

-.010

-.614

427

.019

-.052

.042

-.008

446

-.038

-.036

Extraction Method: Principal Component Analysis.

a. 6 components extracted.
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Table I-3: Chemical boundary classification (CBC) mineral composition in raw coals (mol. %)

Mineral Coal A | Coal B | Coal C | Coal D
Fe-rich 98 116 16 112
Quartz 0 7 18 1
Carbonates 2 0 0 5
Silicates 220 256 429 150
Gypsum 4 0 0 0
Ti-rich 6 10 1 4
Sulphate silicate mix 96 91 3 110
Dolomite 21 7 1 45
Sulphates 7 7 3 7
Halite 0 1 0 25
Other Ca-rich 1 0 0 29
Other carbonaceous not assigned | 45 5 29 12
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may oorur in e form of sulfur, cidum, phosphones, kon, mag-
nasium, potassium and teoe domanis. Inorganic mineral matier
Indudes clays (i, keolinite and ey montmoncllinte), saits,
sulfurand sl e iquar). Genarally, theash yield of 2 ooal s ko
& Indithe of tha Inceganic no?ns-omch hnnﬂl:mtypld
Bt ¥y 00 3k Dy S5 H O hﬂm[ﬂ!ﬂﬂﬂiH :
:n:brﬂ.ﬁm:m-wmﬂnhrﬂmmdl&
as. Carbenate minerals fourd Incoal Indude sidarte (FeCOq),
diodomite: (Caig)00n 7], ankarita (102 Mo Fa)D0y], cidhe (C2005]
ard magresha (Mg hl. Thase crbonates fall into the Fesagonal
group of crborates chamciertred by 2 dominant thomboidal
deavage. Sulides arm ona of the minerl groups fiourd In ooal
inchuda pyrite, mar@she, melnikoviia, . Jabara and
%.ﬂhhm:! oxidired su fiorming gy,
Jarcette and Fydated inon suifate
toal ard e ability o peedict i bohavior In
mmbustion procesas 15 of @senm within the mal Indusiry.
Feom tha vast amount of Ifoatun avallable n e open domain,
It ks very dear that the understanding of cmal propartks In
gureral and = wiilteed Fas abvays boon accepied 25 an mportani
reseanch and mﬂﬂdhﬂmhcmpﬁ:nﬁndmﬂ,a
In part disoussad In this
:|-1:|Ig|rtI:|Fn Imﬂmﬂiwmw:ﬂmmdﬂlhgn
This 15 espadcially true in the fisld of Industrial appliction of tha
nuh'ﬂm:uiﬂmhdrﬂngld Improvamants regquira
mniinuous Impovements in e of measuremants,
addticnal noretandand ansfyes and real-ima avsilzbilty of date
This Is furthermom emphastmed by the Inceasing awaneness by al
stabofwoldors of kealth, enviFonment and safety aspods, resulting
In Ineased pressure bowands enhanced damdenmzton of oozl
properties and understanding of the behavior of coal based on
relgvant coal propartias bafom, during and aftor wiillzation
Fmal-ima acowrete mamuremant of releant mal proparies
ard the subsoquent utibmtion of the meswred data & 2 mal
opastional requiremant in 2 day and age whers compeatitive edga
Is In part driven by knowledge " Downtima due to unforesaan
changes In moal quality, resubing In production losses leading
to loss In bumover and movenue, b definitoly not desimble In
a production environmant. Tha of
it ook that can e s ol 18 produa e e
aralytial data &5 of gat Impornoe to the economic and
mum-iﬂumdtﬂmlﬂsuy
naturs of coal structure makes 1t difiout bo usa a
ﬂr#hiri;nlnch-hl‘l‘l‘nl:mmﬁ Routing charac-
tartzation of coal by ubtmats and proxirate analyses, OF determi-
nation, patrology, %-ray flucesscenm specrometry [XRF), powder
¥-ray diffraction (FEEDY efr Is no kenger suffickent ™ Applictions
of techniques such as quantitatve scarming sfadron

khod review artides on the daadeiz-
tion of Inomganic matter i ooal, and slowly but certzinky thesa

more advEnimd ara baing considersd = mew rou-
tina | took tha sulta of routing
aralyses. 11019 Tha online aralytical capabiity of these highly

wilayonlinabbrany comyjourmalijrs
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sophisticated aquipmeant Is vary imited. and aftermatives are -
quired. Raman spectroscopy, akeady being wsad = muting enline
arg I mathod in the phamacautical industry, for eampls,
mhr;yhlmmguuﬂﬁlamhﬁhﬂmpﬁnd
dramdernztion. The applation of Reman spectroscopy In the
draracoision of tha inorgank compostion of ool k terafone
considered by the authors of this paper s 2 real possibiliy.

In contrast bo others, this papes will eport on both the naborl
organk matier (MOM) a5 well as the natural Inorganic matier
M) In coal The review part of the paper B armamged In
era comesponding b the four decades that snice tha
pi-mnm weork of Tulnstra and 1 and daals mainky with

of the structural ordor of the crben neterork In
H"nﬂ-l:thllcf-::d Dus o the imied ramiber of papers rmporting
ontha MM, tha second part of tha paper k devoiod o praiminary
rasults on the MM characterimtion of South Aftican ooak by means
of mizo-Raman specnosoopy (MAS].

Experimental
Far tha review part, the data kases ussd In the saarch for relovanit
papers wera tha fiollowing: 151 wab of Soenmdind,

Soirus, Soopus and Wilay. Kaywords used In the sezech ware, Raman
Inzonpurction withoml, @hboencompounds, cal chasdenztion,
carbonacecus matertal and char. in addition, references wara
oolleciad In the papers salected from this search, and aliogether
miona Hran 100 papars wane collerted and read, of which a numbar
warg saleciad o report on In datail

For e mineral characterimtion, diffesent onals vead in the shody
warg colliected from various South Africn coal fekds theoughoun
the . The coals studied wers from 'Witkank, W
Ermiadio anid Matal omal falds, and also induded 2 discaed ool Foe
this Inftial it bgation, analyses wees performed on petrographic
blocks io faciitzte rioction of a spedfic ama as well as on tha
‘as-recahed powdened ooal & mpresentative sample was cnshed
ﬂa:nngmhﬂlm-ﬂsﬂummmm:ﬂmﬂud

450 pm sreen. This was dona io effectedly minimime tha

amount of fire partickes. Tha blodks wees prepared by mounting
thw samples In ook resin and keft for 24 b to set. The Blodks were
Eﬂ&ndln:mul'stq:smhmﬂslwdﬂnlulm

nking chath using aluming shrry

Eaman specra were measured at reom temperatees on 3
SENTERRA spocrometer [Bruker) The istnmment indudes a
monochroemator, & filter system and a thermio-aleciricly cooled
drange-roupled devioe (COD). Contnuous wase sor onengy at a
wavnlength of 533 nm wes wod 2 the adiation sunoe. Tha
lzsar power was set at 10 mwW to prvent the samples from
degrading. Tha Fretrumant we celibrsted wing & 520om !
slicon wafier. An Olympus 20 chjedive was used 1o foous
the smpla. The Integration time vared betwesn 10 and S0s
The Irstrumant resclution was set at 3-5 om! with a spectrl
ranga of 50- 2750 on . Raman specira wees analymed usng the
OFLE 65 software. The OPLE softwam was 1med for
data anafysls, manipubation and spedml denifiztion, uiilisng an
in-housa ibrary.

1970-197%9 (The G and D Band Era)

Green ard coworkers™ stato as

a5 1983 In thair paper that
tha identfication of minerzls in

was one of tha principal

J. Roman Spactrose. 1, 42, 123- 1323
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Faman spactrosoopy for tha analysis of oozl

L -

alms of the shudy and identfied clche, pyrite and dolombla with
ﬂum&:m:rﬁm.m inghy, howwvar,
this is ona of tha vary few p Hmd:'ﬂ:hsﬁtl'l:!gnb:nm
tharaciartzation of ooal by means of Faman specroscopy, ewn

hawa bean published since tha 1970s explotting the chamcieridic
Faman woatioring of carbors (of which the macerals
In ol B an aemplo) afer the dasic work by Tuinsta and
Koanig" " on the comalabions betesen the clsaned Raman bands
and the strucural paremeters of aline Ha was
puhhhﬂ.ﬂnnpuﬂammw ﬁmh
mizostroctunes of mrbonaceous compounds, Including coal.
Tuinstra and Koanig™" and Friedal and Carlson™ published
tha first Rzman of ooal and the e broad
bards ini th reglons 1575 - 1670 and 1355- 1350 om !, clled tha
G (graphitic) and D (disordersd) bands. Tuinstra and Koenigh?
.v.r;-;a-stndﬂu‘tﬂ‘u-li?!—nn"' I:vmdmqu:n:uﬂgnnd io tha
Hﬂnﬁq and the band at
-HHJ'I:I-:IH" I:ch'l:l'ﬂ.lu bed the mlio inig to the
ErAgE d-:nnlﬂ:inmr., Friedel and CarlsonE
ddnhdhmigh-:fduhrd:ﬂiﬂﬂm"hybwmﬁg:ﬂnglﬁ

and Rarran scatiering of b
mm |:|al="|n:|I.'lg'1:|-|:|n|1“-.I:Ia|:kn,“‘!Il 5uggn5 that
I:rﬂﬂuhrﬂ.ﬂl!mm-'mi‘hﬁmﬁmgm
structures and not from srcenatic™ or

has bean suggested carbor. Tso etal” ﬁuu.iatﬂdﬂ'ldllﬁ
E?ﬂn‘n“ band’ jdbordened l-;-l.r:n:u o
phonon dispersion of graphite and postulated 2 -:Lu:nr

sirg for 3 ooal molonule In the ondar of 685-72 ﬂ.ln 1981, Zonda
etel™™ gave a short meview of Bw preceding Faman studies of
ozl, and reporiod on their Imstigations on several Polkh coals,
induding mmples whare the Inertinite and vitrinite mamak had
been saparated. Ko evident relatiomhip between ooal rank and
tha G and D band postions wees reported, but the sutfors
did indiate a benadoning of both bands 2= thoy mowed 1o tha
lowr mnkad coals In a difforenma In crstalite stre was
meported, determined a5 describad by Tuinstrs and Koerig ™ This
comasponded to values of 10 nm for higher rmnked coals and & nem
or kess for tha low-mnked ooals, 25 well 25 smaller orystaliio simos
forvitrinita companed to inartinia it was conduded by thaauthors
that this method of oystalite esimation @n bewad womssiully
only if aromatic strucbores ane predomirant.

1%80-198%9 (Raman and Maturation Grade,
Coalification, Graphitization)

I tha 19705, the disomskors revoived mainly around the
assignment of the obeoved bands of mrbonacoous materials’
Faman specira. and It we gereraly accopied that the D band
at oo Imm"midbnmlgmdmhhlm,fmﬂddm
i 3 heagonad ke and acthated when symmatry ks ae
mbxed 35 3 result of boundary discontinuities. One papar, stll
dazling with tha assignemant of tha obsaved shifts in tha 1980,
that maeds menitioning Is that of Widano and Fischbach ™" This
did not deal with ooal at all, but Inves
ﬁmmdmmmmmwmw
mrbons. Widano and Flschbad@ mentionad in tha papar that,
shthough the Raman sctive band at 1380 cm ™ for the In-plane Ex
moda fas been lundoubtodly?, the ass of tha
ww?ﬂmmmmemMm-h
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remaingd controwersizl In tha laie 1970 and early 1980, sudios
on discedered Grbon revazlod 2 resmiber of Raman
amivmbands:Gat 1580, Dt 1360, 56, at 2695, 56,7t 7735, 0V at 1620
ard D7 @t 2950 om-", The rsaarch revolved arcund 2 disoussion
of the matier as wel a5 an Interpreation of the progeesie
dowmshEt in frequency of the D, &' and DY bands cbsersed with

5 of the exdiztion scwrcn. In the 1980s, e msaarch
‘turmad mione o tha appliction of changes In e Faman spocrio

studied the diferences between nyilies, doppleritic oyites, wyliic
md:rdhmncuah.ﬂm.mmﬁmmﬁ,h:dﬂﬁ:ﬂm

varous other damacetation woniques. wa wed o derive
tha condusion that doppleritimtion (hinchemicl gelification of

nt matarial o form plarites - compounds formed from
Fh maction betwoon humic add and an Inorganic bads) and
humﬁﬂ'ﬂuﬂ:l’imdlnimnl—fmﬂngmmwwm
o dwemiclly difiesent products. Furthemmaore, dopplertiztion

wvidanced by the appearance of G and O . Fouzand and
Oberlin/™ published an artide considenng nearly pure @rbon
film: deposits which were Feai-treated and iInvestigadad by means
of MRS, TEM and optical microscopy. Results sugoesiod that
WMMMMMEHMMHMWMM

the three techniques resvited In the sama conclusions. Tha
Raman spacira of tha mrbon films wos deconvoluted Inio threa
baschs, ¥tz 1350, 1500 ared 15800 cm . it weas concluded that tha
1350 an ! kand Is dus fo B In-plane defiects lecbed batwean
admoent basic structural units 25U, which s responsible for the
snthsbenioe.of tilt and teist boundarios, and that tha 1500 cm ™ band
an bo attributed to interstitial defods, efither bebtween tha layrs
or betwoon BSLs. Interstitials wene rolessed ab about 1800°C and
anded at 1980°C, = wis Indicted by the dsappeamnos of tha
1500 com— ! band. Tha removal of tha In-plane dafocts Ml and twist
boundary defacts) began sbove 1920 C, with 2 gradusd increzsa
in &, and & drastic decnmss In tha Interslty of the 13500m™
bamd. Lastly, an increzasa in L, commesponded bo tha final removal
of all the inplne defeds In the mnge 2340- F700°C_ Tha layers

wurn antiely siff and parfoct and the degros of gaphttmtion
Incrmased

Anather study was parfiormad in tha 1980s™ to explors tha
appliation of Faman spedmsmpy fo mals and cokes. This
mmprehersive study Ivvestigated the Inomganic and meeal
characier of tha coaks, the stnectural changes during the moking of
coal = well as tha influercs of sdded minarals.on the crbontztion
bedawior of the ooal The main aim of the mineral identfiction
by maans of tha Faman probe w= to awoid eroneos resuls
othanwisa obigined by eitfar low. or high-temperatune ashing by
aralying the mw moal on an as-recetved bass. Az has bean
mentionad shawhem in the papar, the mierak that wom
identified I mal were clche, pyrie and dolomia. The ooals
witrinita
reflectance Rovs) valuas ks than 1. The paper by Grean and
roworiers ™ desoribes fvo struchume-sonstive lines, In conbrast
1 tha twe and threo used in tha 1970s. In short, thay am the G
hﬂn:l:tlEBﬂnn"dLnt?h-Fh'uvhﬁ:fndhh}mﬂEELh
the 0 band 2t 1360om ™" resubiing from strucurl
hﬂuphrn;hﬂ'h:ﬂxrignnﬂmww
carbon and imparfoct graphiiss and ofion presants ingether with
tha i bamd, shifting It ta higher wavenumbars and, finally, the G’
doublet 2t 2700 and 2735em " a5 owertones of the O band as
desribed Inthe papar of Vidano and Fechibach" Tha authors

wil ayoniinalibrary. comdjoumalijrs




M occory

5. Potgleter-Varmask of al

oould not distinguish bebwesn differsnt optical terhures [Hhamiomn
difiesent parant coals) and thair Faman specra al
the sama temperaturs, which was similar io tha earier findings of
Mochida ef ol ™4 1 was, howerser, chear from tha resulis that tham
ks a mmslation batwaen bamd position and the temperabors of
crboniztion. | was further found that the position of the G 15
+ ) and tha O bands dermeasad with Incroasa In ompara o
Furthermaon, the bandwidth of the D band abo decaased with
Inouase In Grbontmtion tempeabes. From the relbs, & was
cear that the mto i)i; dersased with Inmeasing empamtus
umtl it was 003 ak 2000 Canvd this was Interprated
& being tha result of armazling and a decrezse in disorder.

In a continuation of their work, Jobreon otal ™ and johnson
amd Theemas™ pubished two papsars on ooal and pitch cdhar char-
actorizziion by maans of Raman s . Tha authors found
tiat tha O band width for the dars originating from varies mniks
of ooals, dereased with Inoezsing haat-treatment tempomtun
2aem ™" at 500°C with L, = 2nm o &0 an~" at 1900°C with
Ly = 7 mmi In tha second , this coerelation wee used to
describe the lempamtum profle of & dugout gasffier. In 1984,
howevar, Kkter and Do contradictory results and
Irﬂhmd&mdwﬂ+n’h:ﬂtmrtg'utnﬂmm
and width diffored for the various Eniks of ooal

papar ghas no Infiormation on the axperimental o m'u:l'u:l
tia resulis an also not Interprebed. in this same shudy, tha minel
oontent of tha frve diffeent coals irvestigated wers also amalyzed
by meare of FT-IR, whareby nine dfferent minersls wore charadter-
Ized and quanifiied Benny-Eamer and Foummud™ Irvestigaied
varous mrbonaceos compounds, vie. thin vapor depostt C-films,
synihaslzed anthracena-cokes, montaining only H as heteroabom,
synihasired sacdanoso-rokes, montaining both H and O s hat-
ernztoms ard nabursl oml samplos with Rovss from 0.2 0
5 4. Those aution looked 2t the cormaiation botwaeen tha crbona-
mous matuation grade and tha ng Raman spacisa
hiubymmﬂwmwmdhtME+
o band width of varlable mrked natural coak deonased with
Increasing rani, bt mo systematic decresss In tha Intensity aEtio
of tha Dand G bands could ba found. The authers peetilated that,
afthough tha tharmal maturation process kads o the progress v
dimiration of chemiczl groups, tham 15 no discornabio Inoezsa In
mystallio sm, and hono tha ok of 2 measeebis dango inthe
Intorety rabio.
Thmﬁrﬂngsmmlﬂhﬂhlndh}ﬁbmﬁﬂd,“#m
mﬂﬂbﬂd’:m‘hﬂddﬂmmumng

Fr-:ml-ul'tl:l-lig displayed the mme prenomara. Cottinet
and coworkorsP® roport on the use of Faman spectroecopy o

wahmia the siroctural mamangement that t@ies plho during
the haat reatmant of phches from the same ooel-Er preoursor.
ﬂwhﬂhthwﬂmwmm
specita [z band at 1600 and two bands at 1580 and 1360 on7,
respectivalyl and that Raman Indices could be used to follow the
wvulution of tha bwo phases during heat treatment.

1000 - 1909 (Continuation of the Work of the
19805)

although tha debate around the origin of tha O band, the momect
approad to decorreobation of e obtined Reman spectra and
ti influenice of mmpls orientabon wees not continually debated
In tree 19005, i b svident from the numbser of that
mary resaarchers dedded to acoept the stahe quo and sed the

wiloyonlinalibrarny comyjourmalirs
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pamlnkhmtmpm:mirmsdcnih
oitbal approach was followed by Angonl™ who Lated
a sh'p:quil.:thln 1 1nh’:|:|h:tl-1-;r.!=h I:-mw;Tun'hnn
materiab with a lios, madium and high strociural onganimtion
after anafyzing 15 samples that varied fom graphite, ool and
coalteanthradie. The dassfication was based on the number and
wiidth of bands presont in tha first- and sorond-order specia. Tha
author also irsstigated tha validiy of guantitathe anzlyses and
their application io charcierins the various crbon-rontaining
materiab. it was conchodied that Raman bands should be fitted
with & Lomentdan profik and that 3 imit oiterion should be
estzhilshed before 2 decision b mads on the presenoa of another
bard. &n sttempt o oover the entee order—disoeder spactrum
of crbon matedals, inchading nabursl, smbthwtc and surfaoe-
acttvaind carben fibers, piich, various cobos,

m:mm;wrﬂt!lﬂrﬂ glﬂ
resuliad I the presoniztion of Raman spectra and s proparties
of 30 different arhboracems materiak, aralymed In the powdes
form. ™ A disonder parameter o gl + ig was wad and | was
found trat thewidth of the [ band comelated well with the degrea
of disonder, given = 3 . Matther tha G mor O band
positions could be used to Indicts the degra of disordar, Sadly,
mﬂr!ﬂﬂuﬁmmcdrﬂlﬂhmﬂmdﬂmh

m:mmﬂmmﬂmm among a
number of oiffer analyticl damdeiston teols, to determine
the Importance of deformation upon graphitiztion and Fence
undarstand the mechanism of In naburs. & non-
softening, partialy graphittsng anthracts ooal from Pennsyhvanta
[ROV3 5271 and 2 nongraphititeng, softening, highly wolatile biu-
minows ooal from KMo Scobia (Fob% 0LEE) wers sslocod for this

Raman wae an ksl
propaad potshad 5. No cbwioes ymantc docremst 1 1
O hand mubn\nd,:ﬂ:l'rmrghgwtwlhgm of graphitin.
ton wera confirmed by 270, optical mioeescopy, and TEM. They

hwdﬂuﬂuﬁ:hﬂm did rot remove the
uhﬂ:ﬂrnhﬂah‘mw
TEM oonfirmad grq:lhl:l-:l:rjrsd growth and suggesied that tha D
bamd should ba afecied. Spoc presentad in this paper were of
poor quality and had mnsiderable smount of noisa

Fotrogrphicly preparcd stubs of fre onoclymod ooked
samplas obtined from diferent In a blast furmnace ware
aralymd by Raman spectroscopy.™ In additien, 2 feed ok
mqﬂﬂnﬂwnhrmrﬁdhdlﬂ:m:ﬁymndlmmmd

of lron. From this work, | i evidont that
Hrui'ld'th-:f G band 15 particularty sensitiee and desoribes the
dogroe of graphittzbon. It was fiound that the most nobieable
difierenie botweon the ooke and gmphiin specdma was the
resolution of the second-crder G bard 1t was shown that
was formad at temparatures well bolow mormal graphitmtion
res In the pressnce of Irom By studying the spoctrl
foabures: of the crson material in, at tha edge and away from tha
Iron particles, It could be concheded that the important faciors
goveming the proms an temperaiune, the amownt of ron In
ooniact with e ooko and the residonos ima.

Treaet of " applied Coharent antl-Siokes Faman Spactrosocpy
(CARS) fo determing s In a controlied
Mm“ﬁmmwwww tasting of tha
CAR spactromater Is, however, rot discussed In the paper and
1s only refermed to as part of a PhiD thesis by DU Pypar In tha
nid-WEBFrn;rlTEpuHTtMMMI:'Hﬁufcumh
and cownoricers. papar addremes tha comelation between

J. man Spectrosc. 2T, 62,133 - 129




Faman spectrosropy for the analysis of oozl

dtg and 1,1, as postulted by Tuinstra and Koanig "™ varous
tad| this mathod 1o determing

basal planes and indicated
tha ontrad ictony resufts obtzined for vatous carbon maiorials §
CIMTI o 3FD miassuramants. Le higher values were obtzined
foroml™ and carbon fibers, 7 and lower values fior graphies. A8
Tha authors emphasized that Tulrstra and Eoanikys™ fommula
= onfy be used as & first approximation of L, and the aoomaoy
of such estimation baarily on the type of @rbon umder
siudy. Tha papar reports on the rigorous arakses of 45
mrhon materizls with PXRD and MRS The main ondusions wee
a5 Tollows: [1) Corelating du with o ,ic] + & showed 2
Inreasa in both pammators with an Inooasa oo d
with batwesn the two fedors In some cises,
that the Information obtained by the e tedmiques should
be usod complomentary to aach other; (7] This first condusion
led o the confirration that the frst-order Raman spectrum of
crbons meltes to their Inplars: or Bidimarsional ordar, whills
k& wedl knoem that tidimensional stzding oedor 1s Infomed from
dogz: 3} Tha ontributions. to the O bard Intensity ame dffiosh o
separata and am govemned by the prefered orlentation and tha

of dfferant types of dsorders, tha formar
tre wel-orderad graphiies and b Gbier

rbons: (4 Tuinstra and Ecenigs Y forrls could resultinoupto
100% armors ard will most lkady sesult In 2n underestimation for
diordered mrbons

. bt

2000 - 2009 (Char Structure Era)

Recent resazech (2000- 2005 focused mosty on the appliction of
Faman-snsive tands, identfied in the 1970s, 1980s and 19600,
on various 2spects of mal and s uss in Industry. Ona of tha areas
of resaarch feeguented the maost b that of dhar stinucture. and asa
result & corelderablo part of this era's disoussions will be dedicied
iz it Maost of tho weork has bean b Chun-Zhu L, of whidh
an elegant summary 5 ghven In LL™ Ha and bis ooworkers worked

mokiurs rontent. The char sinatues dotomines s reacthtty and
wmﬂhmﬁﬂhﬂﬂ revrmecad, ac wesdl a the

of alkalls prasent iIntha char. Although SE and TEManzfysos
will prowida usoful Infoemation on the morphology and crfbon

structur, this does not rarslats Into quanbiative Inforrma tion on
tha sctual sirecturs of tha dar.

the rombustion and gesifition behawvior of the ol Raman
, MR:, @ on the other hand probe
sinuctums awan E thay hawe an amorphme rature.

and thealr coimes chars arm 5o h diswdared that
ﬂuh‘uadﬁz'ldF:'Enrglhﬂurﬂibwl?ﬁ”Tphﬂm of tha
comalation postulabed by Tuinstra and Koanig™

decorrenlution s essential. Thase authors used rear-infrared (MIR
1064 nm Iradiation a5 well as FT-Raman, and dikeied the matsstal
mmmmmm%mmilndnpmhﬂmu
on carbon matartals, L oral tulztzd that the densiy-of-
states modad 1sed to comelate the Aaman spectrum @nnot be

L Romaw Spactrosc. F01, 42, 133129

Copsyright ;5 210 Jobn Wiley & Sors, Lit.

usad in the man of beown coak and s corresponding pymolysis

samples before and oftor pyrolysk st S00-500°C Indiceted that
tha band at 1580~ 16000~ could mot bo assignod bo e £y
moda of bast balomgad to Hha aromatic rant
Mm?:ﬂmwfﬂnummm :di.n:td'mﬁpﬂtﬁ
, tha D band memot be dus 1o disceder Ingraphito
ard was signed 1o the disorder of fused bensena rings having
more Ban six fings but kess than graphiie. In thelr deconsvalution,
ol of 10 bands wers zasigned, bt reduced to 2 group of four:
‘two of which are the G and D bands 25 memtionsed) In the mardles
pamgraph, feee bands 2t 1540, 1455, 1350 groupad togathar,
mepesenting 3-5-mambened aromatic dngs and mathylene or
medthyl aromatic rings with mised sp” —sp” stnuctures, and Lasthy
tha 5 bard repessanting 5o -3p! crbonaceous sinudunes. Upon
Hraz O e G Eaind ratios, it wes found that i Incosessed and
amaxdmum at sound 700 “C, after which & undarsant a
shight dexregsa. This was sxcribed to B Inftizl Incrazas In e 5-5-
marmibaned fused bonrona ing commniration and the sasbsoquant
derrmsa In defect stnacturs.

In a secord publicabion, L atal ™ myvestigated the catabytic
gasification of the same ooal and related the 5 band 1o 2
mezswra of cross-linked doreity and subatthutional groups. This
led| to the conclusion that Ducontaining functional groos fomed
prafeesnittalhyon tha 5o - 3p™ and sp? rich shies, and, In the aksanca
of It was ms lkofy 1o be sromatic In rabues, Inoa Ehird
ﬂhyuud,“‘&m doconwclution was

taimvestigshe Bha eeobation ‘duninga sedum-ataheed
profsis. By employing FTIR In conjunction with the Raman
shudies it was conduded that tho smaller sromatic ring sysioms
|presenting tha amorphous part of the coalichar) wem consumed

praferantialy durng the pyrobel prooes, and moes so when

chamgas In dhar stnectaes dur pﬁnﬂmhﬂugm-:f
hnﬁjnmardwﬂvmgmuiud&mh - COTygEn
rezction b e imied by coygen mass transer, and condisded
that chars derbead from slmam-only gasfication had mearky tha
sama fazture 25 thoss oeposed to steam and corygen combinad.
Bar-Zhv it al P4 usad petroleum ooke and & bituminous South
Afrkanomal to Investigats the evolution of ks reactivity during heat
treatment under oxidising condilore. MRS data was comslaind
with that of trermograsimetric aralysk (TGA] by comparing
nomalized reaction Gmes with Intersity milos, and It was found
thatagenersl deseasein mactivity corelated well with an Inouasa
In | miios of the D and G bands. From the work, & was
reported no mirerab wera idantthed In ary of tha 100 odd
samples Investigatad. This study wes contireed * by looking at
@ mluloss char whess an Infial Increass In the etk of tha D o G
hamd was found, with 2 steady derease after emporatures around
1000“C, as reported by many restigators. Tha a taken
by the authvors was also followed In 2 eent study, ™ whar a free-
bamd descomolution was used to interpret the spedrs, which zlso
roncluded that madivity docrazsod with an Incegss In intersity
rathe. Warous et of all the D 1 -4) bands with tha G band wom
studied In mons detall snd revesded, In contrast to Bar-Tiv atal ™
and Zakda et al,**! that there was 3 ganeral decrmasa in all of tasa
ratim with an Increass In the heat-reaatmant Emperahoes.
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Faman shudios wor alsn usaed o assst inaninvestigation of tha
influence of Bmirar flow on precdentation of ooal-tr phch A7 &
found by many others, & was also concleded by Urban o ol #1
trat the intensity mtio of the 0 and G bands & not 2 sensittvo
indicbor of the degees of organtzation of the amophous rbon
ard that tha mbio Inceased| from 500 to 1000~ C after which R
demeases sieadly. This trend was also ohserved In the width of
the D' band. The 07 N500om ") and 0 (1220 on ") bands did,
howowor, porraya continuoes deregss inwidth and dsappeand

aftor 1500C. 5 e gasfication of varioos mak, mostly
sub-bituminows coals froen Indonestiz, Australla, Ammseriice and Sowth
Africa, were Imvestigated with MRS wsing a mapping of the sampla
and comelating it with EDS mapping. The mbio of the width of
tha D and G bands was woad as an indicaior of the degeee of
graphhiirztion. it was conduded that the mtio was mainly affecod
by thea consumption of carbon and that tha
Inceasa In order could rather be explaimed by a preferential
gasfficition of tha diordered @rbons, raulting In an apparont
incaasa In graphitic contont ™8

#icpuple-of paparsdealing with aspects other thanchar stnectum
ware publihed In the 20005, whidh also deserss atiention. Quirioo
et ol " gavm an ovenviow of tha prognes and probless. of Raman
spactnoscopy fior tha determiration of the mabuston grade of
moal. Fravices work dore by the group of Boaraud ™ 1= reporiod
on with an atiempd o find a3 hoEiony that oould
be used on all coals and robust enough to be wsed Inan inter-

mannar. The diferento betwooen tha Raman spocra of
I rank and high-rank coals wes ity Indizied, 2rd forthermorn
It was stated that the classicl way of determining tha coherent
domain length, 25 suggesied by Tuimia and Koanlg 1 5 ot
possibio beana of the Imited number of cohesent domains. This
team of resmardhers infiars that Raman spectrosoopy i modh mon
seraitive bo maturity chamges in lowoznk ooals [Rov % 1-7) and
trat changes aremainly due o 2 deoezse in W and HT demenital
ratins with [t struchual reamangements. By parforming several
arahysas on 11 oml mmples and keeping tha aoquisition for each
samplo constant, they derved 2 mumber of spediral paramotors
et were relabed o Rov= In this way, they oould establish which
parzmssters ware e most sansitive fior z specific maturation grade
range, In contrast to previous ressandhears who attempled bo we
e sama paramatan for all types of ooab:. Tha dsadvantage of this
shudy iand =& 2 matter of fact with most of the studies deoesod
In this rewlew) Is tat analyses are done mamually and bo get 2
statistically represantative resul would recquing inthe ordar of 100
aralyses par sample. The ime constrzint that this facior imposes
on tha ressarch meuited in a reduction of nember of smplas and
hanoa a2 saitktial eianm of weoepable s

In contrest to Quikoo of ol M Margues and coworkers™!
studied high-rank coabs and graphite and found that the full width
at half-mawmum FwHs) of the G band could distinguish high
rank toals from grapéite, but the diferent ranked ooaks could ot
be distinguishad from each otfer. & negative cormatation batwaan
tia FHMof tha G band and Fod®s was alsoreporied, ramealy that
tie graphitic character inceased = the G band becama narmowear.
Hestor ot al ! investigated) 11 cosls warying from low bo high
rank (%o from 1.5 to 600 Tha study wes mainly to characiertee 2
fossitzed Heue by comparing 1t with the Raman specira of varfous
anthracitic and sub-bituminows ooaks and refatethat bo the degree
of coalfication.

wileyondinaibrzry. comijourmalijrs
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Figura 1. Whits Ight Imageand comespondng Ramenspectiumeof a nitie
particis.

Fiai rmn | nimraily'

mtwwngmmmmurg Raman spasdnam of an

Mineral Characterization

Az mentfonod esewhern in tha papor, terabors on MM damc-
terization In ooal RafTan spocirosoopy s vary sparss; In fact,
the onfy paper by reporting the prasence of NIM & by
Green o of " whanby cidia, pyrite and dodomite were idan-
tfied. During oo pealimirary Investigations, some of the major
minerzls wers idantified of which some salectad results ame pro-
sanied bolow. wWithin the fve onal samplos, owidos, sulfides and
st ware chamdermd. The sasignment and identtfication of
various minerals wers refierenced bo work presented In the |Rer-
sture. Fgures 1 and 2 show that the two polymomphs of thank
could be sashy identhisd

Figurs 3 represents two specira: that of a pure pyrite partida
ard a Inti m with Crthar
mi &nmmﬂmmfmmmm
marreshte and varios slicie

Tha high fuoresdng background
ooabsare makes tha identfication of mineraba daunting
2=k ¥ ona works with & powder Instead of 3 polished bBlock, from
which ona cn idontify the minerak mom ey and thenafone
redus tha comtribution of tha crganic matri by § on thea
minarzl only. & much more alegznt way would be the combination

1. Reomean Spectrose. 10N, 42, 133- 129
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Faman spectroscopy for tha analysls of roal
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3. Faman al and omarsa of
ity mo ppmara g,

of slemenial mappings: with a Faman identfication perfomed
bry an interfaced SEM/ELE - MRS Invas of e
content of varous South Africin coals and s ssodation tha

macerab are cumently In progress.

Conclusions

From thedata deossad inthis reviesr paper, It 1s evident that thees
ks sHll some controversy ancund e of chargas Intha

D and G bands bo be representaiive of dhanges in the order of the
amorphions crbons. This i apparenty even mone =0 In the csa
of coal In general, the papers eviewsd Indicited that the G band
--1580cm-" should be assigrad to E1y graphite mods with 0,
oy stad symmairy and the O band at --1370om - 1o the In-plana
dafiocts lncited botwoon the ES L. Warkous poshulate were mada
for the further decomvolution of thess bands, of which the ona
at - 1500cm~7 ks prebably the most noteworthy and gerarally
assigrad bo tha Interstitial defocts batween the E5Us An Important
conciusion that seems to frequant tha papers of tha bst decada 1s
that reot all amonphoes carbons @n be treated the ame, and this
b elogquenty Hlustraied by the resazech parformed by tha groupof
Ll et ol ™4 on Victodan beown ooal. Therefors, the cormalations
betwoon band width and band Intensiies and graphhiirabon,
mrbonation, rmnkiordar, char structure and mactidty of coks am
notonsistent Anobwious ama of neglect b e draedoimztionof
Inorganic matter and minerals In ooal with MRS and this evidently
desanes more Ivetigation and atbenbon.
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