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Executive summary

Coal gasification is a process that converts coal into a clean-burning synthesis gas (syngas),
which can be used for various applications, including electricity generation, chemical production,
and as a feedstock for the production of liquid fuels like synthetic natural gas or transportation
fuels. Coal gasification, which is the initial stage of the coal to liquid (CTL) process, is carried out
at high pressure in a fixed-bed dry bottom (FBDB) gasifier. While there has been a lot of research
in the past about the gasification reactivity of Highveld coal chars, little is known about the
correlation between coal properties and intrinsic coal reactivities. However, the relationship
between coal characteristics and intrinsic coal reactivities remains a relatively unexplored area of

study.

The aim of this study is to correlate the intrinsic coal reactivity of seven different single source
coal samples to their respective coal and coal char characteristics. The coal samples used in this
study were sourced from various seams within the Highveld coalfield. The coal chars were
produced by undergoing mechanical size reduction to a particle size range of -150 to +75 pym.
Subsequently, the chars were subjected to charring conditions of 900 °C and 30 bar pressure in
an environment consisting of nitrogen gas (N2). The specific reaction rates were significantly
higher with the use of pure CO. compared to other studies where lower concentrations of CO2
was used. Because of the higher specific reaction rates, the gasification experiments were

conducted at a temperature range of 730 to 750 °C.

From the correlations of intrinsic coal reactivity of the seven different single source coal samples
and their respective coal characteristics it was observed that the best model for prediction is
reactivity as a function of the temperature and ultimate analysis of the coal, which has the highest
R? value and smallest standard error of the model. The chemical and mineralogical properties
were considered in the correlations, which included proximate and ultimate analysis, ash
composition, gross calorific values, alkali index, Si/Al ratio, CaO content, internal surface area of

the coal chars, petrographic and char morphology.

A correlation between intrinsic coal properties and coal reactivity revealed that the regression
model of reactivity as a function of temperature and proximate analysis can be used to accurately
predict gasification reactivities of Highveld coal samples. It is however pertinent that the

predictions of other coal samples are compared to the measured values to determine the
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repeatability of the correlation results when investigating coal samples from different geographical

locations.

Keywords: High pressure CO- gasification reactivity, intrinsic reaction rates, Highveld coal char,

coal characteristics.
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Nomenclature

Table 1: List of symbols

Symbol Description Units
C (CO) Carbon-CO surface complex -

C(0) Carbon-oxygen surface complex -

C (H) Carbon-hydrogen surface complex -

Cr Free carbon sites 1/9

[C{] Total number of sites 1/9
[Cilki LH rate type parameter 1/bar.s
c Intrinsic [Ciki term g/m?.s.bar
E, Apparent activation energy kJ/mol
E Activation energy kJ/mol
Ko Pre-exponential factor g.bar’/g/s
ki Rate constant 1/s

ko RPM rate constant 1/s

ks Specific rate constant 1/s

Lo Pore length per unit volume m/m?®
m Reaction order g

Me,o Initial mass of carbon g

Mgt Instantaneous mass of carbon g
Mchar,0 Initial mass of coal char g

m; Instantaneous mass of coal char g

MW, Molecular weight of carbon g/mol

n Apparent reaction order -

n; Moles of species i mol

n Molar flow rate Mol/s
nr Total molar flow rate mol/s
pi Partial pressure of species i bar
Pstp Standard pressure bar

R Universal gas constant J/mol.K
Is Specific reaction rate 9/9/s
Iso0 Initial specific reaction rate 9/9/s
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S

So
Sm
T

T,
Tstp
t

Va
Vsrp
X
X
Xi

Vi

Greek symbols

Y

€o

Surface area

Initial surface area

Micropore surface area
Temperature

Actual/ observed temperature
Standard temperature

time

Actial/ observed flow rate
Flow rate at standard conditions
Char or carbon conversion
Carbon conversion

Mass fraction of species i

Mole fraction of species i

Structural parameter

Initial porosity

m?/g
m?/g
m?/g
Kor°C
Kor°C
Kor°C
S ormin
L/min
NL/min
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Table 2: List of abbreviations

Abbreviation

Definition

adb
AFT
BET
CTL
D-A
daf
db
EPC
HPFBR
ISO
LH
MFC
mmf
MW
PSD
RPM
SANS
STP
TGA
XRF

wt %

Air-dried basis

Ash fusion temperature
Brunauer-Emmet-Teller
Coal-to-Liquid

Dubinin-Astakhov

Dry-ash free basis

Dry basis

Electronic pressure controller

High pressure fixed-bed reactor
International standards organisation
Langmuir-Hinshelwood

Mass flow controller

Mineral matter-free

Molecular weight

Particle size distribution
Random-Pore Model

South African National Standard
Standard temperature and pressure
Thermo-gravimetric analyser

X-ray fluorescence

Weight percentage
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Chapter 1: Introduction
1.1 Background and motivation

1.1.1 Significance of coal

As the global energy consumption rises, a greater emphasis has been placed on alternative fuel
sources [1]. However, the demand for coal is still significantly high, specifically in developing
countries [2]. Coal is not only cheaper than most alternatives, but it is also readily available in
certain developing countries. Currently, around 7,700 metric tons of coal is used annually
worldwide by a variety of sectors [2]. Coal is utilised on a global scale for power generation as
well as industries such as iron and steel manufacture, and cement manufacturing, among others
[2]. Figure 1 provides an overview of the coal recoverable resources under the current
technological and economic conditions [3]. The provided figure illustrates the coal recoverable

resources in various countries, measured in million tons of oil equivalent.

Latin America & The Caribbean 8.3
W Africa
m South & Central Asia

M South East Asia & Pasicific

M East Asia
B North America 172
1 Europe 183
- k=
0 50 100 150 200 250

x 10° mtoe (Million tonnes of oil equivalent)

Figure 1: Coal recoverable resources by region [2]

Asia is the largest consumer of coal worldwide, constituting around 66 % of the global coal
consumption [4]. Following a period of consecutive decreases, there was a notable increase in
coal consumption by 1 %, equivalent to 25 million tonnes of oil (mtoe) from 2013 to 2017 [4].
Notably, India showed the highest growth rate, with a 4.8 % increase amounting to 18 mtoe in

2017 [4]. China had a notable upturn in coal consumption (0.5 %, 4 mtoe) following three
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consecutive years of decrease, despite significant transitions from coal to gas in both industrial
and residential sectors [4]. This increase in coal usage can be attributed to the growing power
demand in these countries, which necessitated the utilisation of additional coal as a
supplementary fuel for balancing purposes [5]. Developing countries like South Africa, China, and
India rely heavily on coal for energy generation [1], [6]. These countries still experience significant
economic growth through the utilization and export of fossil fuels [7]. Table 3 gives the top ten

coal producing countries in the world [8].

Table 3: Top coal producing countries [8]

Number Country Coal Produced (million tons)
1 China 3874
2 United States 906.0
3 Australia 644.0
4 India 537.6
5 Indonesia 461.0
6 Russia 357.6
7 South Africa 260.5
8 Germany 185.8
9 Poland 137.1
10 Kazakhstan 108.7

Table 4 presents a list of the top ten countries globally in terms of coal exports, measured in
million tons [9]. Australia stands at the forefront of this list, exporting a staggering amount of coal
in 2014, closely trailed by Indonesia [9]. Russia follows at a considerable distance, exporting
239.1 million tons less than Australia, followed by the United States [9].

Colombia and South Africa nearly tie in their export quantities, both around double the exports
reported by Canada [9]. Canada and Kazakhstan exhibit moderate exports in 2013 [9]. Mongolia
and Korea complete the top ten, with half the exports reported by Canada, showcasing their
participation in the global coal export market [9]. These figures underscore the dominance of
Indonesia and Australia in coal exports, while also highlighting the significant contributions of

other nations in this industry [8].
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Table 4: Top coal exporting countries (2013) [9]

Number Country Coal Exported (million tons)
1 Australia 394.7
2 Indonesia 389.6
3 Russia 155.6
4 United States 122.7
5 Columbia 82.40
6 South Africa 82.20
7 Canada 40.40
8 Kazakhstan 36.00
9 Mongolia 19.30
10 Korea 18.40

South Africa is among the top ten countries listed in both Table 3 and Table 4. In South Africa,
coal mining is an important economic contributor, historically fuelling electricity generation, job
creation, and export revenue. In a study conducted by Worship [10], it was found that electricity
generated from coal boosts economic growth in the short and long run. As of 2015, South Africa
was mining an estimated 182 million tons of marketable coal in 2022 [11]. The country will remain
dependent on coal for electricity generation and chemical production for the foreseeable future

due to the large supply available and the lack of other natural reserves, like oil and gas [12].

However, coal's use has environmental repercussions, prompting the country to explore cleaner
energy alternatives [10]. Coal is the most carbon-intensive fossil fuel and coal-fired power plants
produce 75% of global CO, emissions [13]. Clean coal technologies have gained renewed
interest, primarily due to the climate-altering effects of the increase in atmospheric CO» [14]. After
a decade of relative silence surrounding coal gasification, which began around the year 2000,

four broad trends have rekindled interest in the technology [15]:

e Substitution of crude oil with other energy carriers, such as biomass or coal, with the
objective of ensuring supply security and stabilizing local energy prices (e.g., China).
¢ Increasing interest in the utilization of low-grade coals with high ash or moisture content

in developing countries (e.g., India, Indonesia). Japan [16], India [17], South Africa [18],
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and even China [19] have all reported using coal with a high mineral content. If a coal has
an ash yield of 20 wt% or more, it is referred to as "high ash" coal [20].
o Stabilization potential of polygeneration plants for high fluctuations in electricity generation

caused by the rising proportion of renewable energy sources (e.g., in Europe).

With rising CO» emissions posing a problem in light of the global awareness, the need to transition
to renewable energy has become of urgent concern [7]. South Africa among others, must discover
means of minimizing environmental pollution in order to achieve sustainable growth [7]. Oladipupo
et al. [7] used historical data from 1970 to 2018 to determine a dependency structure between
globalization, CO, emissions, and the use of renewable energy as opposed to non-renewable
energy [7]. This study examined the effects of South Africa's energy consumption, economic

growth, and globalization on its CO, emissions.

Renewable energy sources are insufficient to meet environmental and energy demands [21], [7],
establishing coal's importance in the near future [22]. According to the data reported by Ritchie et
al. [23], coal and gas consumption showed the biggest increases throughout the years, peaking
around 2018. These findings emphasize a critical challenge faced by South Africa and similar
nations. While renewable energy is advocated as a solution to mitigate CO» emissions [24], [25],
[26], the current infrastructure and capacity fall short of meeting the escalating energy demands
[10]. The reliance on coal and gas remains prominent, reflecting the need for a comprehensive
strategy to balance immediate energy needs with the imperative to transition to sustainable
alternatives [8]. Therefore, South Africa is faced with a critical dilemma in mitigating emissions
while guaranteeing reliable energy supply, which calls for inventive strategies and substantial

investments in both renewable energy and fossil fuel advancement [27].

1.1.2 Coal to liquid technology (CTL)

South Africa has produced coal-derived fuels since 1955, and coal gasification will continue to
play a vital role in the South African CTL process [28]. Coal gasification is the first and most crucial
step in coal-to-liquid technology when indirect coal liquefaction (ICL) is used. Coal and a mixture
of oxygen and steam, are fed into fixed-bed gasifier reactors operating at high pressures to
produce synthesis gas [15], [29], [30]. There are several sub-processes occurring during coal
gasification, including drying, devolatilization, partial oxidation, and gasification [15], [31]. The
char gasification reaction has a substantial effect on the coal conversion and gasification unit size

[15], [29], [32]. This is a result of the slow, heterogeneous chemical reactions that occur during
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the gasification of coal char in conjunction with co-fed steam [15], [33]. Numerous studies on the
kinetics and thermodynamics of the accompanying reactions have focused on the rate-limiting

step (coal char gasification), which controls the overall gasification process [15], [31].

In 2017, approximately 23 % of the nation's coal was utilized in Coal-to-Liquid (CTL) technology
to produce a variety of resources, including but not limited to liquid fuels, solvents, and acids [27],
[34]. A significant portion of the country's demand is met by liquid fuels produced from coal via
gasification [34]. South Africa met roughly 3.2 % of its fuel needs with gas (GTL), 54.4 % with
crude oil, and 42.3 % with coal (CTL) [35]. The CTL sector developed significantly due to the high
fuel demand from the transportation sector. The petrochemical industry is responsible for 23% of
South Africa's coal consumption and daily production of 150,000 barrels of fuel and
petrochemicals (2007) [27].

1.1.3 Coal char gasification kinetics

The thermodynamic and kinetic behaviour of char gasification play a large role in optimizing and
understanding the gasification process. Kinetic studies are constantly used to improve the
gasification process through laboratory experiments using CO- as a reference for fundamental
studies [36]. The coal char gasification kinetics and the extent of conversions obtained at a
laboratory scale provide kinetic data allowing for the prediction of coal char behaviour during
gasification through modelling attempts. The gasification rate is dependent on the reaction
conditions, chemical properties, and physical char structure [37]. Numerous studies have been
conducted with and without inhibitors to determine coal char gasification kinetics using steam,
COg, or mixtures of the two [12], [38], [39]. Significant changes in the char structure and reactivity

of single-source coals have been observed in literature [40], [41].

Research into the reactivity of single-source coals is therefore important in understanding whether
the differences observed are intrinsic (within the carbon matrix) to the coal or not. Several studies
have investigated single-source CO- coal gasification kinetics and modelling at high temperatures
and low pressures [12], [40], [42]. Although the kinetic studies at low pressures and high
temperatures have significantly contributed to gasification modelling, there is a need for
gasification studies at high pressures [15], [12], [43], [44]. By investigating the coal char reactivity
of various South African coals and examining their relationship with coal and char characteristics

at elevated temperatures and pressures, valuable insights can be gained.
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1.2 Problem statement

Numerous studies have been conducted on coal char gasification at low and high pressures,
using steam, CO., and mixtures of the two, with the intent of quantifying the gasification reaction
kinetics [18], [45], [46], [47], [48], [49]. With the current pressure targeted on the coal industry, a
lot of focus has been placed on optimizing and understanding the properties of coal and coal char
[7]. The CO, and steam gasification studies contributed significantly to the knowledge and
understanding of gasification kinetics and the use of kinetic models [43], [50], but there is however
limited information on the use of models to estimate reaction rates with the use of coal/char

properties.

With the limited number of studies that has been focused on some form of correlation for South
African coals, conducting research in this particular domain can yield substantial insights that
facilitate enhanced optimisation and precise modelling of the coal char gasification process.
Additionally, it enables the prediction of gasification reactivity of a coal char samples by using its

inherent characteristics.
1.3 Research aim and objectives

This study will focus on coal reactivity, coal char characterization, and the resultant char
morphology of single source coals at elevated temperatures and pressures in a pure CO-
atmosphere. The coal reactivity and kinetics are influenced by the regime under which the
gasification reactions take place [12], [43], [51]. [52]The chemically controlled regime has been
chosen for this study to allow for the focus to be placed on the intrinsic reactivity of the coal

samples (excluding mass transfer limitations) [37].

The coal and coal char properties will be used to generate regression models. The regression
models are used to determine the correlation between these properties and intrinsic coal
reactivity. The objective of the statistical regression analysis is to quantify the difference in
reactivity between the different coal sources, and the relationship between reactivity, temperature

and coal/ char properties.
In order to achieve this aim, the following objectives are set:

e Source and characterize 7 single source parent coals
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o Perform high pressure devolatilization of these coals and characterize the obtained coal
chars
e Determine high-pressure gasification reactivity in the chemical controlled regime.

o Statistical correlation of char reactivity with coal and coal char properties.
1.4 Research methodology and scope

The scope of this investigation is to conduct coal char gasification experiments using a laboratory
scale high pressure fixed-bed reactor (HPFBR). This allows for the analysis of the main carbon-
containing gasification product (CO) in order to determine the char reactivity. For obtaining the

objectives listed in Section 1.3, the scope is subdivided into the following sections:
1.4.1 Coal preparation

The seven coarse Highveld coal samples obtained for this study will go through several crushing
and sieving steps to achieve a desired particle size distribution (PSD) of -150 +75 uym. This PSD
will be achieved through the use of a hammer mill, jaw crusher, ball mill and sieves. The coal
samples have to be prepared for pyrolysis and coal characterization analysis. After pyrolysis, the

coal char samples are prepared for gasification and char characterization analysis.
1.4.2 Coal charring

The seven Highveld coal samples obtained for this study are charred in a high-pressure tube
furnace in an inert environment. The pyrolysis process will ensure that most of the volatiles and
moisture content are released from the samples. The operating pressure is determined based on

industrial operating conditions.
1.4.3 Coal and char characterization

Several analyses are conducted on the coal samples: proximate and ultimate analysis, calorific
value, porosity, ash elemental composition analysis, petrography analysis, and char morphology
analysis. The relevant coal/char analysis is selected in order to better correlate reactivity with

coal/ char properties.
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1.4.4 CO: char gasification

The gasification experiments are conducted in a high pressure fixed-bed reactor at temperatures
ranging from 730, 740 and 750 °C as well as a pressure of 30 bar. The experiments are conducted
in a chemically controlled regime, and this will be determined beforehand for each of the coal char
samples as explained in Appendix A: Evaluation of operating regime. In this study, the
experiments are conducted at a constant CO; pressure and three different temperatures to

measure the reactivities at around 8 % conversion.
1.4.5 Correlate char reactivity with coal properties

After the reactivities of the seven coal chars have been determined and the analysis has been
completed, the intrinsic reactivities of the coal chars are then correlated with the coal and char
properties. A statistical model has been constructed for coal reactivity as a function of
temperature, coal and coal char properties of the different sources. This model has been used to
quantify the difference in reactivity between the samples using the data obtained from the
previous sections. Tukey Honest Significant Differences (HSD) tests have also be conducted to

assess the difference in reactivity between the sources at a set temperature.
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Chapter 2: Literature Review
Introduction

In this chapter, literature on coal char gasification will be discussed as well as the results obtained
in previous studies reviewed. The structure and main headings of the literature review is shown
in Figure 2. Coal gasification is a complex process, consisting of coal pyrolysis and char
gasification [53]. The literature review is subdivided into three categories, namely coal char

gasification, factors affecting char reactivity and char structural development during gasification.

2.1.1 Overview of
coal pyrolysis

2.1 Coal char 2.1.2 Overview of
gasification coal gasification

2.1.3 Coal char
gasification
reactions

2.2.1 Coal char
properties and CO,
reactivity

2.2.2 Reaction

temperature
2.2 Factors

affecting char
reactivity

Chapter 2:
Literature review

2.2.3 CO, partial
pressure

2.2.4 System
pressure

2.3.1 Degree of
conversion

2.3 Char structural
development
during gasification

2.3.2 Reagent
partial pressure

2.3.3 Structural

models

Figure 2: Introduction to literature review
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Section 2.1 will contain literature on the coal pyrolysis process, followed by literature on the coal
gasification process. Section 2.1.3 contains a more in-depth discussion of the coal char
gasification reactions. Section 2.2 contains further information on the factors affecting the
gasification reactions. This includes, but is not limited to, coal char properties, temperature, partial
pressure, and system pressure. The structural development of the char particles during
gasification is discussed in Section 2.3, with a specific focus on the degree of conversion, reagent

partial pressures, and structural models.
2.1 Coal char gasification

The coal pyrolysis process will be discussed in Section 2.1.1 as well as the reaction steps taking
place. Section 2.1.2 will expand on the coal gasification process followed by the coal char

gasification reactions in Section 2.1.3.
2.1.1 Overview of coal pyrolysis

Pyrolysis is the initial reaction step for coal combustion, gasification, and hydrogenation [54]. Coal
pyrolysis cannot be classified as a single step reaction due to the changing extent of the reaction,
followed by a change in activation energy [54]. Char particles are formed when volatiles are
released during the pyrolysis process. The mineral content, coal rank, temperature, and particle
size can influence the type of char formed [43], [50], [53], [55].

Coal pyrolysis is a complex process involving the thermal decomposition of coal in the absence
of oxygen. Coal consists of complex organic structures with aromatic ring systems interconnected
by various types of chemical bonds, often referred to as "bridges". Upon heating, cracking of the
bridges between ring systems take place, forming smaller fragments and radical groups (atoms

or molecules with unpaired electrons, making them highly reactive).

The radicals formed in the first step react with available hydrogen. This reaction leads to the
formation of small molecules such as methane (CH.), other aliphatic hydrocarbons (straight or
branched chain hydrocarbons), and water (H20). These small molecules diffuse out of the coal
particles into the surrounding environment. Larger radical molecules that form during pyrolysis
also undergo reactions with hydrogen. This leads to the formation of tar, which consists of medium
molecular weight compounds [56]. The tar products then diffuse out of the coal particles. Some

of the larger molecules undergo further reactions, condensing to form coke, a carbon-rich solid
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material [57]. During this condensation process, hydrogen is eliminated from the molecules. The

hydrogen released is expelled as gas from the coal particles [57].

The intrinsic rate parameters reported in the literature are often based on chars generated at
atmospheric pressure [40], [58], and low heating rates [59], [60]. These conditions are not
representative of commercial gasifier conditions. Most of these studies have been conducted on
coal pyrolysis, focusing mainly on the coal rank or element composition. The studies that
considered the effects of macerals on the pyrolysis process had inconclusive results, mainly due
to the relatively low purity of macerals and the difficulty experienced when quantifying the
interactions between different macerals [18], [61]. The catalytic effect of the minerals within the

macerals needs to be considered due to the catalytic effect of mineral matter and macerals [55].

The pyrolysis temperature of coal depends on coal rank, mainly due to the various functional
groups within the coal [54]. The chemical and physical properties, such as functional groups and
pore structure, of the pyrolyzed coal will change at different temperatures [62]. During pyrolysis
reactions, several changes in parameters such as aromaticity and density of aliphatic groups take

place, including chemical reactions such as bond breaking and cross-linking [62].

These changes in parameters and chemical reactions result in the formation of different products
during pyrolysis. The temperature at which pyrolysis occurs also affects the yield and composition
of these products [62]. Higher temperatures typically lead to higher yields of gaseous products,
while lower temperatures favour the formation of solid and liquid products [37]. Additionally, the
composition of the gaseous products can vary depending on the temperature, with higher
temperatures promoting the production of lighter hydrocarbons such as methane and ethylene
[63]. Overall, the pyrolysis temperature plays a crucial role in determining the outcome of the
process and the properties of the resulting products. In addition to temperature, the reaction time

also influences the yield and composition of the products [64].

Longer reaction times generally lead to higher yields, as more time allows for a greater extent of
decomposition [64]. However, it is important to strike a balance, as excessively long reaction times
can result in unwanted side effects and decreased product quality. The feedstock used in
pyrolysis also impacts the final product composition [12], [65]. Different feedstocks, such as
biomass or plastics, have varying chemical compositions, which can affect the types and amounts
of products obtained [66]. Furthermore, the presence of catalysts during pyrolysis can significantly

alter the product distribution [67], [68], [69]. Catalysts can enhance certain reactions and
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selectively promote the formation of desired products [70]. Overall, optimizing pyrolysis
conditions, including temperature, reaction time, feedstock choice, and catalyst selection, is

crucial for achieving desired product yields and compositions in this versatile process.

[62]The charred sample particle size is considered as it can influence the operating regime. Large
particles can result in mass transfer limitations, and small particles tend not to be representative
of the parent coal samples [55]. Additionally, the particle size distribution affects the overall
efficiency of the coal conversion process [71]. Smaller particles have a larger surface area,
allowing for faster reactions and increased conversion rates [72]. However, they also tend to
agglomerate and form clumps, leading to potential blockages in the system [72]. On the other
hand, larger particles may not fully react due to mass transfer limitations, resulting in incomplete
conversion and lower yields of desired products [43], [50], [59]. Therefore, finding an optimal
particle size range is crucial for achieving maximum efficiency and desired product yields in coal
conversion processes. By carefully controlling the particle size, operators can ensure better

process control and improve overall performance in coal conversion systems.
2.1.2 Overview of coal gasification

Gasification is the thermal decomposition process of any carbonaceous feedstock, whether solid,
liquid, or gaseous, in the presence of an externally supplied oxidizing agent (pure oxygen, air, or
steam) [73], [15]. The feedstock undergoes partial oxidation, and heat is released. After the
oxidation step, heat is released in a high temperature environment, allowing for the formation of
other gases, such as carbon dioxide or steam, to react with the feedstock. The resulting

autothermal breakdown produces carbon monoxide, hydrogen, and occasionally methane [74].

These product gases, also known as synthesis gases or syngas, are the smallest stable chemical
units that still convey some energy. The composition of the syngas is linked to the operating

conditions of the gasification process as well as the quality of the feedstock [33].

Coal gasification is therefore the process of converting coal to synthesis gas through a series of
chemical reactions. The coal is mainly converted to H. and CO during gasification through
heterogeneous chemical reactions [15], [33], [34]. Commercially, the gasification process is
carried out in gasifiers such as the fixed-bed dry bottom (FBDB) gasifier [30]. The gasifier is
operated at relatively high pressures (20100 bar) and temperatures greater than 700°C. The
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coal is fed together with a mixture of steam and oxygen (O:) or air and allowed to react, forming
synthesis gas [15], [33], [34].

The various gasification technologies have different feedstock requirements because not all coals
are equally suitable for gasification. The most significant differences are observed in the moisture
content, ash yield, ash melting temperature, and available grain size [75]. Low rank coals (lignite
or bituminous) with high ash vyield, moisture, or sulphur content are principal candidates for
gasification [15]. These coals are frequently not suitable for any other applications, such as coking

and combustion [33].
2.1.3 Coal char gasification reactions

The main reactions taking place during the gasification process are shown in Table 5 [33], [76].
The standard enthalpy of carbon formation has been taken as AHo = 12.5 kdJ/mol, and all

enthalpies have been given for standard conditions (1.013 bar and 298 K) [76].

Table 5: Summery of char gasification reactions

Carbon dioxide gasification reaction

C(s) + CO2(g) — 2CO(9) AHo = 172.7 kJ/mol [2.1]
Steam gasification reaction
C(s) + H20(g)— CO(g) + Hz(g) AHo = 131.5 kdJ/mol [2.2]
Methanation reaction
CO(g) + 3H2(g) — CHa(g) + H20(g) AHo = -206.2 kJ/mol [2.3]
Water-gas shift
CO(g) + H20(g) 2 CO2(g)+ H2(9) AHg = -41.2 kJ/mol [2.4]
Reaction with hydrogen
C(s) + 2H2(g) — CHa(g) AHg = -74.9 kJ/mol [2.5]

The heterogeneous primary reactions (Reaction 2.1 and 2.2) are slower than the gas phase
reactions and are usually regarded as the most important gasification reactions due to their
significant influence on the gasification rate [52], [77], [78]. These endothermic reactions take
place between the carbon (C) within the char and the gasifying agent (CO, and Steam) [51], [52].

The CO: gasification reaction (Reaction 2.1), also known as the Boudouard reaction, is slower
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than the reaction with steam (Reaction 2.2) and serves as a reference for fundamental gasification
studies [33], [36], [40].

From the above equations, it can be seen that CO and H; are the main product gases, but the
formation of methane can also occur and is strongly dependent on the H; partial pressure [79],
[80]. The methanation reaction (Reaction 2.3) is strongly dependent on the H- partial pressure
and plays a significant role at elevated pressures, while the water-gas shift reaction (Reaction
2.4) mainly proceeds at high steam concentrations [81]. The water-gas shift reaction (Reaction

2.4) influences the formation of CO as shown in Table 5, resulting in the formation of CO..
2.2 Factors affecting char reactivity

There are several factors to consider during coal char gasification. This section discusses and
provides literature to support the most crucial factors. Section 2.2.1 illustrates the significance of
coal char properties on the gasification rate and carbon conversion. Temperature is one of the
most influential factors to consider and is discussed in Section 2.2.2. The influence of reactant
(CO,) partial pressure and concentration on carbon conversion is discussed in Section 2.2.3.

Finally, the effects of total system pressure are discussed in Section 2.2.4.
2.2.1 Coal char properties and CO: reactivity

Coal char reactivity is affected by several factors, such as reaction conditions, sample

preparation, physical char structure, and parent coal properties [82], [83], [84], [85].

Coal rank has a momentous influence on char gasification reactivity and kinetics due to the
different coals exhibiting different extents of coal conversion and thermal behaviour during
gasification [43]. Coal char reactivity is largely dependent on the maturity and type of parent coal,
whereby reactivity increases with a decrease in coal rank [63], [86]. There is, however, no general
trend for predicting gasification reactivity based on coal rank [87]. Engelbrecht (2008) and Miura
et al. (1989) observed a decrease in coal reactivity with increasing coal rank, but Miura et al.
(1989) observed scattered reactivity data for low-rank coals. There is thus no accurate and

reliable model for the prediction of coal reactivity based on coal rank.

The coal char pore volume and porosity also decrease with an increase in coal rank, resulting in

lowered gasification reactivity [43]. This is due to the larger concentration of active sites within the
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coal matrix of low-rank coals compared to that of high-rank coals. Low-rank coals also consist of
a higher volatile matter content, which plays a large role when released by increasing the pore

structure and resulting in increased gasification reactivity [88].

Coal mineral matter is also known to affect gasification reactivity, especially at lower
temperatures, due to the presence of catalytically active components [89], [90]. The mineral
matter constituents catalyse the gasification reactions, resulting in an increase in gasification
reactivity [89]. The mineral matter can also decrease coal char reactivity at high temperatures as
a result of a decrease in the micropore surface area [89]. Koekemoer [91] observed that during
the CO; gasification reactions of Highveld coals, K, Mg, and Ca act as catalysts. Hatting [92] and
Zhang et al. [93] observed similar trends in that an increase in alkali index resulted in increased
coal char reactivities. The alkali index has been used to describe the overall influence of catalytic

components [94].

Everson et al. [95] reported pore volumes of 3.4 and 5.3 mm?/g and surface areas of 1.39 and
3.46 m?g. These values can be seen as very low, which can be attributed to the high
concentration of dense minerals present [18]. Mgano et al. [43] reported a higher micropore
surface area of 249 m?/g (daf basis) for a South African Highveld coal. Higher pore volumes result
in higher adsorption capacity and increased reactivity [12], [43]. Higher adsorption capacity could

be attributed to increased devolatilization of the reactive macerals at high temperatures [18].

The micropore surface areas play an important role in coal char gasification. According to Liu et
al. (2000) and Siauw et al. (1984), the micropores can take up approximately 95% of the total
surface area. Higher pressures resulted in increased surface areas [12], due to the larger amounts
of smaller pores present at higher pressures, resulting in a higher surface area [12]. Tremel and
Spliethoff [96] confirmed that the initial surface area after devolatilization is dependent on

pressure and the micro to mesopore ratio is to be expected.

Many studies have been conducted on the maceral content of coal and its effect on coal pyrolysis
[97], [98], [99]. Given that macerals are the basic components of coal, investigation of the pyrolysis
behaviour of macerals can provide more information on the structural characteristics of the coal
samples [100], [101]. The three main maceral groups considered are liptinites, vitrinites, and
inertinites [76]. It is commonly expected that inertinite would be less reactive during combustion,
but not all vitrinites are reactive, and not all inertinites are inert [102]. It has been found that

vitrinite-rich coals from the northern hemisphere burn at a lower efficiency compared to the
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Australian coals with a lower vitrinite content [103]. This is due to the high reflectance of inertinite
macerals in the European coals compared to that of Australian coals [103]. Gondwana coals, on
the other hand, can also be burned satisfactorily, even though they consist of a high inertinite
content [103].

It is thus clear that not all inertinites are the same and must be regarded as different entities with
different degrees of reactivity [102], [103], [104]. It has been observed that oxidized vitrinite
behaves differently from most other vitrinites [103], [105]. During the petrographic analysis, the
formation of particular morphotypes and changes in vitrinite reflectance were observed [105]. The
changes observed in vitrinite reflectance during oxidation relate to the spontaneous combustion
potential [105]. The extent of these changes is dependent on the operating regime, porosity, and

the characteristic physical changes of the coal [105].

Depending on the rank and speciation, vitrinite combustion can vary from ‘very poor’ to ‘good’,
influencing the reactivities [104]. Some vitrinites can be less reactive than some inertinites, and it
is thus acceptable to assume that a certain fraction of inertinites can be reactive [55], [104], [105].
The inertinite component was found to be more reactive after the demineralization of the maceral
concentrates to rule out any catalytic effects of the metallic impurities [104]. In some studies, the
increase in inertinite content resulted in an increase in reactivity with seven coal samples of
different ranks [94], [106]. Inertinite chars have reported higher aromaticity, higher carbon content,
and lower hydrogen content compared to vitrinite chars [97]. Roberts [98] reported similar
chemical structures for inertinite rich and vitrinite rich coals at 700 to 1000 °C, but the physical
structures were different. Xu et al. [100] reported that inertinite rich chars are denser, contain

larger crystallite averages, and a lower isotropy than vitrinite-rich chars.

The inertinite components showed higher reactivities than the vitrinite components, even after
taking the catalytic effect of alkali compounds into consideration. Micrinite can be found within the
inertinite group but can also be considered reactive during combustion [103]. This is due to the
small surface area of macrinite, which is usually enclosed within vitrinite particles. Because of its
possible connection with liptinite fragments, micrinite has been shown to yield more volatile matter
than other inertinite species. As the vitrinite vesiculates, the enclosed micrinite will either be

incorporated into the char walls and burned with the vitrinitic char or exposed and burned.
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For macerals to be classified as reactive, some form of thermoplasticity must be exhibited during
pyrolysis and char formation. Hence, if inerts are to be considered reactive, some degree of

structural alteration must be visible.

2.2.2 Temperature

2.2.2.1 Ash fusion temperature

Studies have shown that the coal ash fusion temperatures are related to the ash composition
[107]. The ash fusion temperatures generally decrease with alkaline composition and increase
with acid oxides (TiO2, SiO2, Al-Os3, etc.) [108], [109], [110]. The Si/Al ratio has a significant effect
on the fluidity of the coal at high temperatures since Al203 and SiO. are the main components
[111]. Al203 has a high melting point due to its ionic crystal structures, while quartz is mainly in
the amorphous form [112]. Consequently, there is a general decrease in ash fusion temperature

with an increase in the Si/Al ratio [112].

Liu et al. [113] investigated the relations between ash fusion temperatures and ash composition
by using synthetic ashes consisting of Ca0O, Al,Os, Fe;0s3, K20, and SiO,, finding that increased
Fe203 and higher Si/Al ratios resulted in lower ash fusion temperatures [112]. Chakravarty et al.
[114] confirmed that Fe,O3 resulted in a decreased ash fusion temperature and quartz contributed
to a higher ash fusion temperature. The influence of ash composition on fusion behaviour is,
however, very complicated as the various components interact with one another, resulting in low
melting eutectics and the formation of refractory minerals (mullite, quartz, kaolinite, and rutile)
[110], [115].

2.2.2.2 Reaction temperature

According to several authors [51], [116], temperature has a significant influence on the rate-
limiting step during gasification. At low temperatures, fewer active sites are available for
gasification due to the smaller amount of microporous surface area available, resulting in lower
carbon conversions [46]. Higher temperatures allow for the reactant gas to diffuse into the char
particles at a significantly higher rate, thereby increasing the carbon conversion [46]. It has been
proposed that heterogeneous gas-solid reactions occur in three temperature zones (Regimes)
[117]. The coal kinetics and reactivities are influenced by the regime under which the gasification
reactions take place. The Arrhenius plot in Figure 3 demonstrates the influence of temperature

(inverse) on the overall reaction rate (logarithmic) [51].
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Figure 3: Effect of temperature on rate-limiting regimes (Adapted from [15], [51], [77])

With an increase in temperature, the reaction rate shifts from chemical reaction controlled, to pore
diffusion or external mass transfer controlled. The gasification rate increases exponentially with
an increase in temperature during chemical reaction and internal diffusion-controlled regimes.
The steeper gradient in Regime 1 (Figure 3) indicates a gasification rate increase that is more
significant compared to that of Regime 2. Regime 1 conditions are usually achieved at

temperatures below 1000 °C but can, however, differ depending on char properties [59], [96].

Entrained flow gasifiers are typically operated at temperatures around 1200-1600 °C (Regime 2),
and the rate of diffusion of reagent gases through the pores of the char begins to influence the
overall rate of conversion [117]. The conversion rate is limited by pore diffusion within the char

particle [1] because the chemical reactions are predominately faster [15], [51], [59], [118].

The transition to Regime 3 typically occurs at temperatures in excess of 1500 °C, where the
diffusion of the reagent gas through the boundary layer surrounding the char particle is the limiting
factor [59]. Any change in flow rate and total pressure has a large influence on the gasification

rate due to the difference in reagent gas concentration between the boundary layer and the
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surface of the char particle [96]. These influences are more significant when larger coal char

particles are used during gasification [119].

Mass transfer limitations have to be decoupled from the chemical or surface reactions commonly
taking place in the internal surface area of the particle [40], [59]. The char kinetic parameters and
intrinsic reaction rate experiments have to be conducted in the absence of mass transfer
limitations in order to obtain suitable kinetic parameters for the development of gasification models
[40]. Using smaller particles and conducting the gasification experiments at lower temperatures

with high reagent gas flow rates allows for the elimination of mass transfer limitations [77], [118].
2.2.3 CO; partial pressure

Various authors have investigated the effect of CO; partial pressure on gasification reactivity by
changing the system pressure at a constant CO, concentration [46], [52], or by changing the CO»
concentration at a constant pressure [116]. A summary of the CO; gasification reaction orders
determined in different high-pressure gasification studies is shown in Table 6. Usually, the CO2
gasification reaction follows the CO- partial pressure reaction order, which is usually lower than

one [1].

The effect of temperature on the gasification rate has been investigated in numerous studies, but
with little focus on the effects of changes in reactant concentration. Shahabuddin et al. [46]
investigated the influence of different CO2 concentrations at different temperatures on carbon
conversion, as depicted in Figure 4. The increase in temperature and CO2 concentration resulted
in higher carbon conversion [46]. These results are consistent with studies done by Sripada et al.
[71] and Tanner et al. [59]. A 23% increase in carbon conversion was observed by increasing the
COg; concentration from 10 to 20% [46]. The carbon conversion was, however, improved by 64%
when increasing the temperature from 1000 °C to 1200 °C with a constant reactant concentration
[46].
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Figure 4: Effect of temperature and CO2 concentration on carbon conversion (Shahabuddin et al. (2021))

The effect of CO, partial pressure on the degree of pore development in the mesopore and
micropore surface areas were investigated by Gouws et al. [12]. It was determined that the
mesopore surface areas of the chars were significantly higher at higher CO; partial pressures.
The mesopore surface area and pore volume at 9 bar was observed to be more than double
compared to those of the chars reacted at 0.1 bar. For the micropores, a maximum increase in
surface area of 30 % was observed when the partial pressure was increased from 0.1 to 9 bar
[12]. From this it is clear that the CO; partial pressure significantly influences the char gasification

reactivity through pore development.
2.2.4 System pressure

The system pressure of the gasification rig has a large impact on the gasification reactions.
Section 2.2.4.1 will contain literature on low-pressure gasification studies done as well as the
main results obtained in these studies. Section 2.2.4.2 contains the high-pressure gasification

studies done, and the results of these studies can be used as a basis for what to expect.
2.2.4.1 Low pressure CO; gasification

The low-pressure gasification studies are discussed in this section and summarized in Table 6.
Xu et al. (2021) investigated the kinetic modelling of CO; gasification of Victorian brown coal using

an entrained flow gasifier. The gasification reactions were conducted at atmospheric pressure
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and temperatures ranging from 900 to 1000 °C. The rate of conversion increased with an increase
in temperature, CO2 concentration, and decreasing particle size [45], [46]. The outcome of the
study showed that raising the CO concentration, particularly at low CO2 concentrations, had a
favourable impact on the gasification rate of the two chars [45]. The CO, reaction orders for the
TGA chars were determined to be 0.27 and 0.32 for the Maddingley and Yallourn chars,
respectively [45].

Everson et al. [95] increased the pressure from 1 to 3 bar and observed an increase in the reaction
time. Full conversion time increased by 25 hours with a pressure increase from 1 to 3 bar [95].
Veca and Adrover [47] attributed this to studies done by Everson et al. [95], confirming that the
reaction rate is strongly dependent on temperature and pressure. This phenomenon was linked
to chemical reaction-controlled conditions by Du Toit [48]. The carbon conversion of coal char
significantly increases with an increase in temperature within the same residence time [45]. The
main chemical reaction taking place is the Boudouard reaction, and this confirms the observed
increase in conversion as a function of temperature [36]. CO, gasification is thermodynamically

favoured, and the Boudouard reaction is endothermic [33], [36], [40].

Other parameters known to affect the gasification rate include mineral matter content, coal rank,
particle size, and char structure. A wide range of activation energies have been observed by
Koekemoer [91] at 0.875 bar due to the large difference in mineral matter content of the coal. The
increase in coal rank resulted in a decrease in reactivity, as observed by Engelbrecht at an
absolute pressure of 0.9 bar ([120]). The particle size has a significant influence on the carbon
conversion, and reaction rate. The decrease in particle size resulted in an increased carbon

conversion and this is mainly due to the effect of mass transfer limitations [12].
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Table 6:

Summery of low-pressure CO2 gasification studies

Reference Coal Particle Temperature Pressure Model E (kJ/mol) Reaction
size (um) (°C) (bar) order
Xu et al. (2021) Victorian brown coal 20 - 38 900 -1000 1.01 MVM, 220, 0.27 and
RPM 198 - 208 0.32
90 - 106
Du Toit et al. South African Highveld 1000 775 -900 0.87 WM, 243 0.56
(2013) coal LH
Everson et al. Inertinite-rich coal 1000 850 - 900 1-3 RPM, 192 - 247 0.46 — 0.54
(2008) PL
Engelbrecht South African coal 850 - 1200 875 -950 0.875 GM 184 -
(2008)

MVM — Modified volumetric model, RPM — Random pore model, SCM — Shrinking core model, LH — Langmuir Hinshelwood, HM — Homogeneous model, PL —

Power law, GM — Grain model
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2.2.4.2 High pressure CO; gasification

Several studies on the effects of reactant partial pressures on gasification rate at reactant partial
pressures of up to 50 bar are summarized in Table 7. The effect of CO, partial pressure on
gasification reactivity has been studied by changing the system pressure while keeping the CO.
concentration the same [52], [121], or by changing the CO> concentration while keeping the

system pressure the same [116], [122].

Mgano et al. [43] evaluated and compared the reaction kinetics of steam and CO, gasification for
selected Highveld coal at elevated pressures. The observed reaction order attributed to the effect
of CO; partial pressure from 1 to 25 bar ranged from 0.46 to 0.50 [43]. It was found that coal char
reactivity was dependent on reactant partial pressure [12], [52], [121], [122]. Park and Ahn [122]
investigated the effect of CO; partial pressure at a constant temperature of 900 °C and 10 bar
total pressure. A reaction order of 0.4 to 0.7 was observed for the five chars by varying the partial

pressure from 1.8 to 4.95 bar.

The increase in reaction rate with partial pressure has been found to occur at reaction partial
pressures of up to 15-20 bar [12], [40], [43]. The increase in reaction rate is attributed to the
increase in surface complex concentrations. The reaction orders observed for CO; gasification
were between 0.4 and 0.5 [52], and globally, the reaction follows a reaction order based on the

COg; partial pressure, which is usually below one [1].

Roberts and Harris [40] investigated Australian bituminous and semi-anthracite chars and
observed a reaction rate level off at high partial pressures using a pressurized thermo-gravimetric
analyzer (PTGA). This phenomenon was confirmed by Park and Ahn [122] and Ahn et al. [123].
Ahn et al. [123] investigated an Indonesian sub-bituminous coal char at total system pressures
up to 10 bar and 1300 °C using a pressure drop tube furnace (PDTF). The apparent reaction rate
was proportional to the CO- partial pressure, estimated at 0.4 [123]. Some authors did, however,
observe an increase in reaction rate with partial pressures of up to 40 bar [96], [124], possibly due
to the effects of differences in coal ranks [37], [81], [125].

On the other hand, some authors found that a further increase in partial pressure did not affect
the reaction rate as the increase resulted in the saturation of active sites [126]. The degree of
saturation describes the desorption of the intermediate surface complexes, which several studies

have found to control the apparent reaction rate [52], [127]. Roberts and Harris [52] determined
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the concentration of the intermediate surface complex C(O) by performing temperature-
programmed desorption (TPD) experimental work. The concentration of the intermediate surface
complex C(O) refers to the complex of the CO> molecule adsorbed on an active site [12], [43],
[52]. Based on these studies on Australian coal chars, the degree of saturation increased with an

increase in reaction partial pressure from 1 to 30 bar.

The TPD analysis confirmed that the reason for the decrease in reaction order at high pressures
was due to the saturation of active sites [52], [12]. The desorption peaks were similar for
gasification at 20 bar and gasification at 30 bar [52]. So, the CO desorption concentration shows
how much C(O) is on the surface of the intermediate complex at the end of the reaction [12]. This
implies that the increase in reactant partial pressure past a certain point will not significantly
influence the reaction rate due to the reactive surface becoming saturated with surface complexes
[52].
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Table 7: Summery of high-pressure CO: gasification studies

Reference Coal Particle Temperature Pressure Model E Reaction order
size (um) (°C) (bar) (kJ/mol)

Mgano (2020) South African 75-150 740, 780 20,30 PL, LH, 190 0.46 — 0.50
Highveld coal RPM

Gouws (2018) South African 425 - 500 780 - 855 1-30 PL, LH, 227, 211, 0.41-0.56
Highveld coal RPM 331

Tremel and - - 1200 - 1600 1-10 LH 200 0.41

Spliethoff (2013)

Kim et al. (2014) Berau coal (sub- 75 - 800 750 - 1450 1-30 RPM, 149 - 152 0.85-0.98
bituminous) PL

Roberts & Harris 600 - 1000 900 - 950 04-20 LH - -

(2011)

Park and Ahn Alaska, Cyprus, 45 -63 850 - 1000 5-20 SCM, 149 - 223 0.4-0.7

(2007) Drayton, CNCIEC PL
and Denisovsky coal

Roberts & Harris Australian coal 600 - 1000 900 - 940 1-30 LH - -

(2006)

Zang et al. (2006) <100 920 - 1050 2-10 SCM, 146 - 202 0.4-0.7

PL

MVM — Modified volumetric model, RPM — Random pore model, SCM — Shrinking core model, LH — Langmuir Hinshelwood, HM — Homogeneous model, PL —

Power law, GM — Grain model
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2.3 Char structural development during gasification

Many studies have indicated that the gasification rate is not only dependent on reaction conditions
but also on the physical char structure. The reactivity and structure of the chars are mainly
determined by the rank of the parent coal and pyrolysis conditions [125]. These pyrolysis
conditions include final temperature, heating rate, and soak time at final temperature [128].
Section 2.3.1 will elaborate on the observed changes in physical char properties. The effects of
reaction partial pressure on gasification reactivity and supporting literature is discussed in Section

2.3.2. Finally, Section 2.3.3 will discuss the structural models.
2.3.1 Degree of conversion

The physical char properties can have a significant effect on the high-pressure CO- gasification
kinetics [40], [116]. The char structure consists of different pores, of which the micropores (pore
width < 2 nm) serve as the gas-solid reaction platform, the mesopores (2 nm < pore width < 50
nm), and macropores (pore width > 50 nm) serve as transport channels for reactant gases [129],
[130]. The internal pore structure of coal chars has been measured using different methods such
as SAXS (Small angle X-ray and neutron scattering), WXRD (Wide angle X-ray diffraction), SEM

(Scanning electron microscopy), and TEM (Transmission electron microscopy).

Komarova et al. [130] determined the micropore, mesopore, and total surface areas in a range of
carbon conversion extents ranging from around 10 to 80 %. The surface area development was
determined for several temperatures ranging from 800 to 950 °C [130]. It was noted that the higher
temperatures resulted in smaller surface areas [130]. The surface area development with carbon
conversion at 800 °C is shown in Figure 5. The trend shown here differed slightly from the trend
observed at higher temperatures. The total surface area increased in the early stages of char
conversion, while the micropore surface area slightly decreased. After 10 % char conversion, the
surface areas decreased; some more than others. Around 50 % char conversion, a low point was

reached, followed by an increase in surface area up to the point of 81 % conversion.
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Figure 5: Surface area development during carbon conversion (Komarova et al. [95])

The physical structural development of the coal char involves the process of micropore
development to mesopores, opening of closed pores, formation of micropores and overlapping of
micropores [41], [129]. This is due to the continuous consumption of carbon during gasification
[131], [132]. Gouws et al. [12] investigated the development of pores during gasification and found
that the pore development is affected by the CO, partial pressure. The influence of partial

pressure on the pore development of coal chars is further discussed in Section 2.3.2.

Several authors have observed physical changes in the char structure during gasification at high
pressure [40], [41], resulting in the further investigation of different process conditions on the char

structure development [12].
2.3.2 Reagent partial pressure

Moilanen and Mihlen [126] investigated the inhibitory effects of CO and H- on the gasification of
peat char at high pressures. They also reported on the effects of reactant pressure on the
gasification rate, and it was found that increasing the reactant partial pressure led to a decrease
in reaction rate [126]. Roberts and Harris [42] believed that these unusual results could be

attributed to the close physique-based fuzzy granular (PBFG) simulation conditions as well as the
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deviation from regime 1 operating conditions [42]. Ultimately, the instrument-specific effects

together with pore diffusion may have contributed to these unusual results [42].

Roberts and Harris [42] also investigated the coal char surface area development at different CO-
partial pressures. The surface area development generally increased with an increase in CO>
partial pressure at 900 and 950 °C. The influence of the CO; partial pressure did, however,
decrease with an increase in pressure. The influence of the CO partial pressure between 1 and 3
bar resulted in the surface area development increasing with an increase in pressure, but any

further increase in Pco resulted in the development of smaller surface areas [42].

Lee et al. [128] investigated the char CO, surface area as a function of pyrolysis pressure and
weight loss at pressures up to 36.5 bar and temperatures between 800 and 1325 °C. It was found
that the surface area of the lllinois No. 6 bituminous coal char is generally lower when pyrolyzed
at higher pressures [128]. When the partial pressures of H,O and CO2 went up, the reactivities of
coal char went up, but the effect of reactant partial pressure is much less when the data is reported
in terms of the intrinsic rate[42]. The effect of reactant partial pressure also depends on the coal

char type and properties.

The thermoplastic properties of a coal are for example, influenced by the relevant surface area
development during heating [125]. Thermoplasticity inhibits the development of micropores, while
a small weight loss induces a significant increase in the micropore structure during secondary
devolatilization [128]. The increase in CO, surface area is accompanied by decreased reactivity

and residual volatiles.

2.3.3 Structural models.

Structural changes in the char particles are known to occur during gasification [12]. Structural
changes are an important factor to consider when modelling the reaction as a function of
conversion [133]. Several structural models, such as the Random-Pore Model (RPM), Grain
Model (GM), Shrinking-Core Model (SCM), Langmuir Hinshelwood (LH), Volumetric Model (VM),
and the Modified Volumetric Model (MVM), have been used to model char reactivity data. The
RPM has proven to be the ideal model for describing char reactivity due to its incorporation of
structural changes [60], [63], [116]. The changes observed in char surface areas are associated

with coalescence and pore development during char conversion [60], [116].
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Bhatia and Perimutter [134] came up with an expression for the RPM that accurately describes
the experimental data at isothermal conditions in the chemically controlled regime [38], [60], [81],
[116], [127].

dX

= = k(1= VT $A -1 1)

Where X is the conversion, k is the rate constant and i is the structural parameter determined
from regression with experimental data and can be determined from the initial char properties and

defined as:

4Ly (1 — 2.2
= s 0(52 &) (2.2)
0

Where L, is the pore length per unit volume. The RPM can also be written to include the initial
porosity g, as shown in Equation 2.3.

dX  k,(1-X)J1— A -X) (2.3)

dt (1- &)

The RPM can be expressed in terms of the specific reaction rate r; as depicted by Equation 2.4.

ax (2.4)
r, = dt/(l _x= reoy1— Win(l —X)

Where rsp (initial reaction rate) is defined by Equation 2.5.

kS, (2.5)
1— &

Tso =
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Where S quantifies the changes in the char surface area. With knowledge of the initial surface
characteristics as described by Bhatia and Perimutter [134], the degree of conversion is quantified
by the RPM.

S =So/1— YIn(1 —X) (2.6)

The structural parameter (W) is indicative of the amount of pore growth that will take place during
the reaction [134]. The structural parameter can be obtained through the measurement of pore
structural properties, but it has been used as a fitting parameter [60], [116], [127], [129]. Several
authors observed structural parameters from the measured conversion-time profiles ranging from
0.7 to 6.3 [18], [60]. Everson et al. [18] found that these parameters were less dependent on
temperature and more on the reagent gas [116]. Structural parameters ranging from 3 to 130
have also been reported from the fitting of reaction rate data [116]. The larger structural

parameters indicate that char pore development is more significant during gasification [116].

It has been proven that the RPM is superior to the GM model when predicting the surface area
and CO; gasification rate of chars [116]. Even though the RPM is a good model for char reactivity,
Kajitani et al. [116] found that the surface area (Equation 2.6) and the structural parameter
obtained from the initial pore properties (Equation 2.2) are not very good at describing the reaction
rate. The RPM can however not define the surface areas and reaction rates at the same time,
suggesting that major structural changes remain unaccounted for if W is assumed to be constant
[50]. For this reason, there was a need to improve the RPM developed by Bhatia and Perimutter
[134].

2.4 Summary

Gasification is the process of converting coal, char, coke, or natural gas into synthesis gas, for
the production of chemicals or use as liquid fuels [101]. Coal char gasification is a vital process in
the fuel production industry. The gasification process is typically operated at high temperatures
and pressures using oxygen and steam as gasifying reagents [43]. Numerous coal gasification

studies have been conducted at low and high pressures using CO; and/or steam. It is clear from
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the literature that the reactant partial pressure can have a significant influence on the gasification

rate and surface area development.

Temperature is an important factor to consider, as the influence of temperature and its kinetic
parameters have been rigorously reported in the literature. Large increases in reaction rates have
been reported with increases in reactant partial pressures up to 20 bar. A further increase in
reactant partial pressure resulted in the saturation of available active sites and ultimately a smaller

influence on the reaction rates.

Due to the influence of coal and char properties, characterization is an important factor to consider
when conducting experimental studies [135]. A significant portion of authors have investigated
the coal and char properties, but there is still limited literature wherein the intrinsic coal properties
are related to coal reactivity. Further investigation into the influence of coal and char properties

on the reaction rates can aid in the optimization and future blending strategies.

Coals consist of a variety of organic compounds, elements, mineral matter, gases, moisture, and
hydrocarbons, such that no two coals are alike [101]. From the literature, all these coal properties
have been investigated at different temperatures and pressures [136], [137], [138], [139], [140].
The composition of coals can greatly affect their behaviour under various conditions, leading to

differences in combustion efficiency, heat output, and emissions [140], [141],[142].

Due to the influence of coal and char properties, characterization is an important factor to consider
when conducting experimental studies [135]. A significant portion of authors have investigated
the coal and char properties, but there is still limited literature wherein the intrinsic coal properties
are related to coal reactivity. This gap in research presents an opportunity for further exploration
and discovery in the field of coal combustion. Further investigation into the influence of coal and

char properties on the reaction rates can aid in optimization and future blending strategies.

This can provide valuable insights into the mechanisms governing coal combustion and
gasification processes. Understanding how different coal properties affect reactivity can also help
in predicting and controlling emissions of pollutants during combustion. Additionally, exploring the
relationship between coal and char properties and reaction rates can lead to the development of

more efficient and sustainable energy production methods.

For example, the porosity and surface area of coal and char particles can significantly impact their

reactivity [143]. Higher porosity and surface area can enhance the access of reactants to the
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active sites, leading to increased reaction rates [143]. On the other hand, the presence of mineral
matter in coal can act as catalysts or inhibitors, further affecting the overall combustion or
gasification process [144]. By studying these relationships, researchers can develop models and

tools to predict and optimize the performance of coal-based energy systems.
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Chapter 3: Research methodology
3.1 Introduction

The intrinsic coal and char properties can have a significant effect on gasification kinetics. The
investigation into these properties can provide more information regarding the reactive behaviour
of the coal samples. By correlating the intrinsic coal properties with the coal’s reactivity, the
gasification behaviour can be better predicted. In this chapter, the experimental setup and

procedures used for the experimentation, as well as the statistical procedures are discussed.

Section 3.2 gives a brief overview of the coal samples and their origins. Section 3.4 discusses the
preparation conditions and techniques used for coal and char preparation. Section 3.5 discusses
the materials used, the experimental setup, the experimental procedures, and the data processing
used to determine the coal char reactivities. Section 3.6 contains the characterization analysis
and methods used for determining chemical, physical, and mineralogical properties. Finally,

Section 3.7 contains a discussion on the coal/ char statistical modelling procedure.
3.2 Coal samples and origins

Seven South African medium rank C bituminous Highveld coals rich in inertinite with insignificant
caking and swelling propensity were used. These coals are commonly used in commercial
gasifiers and CTL technology. The exact mines and locations of these coals will not be disclosed
due to confidentiality reasons. Seven coarse coal samples weighing approximately 3.5 kg each

were received for this study.

Page | 51



3.3 Materials used

Table 8 contains a list of the materials used to conduct the pyrolysis and gasification experiments.

Table 8: Materials used

Material Use

N2 (> 99.99 %) Used to ensure an inert environment for pyrolysis and gasification.
CO2(>99.9 %) Used as reactant for gasification process.

CO Calibration gases for CO; analyzer - 1000, 1650 and 3900 ppm
Coal (2-3 cm) Seven coarse coal samples

3.4 Coal and char preparation

3.4.1 Parent coal sample preparation

The coarse coal samples were crushed and milled individually to obtain the desired particle size
distribution (PSD). The subsequent steps shown in Figure 6 were followed for each of the coal

samples in preparation for coal pyrolysis.
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Figure 6: Coal and char sample preparation

The first step in the coal sample preparation involved air drying the samples for 24 hours in a
temperature and humidity - controlled room before starting with the size reduction process. The
lump coal samples were crushed to 6 mm particles using an in-house jaw crusher. The samples
were fed through the crusher a total of three times to ensure that most of the particles were in the
required range of +t6 mm. The 6 mm particles were then further crushed using a hammer mill.
The hammer mill was employed twice for each sample to obtain the desired PSD of 1 mm +500

pMm. The 1 mm samples were then placed in a ball mill for 30 min to further crush the samples.
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The samples were sieved to obtain a PSD ranging from 850 ym to 1250 ym. The oversized
samples were placed back in the ball mill for another 30 min and repeated until all the samples
were within the -1250 pym to +850 um PSD range. The undersized coal (-850 pm) was separated
and stored under nitrogen in Ziplock bags (These samples were not used again). The cone and
quartering approach was employed to achieve efficient homogenization of the coal samples. Each
sample was placed on a clean flat surface, shaped into a cone and flattened as shown in Figure
7.

Coal mixed and coned Cone flattened for quartering

Figure 7: Step 1 & 2 of cone and quartering technique

After forming the cone, the samples were divided it into four quarters using a shovel. Typically,
one of these quarters is selected randomly or systematically. Figure 8 illustrates the initial and

subsequent stages taken to acquire the quarters.

Second division
First division

Figure 8: Step 3 & 4 of cone and quartering technique

The two quarters from the opposite ends are selected and set aside as shown in Figure 9. The
remaining two quarters are reformed into a cone. The cone is again divided into quarters, and the

process continues until a smaller sample size (+300 g) was obtained.
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Figure 9: Step 5 & 6 of cone and quartering technique

The +£300 g sample (-1250 to +850 um) was then placed in a rotary splitter to obtain a
representative sample weighing around 160 g to be charred in the pyrolysis oven (charring) and
a representative sample weighing around 25 g (-1250 to +850 um) for the coal analysis. The 25
g samples were stored under nitrogen to be sent to Bureau Veritas for proximate, ultimate and
XRF analysis. Bureau Veritas also conducted the mineralogical analysis and determined the

gross calorific values using the standards and methods summarized in Table 12.
3.4.2 Coal char preparation (pyrolysis)

The coal samples (-1250 +850 um) were charred using a laboratory-scale pyrolysis setup
consisting of a Lenton® horizontal tube furnace, as shown in Figure 10. The horizontal tube
furnace is surrounded by three heating elements controlled through set-point retransmission. The
samples were placed in a ceramic sample boat with a length and width of 270 x 35 mm and a
capacity of 200 g at the centre of the heated zone. The samples were charred in 160 g (+0.5 g)
batches at a heating rate of 10 °C/min to 900 °C and maintained for 30 min at 30 bar. The pyrolysis
experiments were conducted in an inert environment using nitrogen and at non-isothermal
conditions to simulate typical gasification conditions. To avoid packing effects, the sample boats
were only partially filled (approximately 2.5 cm deep) [60]. The conditions used for coal pyrolysis

are summarized in Table 9.
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Table 9: Pyrolysis operating conditions

Variable/Property Conditions
Mass per batch 160 g
Temperature 900 °C
Pressure 30 bar
Heating rate 10 °C/min
Hold time 30 min

N2 flow rate 5 NL/min

After the charring process had been completed, the furnace was depressurized to atmospheric
pressure. After the furnace pressure stabilized, the system was allowed to cool to room
temperature at a natural cooling rate while remaining in an inert atmosphere. This cooling process
was necessary to prevent any potential reactions or combustion that could occur if the system
was exposed to oxygen [54]. Additionally, maintaining an inert atmosphere during the cooling

process ensured the preservation of the charred material's properties [116].

Computor

v Check valve

SDV Skrew down valve

MFC  Mass flow controller

PRV Pressure relief valve

TIC Temperature indicator and controller
BPR Back pressure regulator

PV Purge valve

N, Nitrogen
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After the (-1250 +850 um) coal samples were charred, a rotary splitter was used to ensure that a
representative sample could be taken for the characterization analysis and the gasification
experiments. The char sample (-1250 +850 ym) used for characterization weighing 15 g was
subjected to proximate and ultimate analyses through Bureau Veritas to determine its composition
and heating properties. Another 15 g (-1250 +850 ym) char sample was sent to Bureau Veritas
for the char petrography analysis to be conducted. The remaining char samples (individually)

were placed in the ball mill for further size reduction.

The char samples were placed in the ball mill for 30 min increments, sieved, and the oversized
particles (+150 um) were continuously crushed and sieved until the particles were within the -150
+75 pym range to be used for the gasification experiments. The ball mill consisted of containers
filled with ceramic balls. The coal and char samples were sieved using a range of 450 mm
laboratory sieves to obtain the required sample range of -150 +75 pm. A 150 um sieve to retain
larger particles was placed on top of a 75 pm sieve to separate the undersized particles from the

sample and then placed on a laboratory scale sieve shaker.

A rotary splitter was then used to obtain a representative char sample (-150 +75um) to be stored
under nitrogen in zip lock bags and placed in containers to be used for coal char gasification
studies. The rotary splitter ensured that each gasification experiment received a representative
sample. The desired sample size (0.5 g) was carefully measured and placed into individual
containers. These samples were then ready to be used in the gasification experiments to study

the behaviour and characteristics of the char under different conditions.

3.5 Coal char gasification

The coal char samples (-150 +75 um) were used for CO, gasification experiments. This section
discusses the high-pressure fixed bed reactor (HPFBR) used for conducting the gasification
experiments with the intent to determine the char gasification rates. The char gasification rates
were determined through carbon-based product gas analysis by measuring the carbon monoxide

(CO) concentration throughout the gasification process.

In Section 3.5.1 the materials used to conduct the gasification experiments are described. Section

3.5.2 contains the experimental setup and description of the gasification rig used to obtain the
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reactivities of the coal char samples, followed by the experimental procedures, given in Section
3.5.3. Finally, the equations used for determining the carbon conversion and specific reactivities

are given in Section 3.5.4.

3.5.1 Materials used

A summary of the materials used are shown in Table 10.

Table 10: Materials used for gasification experiments

Substance Specification/ purity Supplier
CO calibration gas 1000, 1650 and 3900 ppm Afrox
CO- >99.9 % Afrox
N2 >99.99 % Afrox

CO calibration gases, balanced with N2, were used to calibrate the gas analyzer (see Appendix
C). Instrument grade CO. and baseline N2 obtained from Afrox were used for the gasification
experiments. CO; was used as a reactant, and Nz was used as an inert atmosphere during sample

heating and pressure build-up in the gasification experiments.
3.5.2 Experimental setup and description

A high pressure fixed bed reactor (HPFBR) was used for conducting the gasification experiments
of coal char particles. The rig was designed, constructed and commissioned in-house for
conducting low- and high-pressure steam/ CO- gasification experiments. For the purpose of this
study, the steam generation and condensation system were by-passed and a small particle range
(-150 +75 pm) was used. A detailed schematic of the experimental rig is presented in Figure 11.

The equipment description as well as operating range is summarized in Table 10.
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Figure 11: High pressure gasification rig

The gasification rig consists of a vertical split furnace with a temperature range of up to 1200 °C,
providing sufficient power for endothermic gasification reactions. The sample is placed on a
porous quartz frit (nominal pore size: -75 +40 ym) mounted to a flange at the centre of the reactor
pipe. The furnace encloses the pipe with a heating length of about 40 cm and an isothermal
heating zone of 5 cm [12]. The reaction temperature inside the pipe is monitored by a K-type
thermocouple located 5 mm above the sample bed. The N2 and CO, are fed from standard gas
cylinders, controlled by two-stage regulators (gauge pressures of 0 — 52 bar). The gases are
introduced at the top of the reactor and controlled using mass flow controllers (MFC) (0 — 5

NL/min) (calibration is provided in Appendix C).

At the outlet of the reactor, the product gas line passes through an electronic pressure controller
(EPC), maintaining a constant total system pressure. The EPC can maintain pressures up to 80
bar, which is measured upstream using a pressure transmitter. A thermal mass flow meter
(TMFM) is used to determine the gas flow rate going through the EPC to the CO/CO, analyser.

The gases pass through the CO/CO; gas analyser, where the carbon containing gases from the
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gasification experiments are measured before being purged. In this study, only the CO content
was measured using the analyser as the analyser was not able to measure the CO, being fed

into the system (>40 000 ppm).

Table 11: Summary of equipment used (Gasification rig)

Equipment Model/description Range/precision

Furnace Carbolite® VST 12/100/200 Ambient to 1200 °C

Reactor pipe Multi-alloys® C276 alloy Ambient up to 120 bar and 1000 °C
CO/CO; analyser ADC® MGA3000 analyser NDIR: 200 to 40000 ppm

EPC Bronkhorst® type El-Press Ambient to 80 bar

Pressure transmitter Wika® Unitrans Ambient up to 120 bar

CO2 MFC Bronkhorst® type El-Flow 0 to 5.0 NL/min

N2 MFC Bronkhorst® type El-Flow 0 to 0.75 NL/min

TMFM Bronkhorst® type El-Flow 0 to 2.0 NL/min

3.5.3 Experimental procedures

A char sample of approximately 0.50 g was weighed using a Mettler Toledo laboratory scale
(Microsep®, MS-TS analytical balance) and placed onto the quartz frit in the reactor. N, was then
allowed to flow through the rig at a specified flow rate of 0.58 NL/min for 15 minutes while the
furnace was pre-heated to the desired reaction temperature. After the desired temperature had
been reached, the furnace was enclosed around the reactor. N, was still allowed to flow through

the gasification rig until the reaction temperature stabilized.

After reaching constant flow and isothermal conditions, the EPC and N2 were used to pressurize
the rig to the desired system pressure and regulated using a two-stage regulator. The data logging
of total pressure, reaction temperature, and CO concentration was then started after the desired
system pressure had been reached. After the data logging started, CO, was introduced (2.28
NL/min), and the N flow was stopped. After the desired conversions were reached and the data
logging stopped, the CO; flow was stopped while N2 was reintroduced into the gasification rig and

left running while dislocating the furnace and depressurizing the rig.
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This allowed the converted chars to be flushed with N2 while the reactor was cooled to ambient
conditions. When the reactor reached ambient pressure and temperature, the N2 flow was

stopped, and the partially reacted char was collected.
3.5.4 Coal char reactivity

The reaction rate of char gasification in a CO, atmosphere was determined in order to evaluate
the char reactivity by determining the carbon conversion. The equations used for determining the

carbon conversion are discussed in this section.
3.5.4.1 Carbon conversion

A carbon mass balance was done (Appendix B) to measure the carbon monoxide (CO)
concentration produced, because the complete conversion of the char particle can be explained
from the formation of CO (evaluated through the carbon mass balance) for more than 98.7 %
conversion. Carbon monoxide is measured because it is the primary product of the gasification
reaction [145]. Equation 3.1 shows the mathematical expression for determining the carbon

conversion.

_ YcohMW¢ (3.1)
=Ty

Where y., is the fraction of CO, n is the molar flow rate (mol/s) and MW¢ (g/mol) is the molecular
weight of carbon. Next, m , is the total amount of carbon converted at each time interval (At) and
is calculated using Equation 3.2. In this scenario, dt is equal to 3 seconds because the

measurement of the CO concentration in the reaction is being taken at intervals of 3 seconds.

t (3.2)
mc't = f rcdt
0

The instantaneous mass presented by Equation 3.2 is the amount of mass fed, attributed to the
amount of carbon present within the char sample. The carbon content introduced into the reactor

is primarily determined by the carbon content of the char sample, which consists of volatile matter,
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ash, and fixed carbon. The instantaneous mass (Equation 3.2) can also be rewritten as a

combination of Equation 3.1 and 3.2 as shown by Equation 3.3.

ti At (<
amee = | rede = S Y (o) + 1(®)
fo i=1

(3.3)

Where t (sec) is the time and r. is the carbon conversion rate. The carbon conversion is calculated

as shown in Equation 3.3.

_ Meo—Mee Mme (3.4)

X; = =
mc,o Mcharo(1 — Xashab ) Xc daf

where mc; (g) is the instantaneous carbon mass, mcnar () is the initial mass of the charred coal
sample used, Xash.db is the ash content of the char on a dry basis, and Xc qaf is the weight fraction

of carbon initially present within the char on a dry-ash-free basis.

The measured CO concentration was first calibrated as discussed in Appendix B: Equipment
calibration. The calibrated CO concentration profile of Sample F at 740 °C and 30 bar is presented
in Figure 12 for the first two and a half hours of the gasification experiment. The CO concentration
increased exponentially to a maximum of 1050 ppm after about 7 min. The CO concentration
started to decrease and stabilize around 70 min. The initial rise at the start of the run can be a
consequence of dynamic system interruptions after CO; gas flow was introduced. Reaction rates
are only shown from the point where they stabilised (around 4 % conversion) due to this initial

peak in the CO concentration.
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Figure 12: CO concentration profile with time (Sample F)

During the evaluation and comparison of the of the coal char reaction rates, the initial peak is not
considered to allow for better comparisons by assisting in the isolation of the underlying
differences or patterns between coal samples [146]. It makes it possible to comprehend the true
variations present [146]. Gouws et al. [12] also reported an initial peak in reaction rates from 0 to
3 % conversion [12]. Mengjie et al. [147] reported that the reaction rate of in-situ char exhibited
an initial increase followed by a drop. They attributed this behaviour to the gas changeover step,

the rise in graphitization degree, and the inhibitory influence of minerals [147].
3.5.4.2 Specific reaction rate

The specific reaction rate is the normalized rate of change of carbon converted (X) with the
unreacted carbon mass present in the sample [43]. Equation 3.5 presents the specific reaction

rate rs (g/g/s) based on conversion (X) [64], [130], [131].

1 dXx (3.5)

=TI _xdr

Based on literature, Equation 3.5 is used for describing char reactivity by quantifying the rate of
reacted carbon relative to the unconverted carbon mass at a specific time. Because the data is
not really continuous (every 3 seconds), a numerical approach is used to determine the derivative

term (dX/dt) in Equation 3.5, as depicted in Equation 3.6:
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ax _AX X —Xiq (3.6)
dt At t;—t;_4

From Equation 3.5, the carbon conversion can be expressed in terms of the carbon mass.
Substituting the conversion (X) in Equation 3.5 with Equation 3.4 would result in the specific
reaction rate being determined from the knowledge of carbon conversion as expressed by

Equation 3.7.

1 dX 1 dAm 1 dm 3.7
r(9/a/s) = = s &7

1-XdT Mmeco — dme, dt B mee dt

A step by step example of the calculations used is presented in Appendix C:Gasification reactivity.
3.5.4.3 Activation energy

The activation energies are estimated using the Arrhenius equation as depicted by Equation 3.8.

—Eq
k = Ae RT

(3.8)

Where k is the reaction rate constant. A represents the pre-exponential factor of the Arrhenius
equation, an empirical relationship between temperature and rate coefficient. Es (J/mol) is the
activation energy, R (8.31 J/mol-K) the universal gas constant and T (K) is the temperature. The

Arrhenius equation can also be rewritten as depicted by Equation 3.9.

Ink=1InA Eq
ne=MaA= pr (3.9)

The reaction rate Equation is depicted by Equation 3.10.

r = k[Pcol" (3.10)
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Where r is the specific reaction rate (g/g/s) and Pco is the partial pressure (bar). Equation 3.10

can be rewritten in terms of the reaction rate constant k, as shown by Equation 3.11.

po T (3.11)

Substituting Equation 3.11 into Equation 3.9, results in Equation 3.12.

r\ E, (3.12)
In <%> = lnA — ﬁ

Equation 3.12 can be further simplified

E (3.13)
— n — __a
Inr—In(Pip) =InA

The partial pressure also remains constant for all the reaction rates in this study, Equation 3.13

can also be given as Equation 3.14.

a

The In(A. P%,)) term remains constant at a constant pressure. To determine the activation energy
of the coal char samples, a plot is made of the natural logarithm of r on die y-axis and 1/T on the

X-axis.
3.5.4.4 Experimental uncertainty

Experimental uncertainty is a measure of the precision of the experiments and was calculated
using Equation 3.15. The overall uncertainty was determined by considering the variation
observed during an experimental run. The gasification experiments were repeated to determine
the confidence interval and calculated using Equation 3.15 as determined by Devore and Farnum
[148].
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(3.15)

|
I+
N

2o

Where o is the standard deviation, z = 1.96 for a 95 % confidence level [12], [148].

X G = x)? (3.16)
7= N

x; (9/g/s) represents each individual data point, x (g/g/s) is the mean of the data points and N is
the total number of data points. The standard deviation for each run was calculated using Equation

3.16. The mean of the data points was calculated using Equation 3.17.

o _ it X (3.16)
2

Using this method, an average experimental uncertainty of 0.04 g/g/s was obtained for the
specific reaction rates of the coal char samples. More information (example) regarding the
experimental uncertainty can be found in Appendix B:4. The experimental repeatability for

Sample B and C at 750 °C and 30 bar is shown in Figure 13 and Figure 14 respectively.
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Figure 13: Sample B reaction rate repeatability, 750 °C, 30 bar
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More information regarding the experimental uncertainty can be found in Appendix C:4.

3.6 Characterization analysis

The characterization analysis conducted on the coal and char samples as well as the standards

used are summarized in Table 12. The chemical and mineralogical properties were investigated

by Bureau Veritas, which included proximate and ultimate analysis, ash composition, and gross

calorific values. The internal surface area of the coal chars was investigated in-house at the North-

West University. The University of Johannesburg performed the petrographic and char

morphology analyses.

Table 12: Summary of characterization analysis and standards

Parameter/Property Standard/method used Laboratory
Proximate Analysis Bureaus Veritas
Inherent moisture (Wt%) 1ISO11722: 1999
Ash yield (wt%) ISO 1171: 2010
Volatile matter (wt%) ISO 562: 2010
Fixed carbon (wt%) By difference
Ultimate Analysis Bureaus Veritas

Carbon

ISO 12902 - CHN
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Hydrogen ISO 12902 - CHN

Nitrogen ISO 12902 - CHN
Oxygen By difference
Sulphur ISO 19579: 2006

Mineralogical Analysis Bureaus Veritas
Ash composition (XRF) ASTM D4326

Gross Calorific Value Bureaus Veritas
CV (MJ/kg) ISO 1928:2009

Surface area analysis North-West University
Micropore surface area (m?/g) D-A method
Mesopore surface area (m?/g) BET method

Petrographic Analysis University of Johannesburg
Maceral composition (Vol, %) ISO 7404 - 3
Microlithotype composition (Vol, %) 1SO74.4 -4

Char form Analysis University of Johannesburg

Char morphology ICCP fly ash

e Chemical and mineralogical properties

Proximate analysis and ultimate analyses were conducted based on the standards summarized
in Table 12.

e Structural properties: Surface area

A Micrometrics 3-Flex analyzer was used to conduct the surface area analysis. In this study, the
mesopore and mircopore surface areas were analysed. The char samples (~200 mg) were initially
dried at a temperature of 105 °C for 4 hours. The mesopore surface area was then analysed using
N adsorption isotherms and the Brunauer—Emmett—Teller (BET) method [130]. The N2 adsorption
isotherms were measured at a relative pressure (P/Po) range of 0.02 to 0.98. The mircropore
surface area was analysed using CO2 adsorption isotherms and the Dubinin-Astakhov (D-A)
method [43], [116]. The CO. adsorption isotherms were measured at a relative pressure (P/Po)
range of 0.02 to 0.98 at 273.15 K. In addition, the characters underwent a degassing process
within a vacuum environment with a pressure of 10 ymHg, at a temperature of 380 °C, for a

duration of 24 hours.
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o Petrographic properties

The coal samples were submitted to the University of Johannesburg (UJ) as +1 mm particles for
the petrographic analysis to be conducted. The +1 mm char samples were used as received. The
particles were set in epoxy resin under vacuum for 24 hours in order to make the polished blocks
required for coal petrography. As per ISO 7404-2, the hardened blocks were ground to achieve a

polished surface (final stage polish 0.05 ym OPS lubricant) using a Struers Tegraforce polisher.

The coal sample polished blocks were assessed using a Zeiss Axiolmager M2M petrographic
microscope fitted with a Fossil Hilgers system and a semi-automated point counting stage for
petrographic point count analyses at a magnification of x500 under oil immersion. Maceral and
Microlithotype analyses were conducted using the point count method. Results are reported on a
volume % (vol%) basis, and all macerals are included in the maceral count (not determined by

calculation).

The Microlithotype determination is a method used to analyse the mineral composition of coal
char particles [101]. By classifying the char area falling within the 50 x 50 field of view, researchers
can determine the progression of coal to char and ash during conversion [101]. This classification
scheme developed by Wagner [101], provides valuable insights into the transformation of carbon

particles and aids in understanding the conversion process.

e Char morphology

There is currently no standard procedure for the assessment of pyrolysis products or gasified
chars. The classification for assessing fly ash has been suggested by the International Committee
for Organic Petrology (ICCP) [101]. The chars prepared to 900 °C at 30 bar derived from coal
particles £+ 1mm in size were then assessed by adopting the fly ash classification scheme. The
carbon-particle type classification scheme was developed by Wagner [101] to show the
progression of coal to char and ash during conversion. The fly ash classification considers the
whole particle or part of the char particle if the particle is larger than 50 x 50 microns. In the current
study, most chars exceeded 100 microns, and hence the char area falling within the 50 x 50 field
of view was classified. This approach is the same approach used in the Microlithotype

determination [101].
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The char sample polished blocks were assessed using the same equipment and point count
method. There is no standard procedure for the assessment of gasified chars or pyrolysis
products. The International Committee for Organic Petrology (ICCP) suggests a classification for
assessing fly ash. The +1 mm feed coals are milled to pass 75 microns. A carbon-particle type
classification scheme was developed by Wagner [101] and used previously in a gasification and
pyrolysis research project. This scheme was developed to show the progression of coal to char

and ash during conversion.

3.7 Coall char statistical modelling procedure.

The methods used for statistical modelling will be discussed in this section. Starting with the
correlation of reactivity and temperature in Section 3.7.1, while the reactivity estimation based on

the coal and char properties is explained in Section 3.7.2.
3.7.1 Correlating reactivity with temperature.

Equation 3.17 was used to correlate the reactivities of the coal samples. A statistical model was
fitted on the reactivity data as a function of temperature and the different coal sources. The
objective of the model is to predict reactivity for different coal sources at a specified temperature,
within the experimental range. In addition, the difference in reactivity between the sources is also

quantified through the model [149]. The model in Equation 3.17 was fitted to the reactivity data:

n n
r=Bot BempX+ ) BiZit ). BiempZxte (3.17)
]= J=

where r is the reactivity, x the temperature, Z the indicator variables for the n different sources,
except source one, which is Sample F, and By, Btemp, Bj and Bj temp,Jj = 2,...n, are the regression
coefficients to be estimated from the experimental data. Note the terms Z;x are the interactions
between temperature and each of the coal sources, and the coefficients ; i..m,, represent the
effect thereof on the reactivity. The errors € are assumed to be independent and identically
distributed with mean zero and constant variance 2. The coefficients of the model are estimated

by least squares minimization. Consequently, the reactivities are obtained using Equation 3.18.
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r T
Ts = by + brempX + Z _ biz; + Z __bjtempZjx
j=2 =2 (3.18)

where 7 is the predicted value of r, and by, bremyp, bj @nd b; 1., are the least squares estimates

of the coefficients in Equation 3.17.

The utilisation of multiple comparisons of means enables the examination of differences between
means and the estimation of the magnitude of these differences [150]. The assessment of
statistical differences between means can be conducted through the utilisation of statistical tools
that are based on the fundamental principles of statistics. These tools involve the application of
confidence intervals, hypothesis tests, or a combination of both [151], [152]. Tukey’s honestly
significant difference test is one of the most common and popular techniques for pairwise tests

for variables with multiple levels [150].

The primary notion of the HSD is built on the basis of computation of the honestly significant
difference between two means utilising a statistical method [150]. The procedure provides the
true difference between two means at a specified confidence level [153]. Therefore, the difference
in reactivity between every pair of coal sources at average temperature will be assessed through
the Tukey HSD tests. The R?values are also specified, as well as the parity plots of the observed
versus predicted values in Section 5.2. The R? value is an indication of how well the model
explains the variation in the reactivities. Further elaboration as well as an example can be found

in Appendix F.1.

Coetzer el al. [154] used a similar model for a robustness study for a mixture and normal process
variables. The optimisation of the Lurgi fixed bed dry bottom gasification process was conducted
by dual response surface methodology [154]. This involved the implementation of response

surface modelling and robustness analysis on the selected process variables [154].

3.7.2 Correlating reactivity with coal and char properties.

3.7.2.1 Statistical regression analysis

The primary goal of our statistical regression analysis is to uncover the correlations between
various coal properties and reactivity at different temperatures. For simplicity and cost-

effectiveness, focus has been placed on proximate analysis as it provides a fundamental
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characterization, offering a comprehensive understanding of the link between coal quality and
reaction rate. This grouping was specifically selected to consider volatile matter, carbon content,

inherent moisture and fixed carbon with known relationships with reactivity. [4], [10], [116].

Moving beyond proximate analysis, the investigation delves into ultimate analysis, aiming to
unravel the elemental composition of coal, specifically carbon, hydrogen, nitrogen, sulphur, and
oxygen. The ultimate analysis grouping was selected because it is also an elementary
characterization of coal, despite being less done and more expensive than the proximate analysis.
Traditionally the ash yield included in this grouping is not part of the ultimate analysis. It has been
chosen here since the sum of carbon, hydrogen, nitrogen, oxygen, sulphur, moisture and ash
yield is equal to one (100 wt %) [99], [149].

A maceral grouping was also selected, with a focus on significant properties related to organic
compounds like vitrinite, inertinite, and liptinite, allows for quantification and differentiation. It is
essential to investigate the role of vitrinite, liptinite, and inertinite in coal reactivity in order to
comprehend the gasification kinetics [23], [102]. Char morphology was also considered, and
based on literature the physical structure and surface characteristics that influence coal reactivity

a grouping was selected [127], [150].

Further, the catalytic effects of CaO, CaO/g coal and alkali index on coal reactivity was explored,
acknowledging their potential influence during gasification [114], [116], [151]. Additionally, the
Si/Al ratio was investigated to find a potential correlation with coal reactivity and offering valuable
insights for optimising combustion processes [110], [152]. The Si/Al ratio is also indirectly included
in the alkali index. The total reactives of the coal samples were also taken into account in this
investigation, as they provide insight into the samples' gasification potential. The higher the
reactivity, the greater the gasification potential [16], [153]. These properties were investigated
individually and presented differently, since there is only an interest in the relationship between
these individual variables and reactivity. For this reason, a contour plot is presented and no

sensitivity analysis has been conducted.

The micropore and mesopore surface areas were also investigated based on findings reported in
literature [132], [135]. From the data, no clear relationship was found between reactivity and
surface are. Error! Reference source not found. (a) shows the relationship between reactivity
and the micropore surface area. Error! Reference source not found. (b) shows the relationship

between reactivity and the mesopore surface area. From these data points, there is no clear
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relationship between the surface areas of the samples and their respective reactivities. For this

reason, no grouping was done, and the statistical correlation was not evaluated further.
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Figure 15: (a) Relationship between reactivity and micropore surface area. (b) Relationship between reactivity and
mesopore surface area.

3.7.2.2 Sensitivity analysis
The sensitivity plots were generated using the correlated reactivity at 740 °C as this is the

“average temperature” used in this study. Consider one variable with seven values. The data

points of the variable are listed in ascending order as shown by Equation 3.14.

x1 = highest value
X1 > Xy > Xg > Xg,> Xg > Xg > Xg x, = middle point (3.14)

x7 = lowest value

The difference of each point (x1, X2, ..., X7) from the middle value (x4) is then taken to obtain the

delta values.

Axl =X1— Xy

sz =Xy — Xy

(3.15)

Ax4=x4_x4=0

AX7 = X7 — Xy
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The list of delta values/ changes from the middle value, result in the centre point being zero
(Middle point of new data). Now consider another variable with values (z,, z,, ..., z;). Furthermore,
assume that variables x and z form a composition where the sum of there values adds up to 100%
for each point i.e., x; + z; = 100,1 = 1,2, ...,7. Now the predicted values are obtained from the
model for each value of x, while the values of z are adjusted to ensure the sum of the values

remain 100% for each point. That is,

z; = 7,(100 — x;)/(100 — x,) (3.16)

where x, and z, are the middle values for the two variables. Plotting the predicted values against
the delta values for x yields the sensitivity plot. This is also referred to as a trace plot. For example,
the predicted reactivity was plotted against changes of fixed carbon, while the values of inherent
moisture, volatile matter and ash yield were adjusted to ensure the sum of the components add
up to 100% for each point. This procedure was followed for all the models that is a function of

compositional variables.

Reactivity was estimated as a function of the coal and char properties. Equation 3.17 was used

for this purpose [148].

y = :Btempx‘|'.81Pl'i""'i':gnf)n"'g (3.17)

where vy is the reactivity, x is temperature,P; is the proportion of the specific property of the coal,
and ¢ is the error term which is assumed to be independent and identically distributed with mean

zero and constant variance o2. The predicted values are obtained using Equation 3.18;

n
yzbtempx-l'z. 1bij (318)
]=

where y is the predicted value of y, and bj, bi.my, are the least squares estimates of the
coefficients in Equation 3.17. The coefficients of the model are displayed in Section 5.2. The
calculation procedure together with an example is summarized in Appendix F.2. To better explain
the above groupings as well as the relationship between the variables and reactivity, sensitivity

plots were generated as given in Section 5.2.
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Chapter 4: Coal and char characterization

results.

The proximate, ultimate, CV and XRF analysis results are discussed in Section 4.1. The
petrographic analysis results (microlithotype and macerals) are summarized in Section 4.2,
followed by the char morphology results in Section 4.3. Finally, the surface area analysis is given

in Section 4.4.
4.1 Chemical properties

Section 4.1.1 contains the CV, proximate and ultimate analysis results of the coal and coal char
samples. Section 4.1.2 contains a summary of the XRF analysis of the coal samples used in this

study.
4.1.1 Proximate and ultimate analysis

The proximate, ultimate analysis and gross calorific values of the parent coal and their respective
chars are presented in Table 13 and Table 14 respectively. These coal samples are all Medium

Rank C bituminous coals.

The inherent moisture content of Samples C, E and G are all in the lower range (3 wt% - 3.5 wt%).
Samples A, B and F contain larger amounts (4.4 wt% - 4.7 wt%) of inherent moisture, with Sample
D consisting of the highest moisture content. The inherent moisture contents reported here are
slightly higher than the value reported by Mgano et al. [47], and within the same range as reported
by Henning et al. [2]. Mgano et al. [47] and Henning et al. [2] both investigated typical Highveld

coal samples, showing good agreement.

Sample A shows the lowest ash yield, and Sample E the highest. The ash yields of the coal
samples are within the expected range of 15 - 30 wt% as reported by several authors for South
African Highveld coal [2], [16], [47]. It is clear from the parent coal properties that these are low-
volatile (18 — 24 wt%) and high-ash (> 22.5 wt%) coals [16].
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Table 13: Coal chemical properties.

Sample A B C D E F G

Proximate Analysis (wt % a.d.b.), Bureau Veritas Testing and Inspectors South Africa
Inherent moisture (ISO11722: 1999) 4.4 4.4 3.5 5.3 3.1 4.7 3.4
Ash yield (1ISO 1171:2010) 225 27.8 342 257 41.0 29.6 393
Volatile matter (1SO 562: 2010) 237 222 216 229 188 215 20.2

(by calculation) 494 456 407 461 371 442 37.1
Gross Calorific Value (MJ/kg)
CcVv (1SO 1928:2009) 227 207 189 20.7 164 192 16.9

Fixed carbon

Ultimate Analysis (wt % a.d.b.), Bureau Veritas Testing and Inspectors South Africa

Carbon (ISO 12902 - CHN) 58.7 53.3 484 54.0 428 504 443
Hydrogen (1SO 12902 - CHN) 3.0 25 2.7 2.6 22 25 1.9
Nitrogen (1SO 12902 - CHN) 1.5 1.4 1.2 1.4 1.1 1.3 1.3
Oxygen (by difference) 9.1 9.0 8.3 10.1 8.2 8.7 8.1

Sulphur (1SO 19579: 2006) 0.8 1.8 1.7 0.9 1.7 1.0 1.7

Sample A shows the highest fixed carbon and volatile matter content, while Samples E and G
have the lowest fixed carbon contents, with Sample E also containing the least amount of volatile
matter. The fixed carbon and volatile matter contents of these samples are within the expected
range as reported by other authors [2], [16], [47]. When comparing the coal and char properties,
it was clear that the char carbon content increased by 10 — 20 wt% after coal pyrolysis. The
increase in carbon contents is generally similar to those observed in the literature for Highveld
coal derived chars [16], [47], [94], [97].

In Table 14, the proximate and ultimate analysis results show only small amounts of inherent
moisture and volatile matter present in the char samples when compared to those of parent coal
samples (Table 13). Henning et al. [2] reported inherent moisture ranging from 0.6 to 1 wt %, ad
for Highveld coal samples. The remaining traces of inherent moisture are likely due to the moisture
adsorption characteristics of the coal samples as explained in the study of moisture adsorption

and desorption characteristics of South African coals by Campbell et al. [154].
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Table 14: Char chemical properties.

Sample A B C D E F G

Proximate Analysis (wt % a.d.b.), Bureau Veritas Testing and Inspectors South Africa

Inherent moisture (ISO11722: 1999) 0.9 0.7 0.6 0.7 0.5 1.1 0.8

Ash yield (1ISO 1171: 2010) 29.7 325 429 315 50.8 419 395

Volatile matter (1SO 562: 2010) 1.8 1.3 1.0 2.1 1.1 24 20

Fixed carbon (by calculation) 676 655 555 657 476 546 57.7
Gross Calorific Value (MJ/kg)

CcVv (1SO 1928:2009) 232 225 175 221 150 16.8 19.2

Ultimate Analysis (wt % a.d.b.), Bureau Veritas Testing and Inspectors South Africa

Carbon (1ISO 12902 -CHN) 68.2 ©66.3 554 665 482 564 593
Hydrogen (1SO 12902 - CHN) 0.2 0.1 0.0 0.1 0.0 0.1 0.1
Nitrogen (1SO 12902 - CHN) 1.0 1.1 0.8 1.0 0.7 0.8 0.8
Oxygen (by calculation) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sulphur (1SO 19579: 2006) 0.8 1.5 1.6 0.6 1.6 1.1 0.9

A volatile matter content of 4.47 wt. %, dry basis (db) has been reported by Komarova et al. [132]
for a brown coal char sample. The amount of volatile matter in the coal char sample exhibits a
relatively higher amount in comparison to other studies. Brown coals are known to possesses
significant quantities of volatile matter as a result of its poor quality, specifically with regards to its
lignite content [155]. Mafu et al. [153] conducted a CO; gasification study on biomass coal blends
and their effect on coal gasification reactivity. From the proximate analysis of the coal char, lower
amounts of volatile matter (0.6 wt %, db) were reported. Other authors have reported volatile
matter contents in the range of 1.1 to 1.4 wt %, db for South African Highveld coal chars [2], [16],
[47].

The coal samples were weighed before and after the pyrolysis process, as summarized in
Appendix D (Table 39) in order to obtain the mass loss. The difference in moisture and volatiles
between the coal samples have been added to obtain the percentage mass loss (moisture and
volatiles). Figure 16 depicts the mass loss observed due to the pyrolysis process compared to
the difference in volatile matter and moisture observed in the proximate analysis of the coal and

char samples. The mass loss during the pyrolysis process is generally lower than the differences
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observed between the coal and char samples. Zeng and Fletcher [74] investigated the effects of
pressure on coal pyrolysis and char morphology and they observed a general decrease in mass

loss with an increase in pressure.

Similarly, the mass loss observed during the pyrolysis process is lower when compared to the
proximate analysis results [100]. This can be explained to the pyrolysis process being conducted

at 30 bar and the proximate analysis at atmospheric pressure.
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Figure 16: Change in moisture and volatiles after charring and mass loss after pyrolysis

Figure 17 shows the difference in carbon content between the parent coal samples and the coal
char samples on a dry ash free basis. The coal char samples reported in Figure 16 were obtained
by pyrolysis at 900 °C and 30 bar for 30 min. Sample A showed the smallest (16.9 wt % dry-ash
free basis (daf)) increase in carbon content, and Sample G showed the highest (19.7 wt % daf)
increase in carbon content. Mgano et al. [43] reported a 17.4 wt % daf increase in carbon content
after pyrolysis for Highveld coal. Mgano et al. [43] charred for 30 min at a different temperature
and pressure of 950 °C and 87.5 kPa respectively, and the changes in carbon content are within
the same range. Gouws et al. [12] reported an increase in carbon content of 17.1 to 18.9 wt %
daf. The range reported by Gouws et al. [12] for Highveld coal is within the same range as

depicted in Figure 17. Gouws et al. [12] charred at 950 °C and atmospheric pressure for 2 hours.
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Figure 17: Carbon content of coal and char samples dry ash free basis

The hydrogen content within the coal char samples decreased on average by 3.7 wt %. Compared
to literature, the decrease in hydrogen content is as expected [12], [43]. The hydrogen content of
the coal itself can vary depending on the type of coal (e.g., lignite, bituminous, anthracite) [97].
The presence of more hydrogen-rich compounds in coal can lead to higher reactivity and faster
reaction rates [97].

From literature, large amounts of oxygen within the coal particles convert into gaseous phase
oxygen during pyrolysis, with only an insignificant amount of oxygen remaining within the coal
char samples [161]. From the ultimate analysis of the coal char sample, it is clear that there is a
negligibly small amount of oxygen remaining within the char samples. Compared to other studies
done on Highveld coal chars, there is an insignificant amount of oxygen remaining within the coal

char after pyrolysis [12], [43].

The results obtained from the proximate and ultimate analysis before and after pyrolysis
corresponds to the results obtained by Gouws et al. [12] and Mgano et al. [43] of Highveld coal

samples.
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4.1.2 Ash composition (XRF)

The results of the XRF analysis of the parent coal samples are reported as elemental oxides in
Table 15.

Table 15: Parent coal ash composition

Sample A B C D E F G
XRF, Bureau Veritas Testing and Inspectors South Africa (wt %) (L.O.l. free basis)
Al203 26 22 27 24 21 27 21
CaO 8.9 6.9 3.8 9.8 2.9 3.8 6.4
Cr203 0.0 0.0 0.0 0.0 0.1 0.0 0.1
Fe20s 3.1 7.1 7.6 4.2 8.6 8.5 6.5
K20 0.6 0.6 0.8 0.7 1.3 0.8 0.9
MgO 24 2.0 1.0 2.3 1.0 1.0 1.9
MnO 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Na20 0.3 0.2 nd 0.3 0.1 0.0 0.1
P20s 1.1 0.7 0.4 0.7 0.2 0.4 0.3
SiO- 49 56 53 52 60 52 56
TiO; 14 1.2 1.6 14 1.1 1.6 1.2
V205 0.0 0.0 0.0 0.0 nd 0.0 0.0
ZrO; 0.1 0.1 0.1 0.1 0.1 0.1 0.1
BaO 0.3 0.2 0.1 0.1 0.1 0.1 0.1
SrO 0.4 0.3 0.1 0.3 0.1 0.1 0.2
Zn0O 0.0 nd nd nd nd nd nd
SOs 6.6 7.3 4.0 5.2 3.6 4.2 5.6
Alkali Index 4.6 6.4 5.6 5.9 7.1 5.3 8.1

From these results (Table 15) it is clear that the samples consist of high amounts of Si and Al
containing species. Several authors have reported similar findings for bituminous high-ash yield
coals [15], [43], [44], [92]. High amounts of quartz and kaolinite minerals have been reported in
coals with high amounts of Si and Al [92], [43].

Sakawa et al. [94] introduced an alkali index as a means to quantitatively assess the catalytic
capabilities of mineral matter. The alkali index can be mathematically expressed as the division
of the total mole fractions of alkali compounds by the total mole fractions of acid compounds
present in the ash, then multiplied by the ash content found in the coal sample as depicted by
Equation 4.1 [94].
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Fe,03 + Ca0 + MgO + Na,0 + K,0 4.1)

. — 0,
Alkali Index = ash (wt %) x Si0, + A0,

The alkali index of the coal samples is reported in Table 15. Numerous researchers have
confirmed a strong association between gasification reactivity and the alkali index [87], [162],
[163]. Specifically, an increase in the alkali index corresponds to a heightened catalytic impact
[87], [162], [163].

Table 16 contains the Si and Al content as reported by Wang et al. [112]. As discussed in Section
2.2.2.1, there is a general increase in ash fusion temperature with an increase in Si and Al content.
Flow temperatures ranging from 1200 to 1520 °C have been reported for coal ash with SiO; values
ranging from 30.7 to 44.8 wt % and Al>Os values ranging from 18.02 to 36.5 wt % [112]. Wang et
al. [112] found that large amounts of SiO, and Al.O3 are unfavourable to ash fluidity as the ash
fusion temperatures are extremely high. The SiO, content is slightly lower that the values reported

in Table 15, and the Al203 content reported by Wang et al. [112] is within the same range.

Table 16: Si/Al ratios compared to literature [112].

Sample SiO2 / wt % AlLbOs / wt % Fusion temperature (°C)
Co0 44 .8 36.3 1520
CO1 41.5 36.5 1465
C02 44.3 34.9 1345
Co3 31.7 19.4 1200
Co4 31.8 18.0 1247
Co05 30.7 27.8 1340

Average SiO2 and Al;O3 values of 43.5 % and 35.9 % respectively had fusion temperatures in the
range of 1476 °C [112]. The Si/Al ratios reported by Wang et al. [112] are relatively close as
opposed to the ratios reported in this study. Generally, it is the fluxing elements which lower the
ash fusion temperatures (AFT) [112], the alkaline index is thus a good metric to consider. As can
be shown in Sample G (8.1), a greater Alkali Index denotes a larger concentration of alkali oxides
(Na20 and K:0). By serving as catalysts in coal gasification, these alkali metals can speed up the
gasification reaction rates [164]. Process efficiency may be enhanced by a quicker conversion of

coal into syngas as a result of this enhanced reactivity [165].
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High alkali content, however, can also result in problems with operation, including sticky deposits
forming or slagging problems inside the gasifier, which can make maintenance more frequent and
complex [164]. Samples with a lower Alkali Index, such as A (4.6), may exhibit a slower
gasification rate due to the reduced catalytic action of alkali metals [112]. Even while it could be
less effective, this could help the gasifier by lowering slagging and fouling, which could lead to a

more stable operation over time [166].

There is a large Si to Al ratio reported for all the coal samples in this study. Al and Si are acidic
components, whereas the basic components are fluxing constituents [167]. These ratios are
favourable to lower ash fusion temperatures, increasing the likelihood that mineral matter
blockage of pores could have occurred [112]. The pyrolysis experiments were conducted at 900
°C, which is significantly lower than the ash fusion temperatures reported by Wang et al. [112].

This indicates that no melting takes place, leave the pores accessible.

The high amounts of quartz and kaolinite mineral grains in the ash of the parent coals are in
agreement with Si and Al content as reported in the XRF analysis Table 15 [63], [92]. High pyrite
values of 10 vol% and higher as well as fine clays were observed in some of these samples as
summarized in Error! Reference source not found. (Appendix E) [168], [169]. Yang et al. [170]
reported that the there is a decline in apparent activation energies with higher amounts of pyrite.
When comparing the apparent activation energies to the pyrite content, Samples B and E have
the highest activation energies and a lower pyrite concentration. Sample G has the lowest
activation energy and a higher pyrite concentration, indicating that the relationship between pyrite

and activation energy does however need to be investigated further.

The sulphur content in coal can be categorised into two types: organic sulphur and inorganic
sulphur. Among the several forms of inorganic sulphur, pyrite (FeS2) is commonly recognised as
the predominant form of inorganic sulphur [170]. The study conducted by Sujanti and Zhang [171]
examined the impact of inorganic substances on the behaviour of coal oxidation. The findings of
their research indicated that the presence of pyrite facilitated the process of spontaneous
combustion in coal [171]. Table 17 contains the pyrite values obtained from the maceral analysis

as well as the iron (lll) oxide identified in the XRF analysis.
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Table 17: Comparison between Pyrite and Fe203 from XRF analysis

Sample A B C D E F G
FeS,/ Pyrite (vol %) 3.1 11.3 4.1 6 11.6 8.9 6.9
Fe203 (wt %) 3.1 7.1 7.6 4.2 8.6 8.5 6.5

The oxidation of pyrite has been observed by a series of combustion studies, revealing the

chemical sequence depicted by Equation 4.2 [172].

FeS, - FeS » FeO — Fe;0, = Fe,04 (4.2)

The mineral pyrite (FeS:) undergoes a transformation into troilite (FeS), followed by oxidation to
generate wusite (FeO) [172]. The process of troilite to wusite transformation entails the oxidation
of a oxysulfide melt (Fe-S-O) to an iron oxide melt (Fe-O) [172]. The crystallisation of magnetite
(Fes04), or more precisely, FeO-Fe;03 occurs following the process of full oxidation of the oxide
melt [172]. Under conditions of elevated oxygen concentrations, magnetite undergoes oxidation
to form hematite (Fe2O3) [172]. No evidence of abnormality (extensive cracking/ fissuring/

zonation) or heat affect was determined in these samples.

4.2 Petrographic properties

The organic microscopic components of coal are divided into three groups: Vitrinite, inertinite and
liptinite [100] and will be discussed in Sections 4.2.1. Section 4.2.2 discusses the microlithotype

composition focusing on the monomaceral, bimaceral and trimaceral groups.
4.2.1 Maceral content

The vitrinite, inertinite and liptinite content of the coal samples is summarized in Table 18 and
indicates a difference in the distribution of the macerals and minerals between the seven samples.
The vitrinite, inertinite and liptinite values have been reported in a mineral matter free (mmf) basis,
with the mineral matter of each sample listed separately for reference. The samples are

dominated by inertinite, followed by vitrinite and liptinite, typical for South African Highveld coals
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[12], [43], [157]. The vitrinite content of these 7 samples are low, classifying these coals as low
vitrinite coals [55], [101]. Samples E and G have the lowest vitrinite content as well as the highest
proportions of observable mineral matter. Gouws et al. [12] reported vitrinite values of 23.5 and
10.5 vol % mineral matter free (mmf) basis for the Seam 2 and 4 Highveld coal samples [12].

Roberts et al. [98] reported a similar vitrinite content for a Witbank #4 coal sample.

Table 18: Parent coal maceral content

Sample A B C D E F G
Maceral group analysis (vol %) (mmf)
Vitrinite 17.7 21.1 27.0 241 13.8 22.6 17.2
Inertinite 75.6 75.4 65.5 70.6 80.0 67.1 79.7
Liptinite 6.70 3.50 7.50 5.30 6.20 10.3 3.10
Maceral group analysis (vol %) (including mineral matter)
Mineral matter 28.6 40.0 35.7 32.0 50.5 41.2 50.7

The liptinite values are within the expected range for Highveld coal when compared to other
Highveld coal samples. The liptinite values are within the same range as to the values reported
by Gouws et al. [12], which is 4.9, 5.1 and 11.5 vol % (mmf). The high mineral matter values can
be correlated with the ash yields reported in Table 14. There are some differences between the
ash yield. The temperatures involved in preparing ash samples for traditional (proximate) analysis
[167], as well as combustion temperatures [108], [173], cause crystallographic and chemical

changes in the minerals in coal.

Table 19 contains a summary of the maceral group analysis. The vitrinite values consist mainly
of collodetrinite as shown in Table 20. These values are similar to those reported by Roberts et
al. [98] for a Witbank coal sample. Gouws et al. [139] reported a similar Inert Semifusinite content
as shown in Table 19. Sporinite dominates the liptinite values, ranging from 1.5 to 5.1 vol%.
Roberts et al. [98] reported similar sporinite values of 3 and 4 vol% for Witbank and Waterberg

coals respectively.
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Table 19: Maceral group analysis

Sample A B C D E F G
Maceral group analysis (vol % including mineral matter)
Vitrinite Telinite 0.0 0.2 0.2 04 0.2 0.2 0.0
Collotelinite 4.4 2.9 7.3 4.9 1.9 3.5 2.1
Vitrodetrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Collodetrinite 7.6 8.6 9.5 10.1 4.7 9.1 5.8
Corpogelinite 0.0 0.4 0.0 0.6 0.0 0.4 0.4
Gelinite 0.6 0.6 0.4 0.2 0.0 0.0 0.2
Pseudovitrinite 0.0 0.0 0.0 0.2 0.0 0.0 0.0
Inertinite Fusinite 54 2.1 2.6 4.3 1.3 3.0 1.5
Reactive Semifusinite 1.7 1.5 1.3 24 04 0.6 0.8
Inert Semifusinite 30,2 243 192 274 212 187 227
Micrinite 0.0 0.2 0.2 0.9 0.6 0.0 0.4
Macrinite 0.0 0.0 0.0 04 0.0 0.0 0.0
Secretinite 0.8 1.0 1.5 0.9 0.2 2.2 0.6
Fuginite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reactive Inertodetrinite 0.2 0.6 0.7 0.8 0.9 0.2 0.4
Inert Inertodetrinite 157 155 166 109 150 148 199
Liptinite Sporinite 4.8 2.1 3.3 3.4 2.7 5.1 1.5
Cutinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Resinite 0.0 0.0 0.2 0.2 0.0 0.2 0.0
Alginite 0.0 0.0 1.3 0.0 0.4 0.8 0.0
Liptodetrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Suberinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Exsudatinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mineral matter Clay 4.2 4.6 9.1 9.7 9.3 85 166
Quartz 157 182 205 112 269 203 214
Pyrite 3.1 11.3 41 6.0 11.6 8.9 6.9
Carbonate 54 59 2.0 5.1 2.7 3.1 5.2
Other 0.2 0.0 0.0 0.0 0.0 04 0.6

The mineral matter observed in these coal samples are dominated by quartz particles. The main
crystalline phase in quartz consists of SO, and authors have reported SiO; accounting for as high
as 95.64 % of the quartz structure [174]. The S;O2 content of the coal samples in Table 15 can be
related to the amount of quartz seen in the mineral matter content Table 19. The higher mineral

matter contents can be indicative of lower reaction rates [139], [140].
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4.2.2 Microlithotype composition

The maceral analysis provides information about the maceral and mineral composition of the
samples. The microlithotype analysis on the other hand, enables the determination of the maceral
and mineral associations. For example, does the vitrinite occur as a monomaceral, or is it

intimately associated with semifusinite, or inertodetrinite. The microlithotype data is reported in
Table 20.

Table 20: Microlithotype analysis results

Sample A B C D E F G
Microlithotype analysis (vol % mmf)

Monomaceral 44.8 33.5 37.8 42.2 30.8 311 44.8
Vitrite 11.9 4.7 16.2 14.0 10.0 11.7 10.1
Semifusite 31.6 31.4 21.9 35.1 31.7 25.0 29.9
Fusite / secretinite 3.0 5.1 5.7 3.7 5.4 5.2 6.0
Inertodetrite 10.4 10.9 11.5 5.0 10.0 9.7 9.7
Inert Inertodetrite 10.7 8.8 9.8 7.5 15.8 11.7 13.4
Liptite 0.0 0.4 0.7 0.3 0.0 0.4 0.5

Bimaceral 16.5 16.5 15.5 17.6 9.3 13.5 16.5
Vitrinertite vit+sf/f 7.2 7.3 7.1 5.3 1.8 3.2 4.6
Vitrinertite vit+int 7.5 5.1 4.1 6.8 7.2 4.0 5.5
Clarite vit+lipt 15 1.5 1.7 1.9 1.4 1.6 0.5
Durite int+lipt 0.0 16.4 14.2 13.3 11.3 18.6 14.7

Trimaceral 4.8 4.6 4.1 4.6 2.3 4.3 4.8
Duroclarite (V>1, L) 9.0 5.8 4.4 6.5 4.5 6.9 4.6
Clarodurite (I>V, L) 4.8 2.6 2.4 0.6 0.9 1.6 0.5
Vitrinertoliptite (L>1, V) 2.4 0.0 0.3 0.0 0.0 0.4 0.0

Microlithotype analysis (vol % mineral matter)
Carbominerite 14.4 12.3 17.5 9.8 11.3 16.7 14.4
Rock 19.5 33.1 25.1 25.8 46.3 34.4 19.5
Reactive maceral content (vol % mmf)
Total reactives 60.6 50.5 571 59.4 57.9 56.7 52.8

The samples are dominated my monomacerals; implying that the particles typically contain one
maceral (>95% of a single maceral) within a 50 x 50 um microscopic field of view. The samples
are dominated by semifusinite (25 - 31 vol% mmf), followed by inert inertodetrinite or combinations

of semifusinite and inertodetrinite, which is characteristic of South African Highveld coals [175].
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A comprehensive petrographic investigation and characterisation of coals is necessary to
accurately anticipate their combustion and gasification behavior, especially at temperatures below
1100°C [176]. To achieve this objective, it is necessary to identify and quantify all the individual
components, such as mono-macerals, bimacerals, tri macerals, and carbominerites [176], [177].
These components can exist in various forms, including reactive and non-reactive macerals and
minerals. It is crucial to evaluate the reactivity of even low reflecting inertinites during combustion
conditions, as they have been found to be chemically reactive [176], [177]. Additionally, the
examination of diverse mineral-maceral interactions, particularly in coals with high mineral matter

content, must take into account their composition [178].

Bimaceral durite (combination of inertinite plus liptinite) accounts for 11 — 16 vol% (mmf) for all
samples. In terms of char formation, the liptinite is highly reactive and will devolatilize quickly
when heated, providing porosity to the inertinite particle [101]. Typically, durite is comprised of

inertodetrinite and liptinite, and may include fine clays and quartz grains [91], [101].

The microlithotype data also reflects the trends observed in the maceral data. As shown in Table
20, Sample E has the greatest proportion of rock particles. Samples A and G have the lowest
portion of rock, but is not the lowest in terms of carbominerite at 14.4 vol% carbonate-organic
associations. Sample C contains the highest carbominerite proportion and Sample D the lowest.
Everson et al. [48] reported a carbominerite composition of 30 % for a high ash coal from South
Africa. Carbominerite compositions ranging from 15 — 20 vol % (mineral matter basis) have been
reported for South African Highveld coal samples [179]. These values are within the same range

as the carbominerite compositions reported in Table 20.

In terms of total reactive maceral content (vitrinite, liptinite and reactive inertinite), Sample A has
the greatest proportion of reactive macerals, and Sample B contains the lowest proportion.
Henning et al. [157] investigated coals from the same seams as Gouws et al. [12] and reported
similar maceral compositions with total reactive macerals ranging from 68.8 to 71.5 vol%. Gouws
[12] investigated three South African Highveld and reported a higher total reactive macerals

content in the range of 80 to 85 vol % (mmf).

Du Toit et al. [48] and Mgano et al. [43] reported lower reactive maceral contents of 47 and 45.6
vol % respectively. Du Toit et al. [48] and Mgano et al. [43] investigated typical Highveld coal
samples reporting similar maceral compositions. Roberts et al [98] reported a reactive maceral

content of 34 vol % for a Witbank coal sample, which is significantly lower. According to Table 20,
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the reaction rates are expected to be higher than those of the coal samples examined by the other

authors due to the increased total reactive maceral content.
4.3 Char morphology

The char morphology analysis indicates some differences between the chars in terms of their
conversion behaviour at 900 °C and 30 bar as shown in Table 21. All samples are dominated by
mixed dense (16 — 37 vol% mmf) and inertoid / dense particles (22 — 36 vol% mmf). There are
more unreacted minerals compared to partially reacted minerals, and no amorphous or
neoformed minerals were determined. The absence of amorphous or neoformed minerals
suggests a lack of high-temperature alteration indicating that the reaction temperature falls below

the melting point of the minerals [180].

Table 21: Char morphology results

Sample A B C D E F G
Char morphology (vol % mmf)
Honeycomb thin 3.1 0.9 1.8 2.1 1.3 0.3 3.5
Honeycomb thick 7.2 21 4.2 7.7 2.6 2.7 4.1
Mixed porous 378 218 26.6 17.4 13.4 10.3 34.7
Mixed dense 18.1 37.3 16.4 25.6 23.3 29.5 26.2
Inertoid/dense 227 252 36.7 29.0 32.3 34.8 22.4
Fusinoid 2.2 21 5.2 2.4 3.0 5.3 4.1
Oxidised/cracked 8.9 10.6 9.1 15.8 241 171 5.0
Consumed 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cenospheres 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Coal 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Char morphology (vol % mineral matter)

Unreacted minerals 8.1 13.0 23.3 10.2 34.5 18.7 211
Carbominerite 20-60 8.9 111 10.8 11.0 9.6 12.0 10.2

Partially reacted minerals >60% 1.0 5.9 8.8 1.8 9.6 3.5 2.7

From Table 21, the porous honeycomb (thin and thick) particles account for 11 vol% or less and
no cenospheres were determined, which is expected due to the maceral composition and size of
charred particles. [181]The small proportion of honeycomb indicates that the chars did not
develop extensive porosity during pyrolysis. Samples A and D had the highest proportion of

honeycomb chars, while Samples B, E and F contain the lowest percentages.
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Samples A and G contain more porous (honeycomb + mixed porous) particles than the other
samples. However, there does not appear to be a correlation between the proportion of porous
chars and reactive maceral composition as indicated in Figure 18. From the first plot in Figure 18,
(Honeycomb + mixed porous) contains the honeycomb thin, honeycomb thick and mixed porous
components as summarized in Table 21. A second plot (Honeycomb + mixed porous + mixed
dense) includes the mixed dense components. The results confirm the complexity in char
conversion. The R? values indicate that the data is not a good fit, but it did increase with the added

mixed dense data as indicated by the orange plots in Figure 18.
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Figure 18: Reactive Macerals and Porous Char (vol% mmif)

Cracking during conversion is related to the particle’s response to heat and the release of water
vapor and other volatile gases [182]. From the maceral analysis (Done at the University of
Johannesburg) there does not appear to be an obvious relationship between cracking and
maceral type, as most particles are dominated by inertinite. Sample E has the highest proportion
of cracked particles (24.1 vol% mmf), and G the least (5 vol% mmf). The maceral and
microlithotype data indicate that these samples are almost identical, so it is uncertain why the

char morphology differs so much.

There were no discernible zonation or transitional regions found after careful examination of both
the particle margins and the particle as a whole. This intriguing observation implies that the entire
particle reacts at the same time, with no distinct areas reacting at different times. In other words,

there is a lack of evidence supporting the presence of a shrinking core model.
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The lack of zonation or transitional regions suggests that the reaction process is uniform and
homogeneous throughout the particle. This discovery calls into question the traditional notion of
localized reactions within particles, in which a core region reacts first and the outer layers
gradually join in. Instead, the reaction appears to take place uniformly across the entire particle,

indicating that the reaction is taking place in the chemically controlled regeim.

Figure 19 provides illustrative examples that visually depict the absence of zonation or transitions
within the particles to support this observation. These images serve as empirical evidence that
supports the concept of whole-particle reaction. This discovery has implications for the
understanding of particle reactivity, as well as for other fields such as materials science,
chemistry, and catalysis. More research into the underlying mechanisms and factors influencing
this simultaneous reaction behaviour is needed to shed light on this phenomenon and its potential

applications.

Figure 19: ISl and MSH mixed porous char particles; no evidence of zoning or transitional char formation.

Table 21 summarizes the study's char morphology results, which also include mineral matter. The
table shows that sample E has the highest proportion of unreacted minerals when compared to
the other samples. Sample E has previously been identified and concluded to be an outlier in

terms of mineral content, implying that it differs significantly from the other samples in the study.

Furthermore, the table shows that carbominerites, a subset of char morphology, exhibit relatively
consistent characteristics across samples. Samples A and E, in particular, are located at the lower

end of the range within this group, indicating a similarity in carbominerite composition. The specific

Page | 90



properties or features that define this carbominerite range may vary depending on the study and

characterization methods employed.
4.4 Surface area analysis

The micro and mesopore surface areas are summarized in Table 22.

Table 22: Micro- and mesopore surface areas

Parameter Method/ A B C D
technique  (gh) (daf) (db) (daf) (db) (daf) (db)  (daf)

Micropore D-A
SA (m?/g) method 240 310 256 355 217 330 274 369

Mesopore BET-
SA (m?g) method 1.33 1.72 6.40 8.87 2.16 3.28 11.3 15.2

Parameter Method/ E F G
technique  (p) (da) (db) (daf)  (db)  (daf)

Micropore D-A
SA (m?/g) method 210 355 201 292 221 365

Mesopore BET-
SA (m?/g) method 12.3 20.9 27.3 39.7 0.60 1.00

The micropore surface areas determined using the D-A method is within the expected range for
unreacted Highveld coal chars [12], [43]. Miocropore surface areas of 211 to 284 m?/g (mmf) have
been reported for South African coals [12]. Mgano et al. [43] reported a similar micropore surface
(249 m?/g daf) area for a South African Highveld coal using the D-A method. The micropore
surface area reported for Sample F is the closest to the micropore surface areas reported by
Mgano et al. [43]. Gouws et al. [12] reported micropore surface areas ranging from 211 to 284

m?/g (mmf).

The differences between the mesopore surface areas are however significantly larger when
compared. Samples A and G have the smallest mesopore surface areas. Sample E on the other
hand, has the largest mesopore surface area and also the smallest micropore surface area. The
mesopores provide passage for the reactant gases to reach the active carbon sites within the
micropores for gasification to take place [183]. Gouws et al. [12] reported mesopore surface areas

similar to those of samples in Table 20 ranging from 14.4 to 18.2 m?/g at 9 bar. The mesopore
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surface area of Sample F is however an outlier when compared to the other samples and the

results reported by Gouws et al. [12].

The higher pore volume allows for increased accessibility for the reactant gas, resulting in
increased reactivity [12], [43], [131]. Previous studies have reported that there is a significant
decrease in surface area in the later stages of conversion [96]. The decrease in surface area can
be attributed to the mineral matter melting point of the coals being below the operating
temperature [96]. Tremel and Spliethoff [96] found that an increase in pyrolysis temperature
resulted in a decrease in observed reactivity. The pyrolysis temperature was increased from 1200
to 1600 °C and the observed reaction rate decreased from 3.8 to 1 (dm/dt-m)[10*s™"] [96]. The
melting mineral matter likely blocked the micropore structure, due to the operating temperatures
being higher than the ash fusion temperature. The surface area of the coal after pyrolysis is

important as this is the starting point for char conversion [96].
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Chapter 5: Results and discussion

The results of the coal gasification reactivity experiments are discussed in Section 5.1. The
reactivities of the seven coal char samples are compared to each other and to the literature. The
results show that the coal char samples exhibited varying reactivity levels. The comparison to the
literature also highlighted the importance of understanding the specific characteristics of each

coal sample in predicting its reactivity.

Section 5.2 discusses the correlations between reactivity and coal properties. Looking at the
connections between proximate analysis, ultimate analysis. CaO, Si/Al ratio, alkali index, maceral
composition, and reactivity in more detail. These correlations reveal the relationship between coal
and coal properties. These correlations provide valuable insights into the factors that contribute
to the combustion characteristics of coal and can inform strategies for optimising combustion

processes in industrial applications.

Section 5.3 discusses the difference in predicted reactivity and experimental reactivity of the coal
sources. Tukey Honest Significant Differences (HSD) tests were also performed to assess the

difference between the coal samples.

Section 5.4 contains a summary of the findings from the statistical model and its comparison with

the experimental reactivities.
5.1 Coal char gasification reactivity.

The experimental specific reaction rates obtained for all the coal char samples will be discussed
in this section. The specific reaction rates were determined using the experimental procedures

and methods discussed in Section 3.5.

Figure 20 shows the specific reaction rates at 730 °C and 30 bar for the seven coal chars. When
observing the general trends of the specific reaction rates depicted in Figure 20, Sample A has
the highest reaction rate at 730 °C. Sample E had the lowest recorded reactivity throughout when
compared to the other samples. The reactivities showed a constant increase with conversion for
most of the samples. Samples F and E however, showed a constant increase up to 11 %
conversion, followed by a decrease in reactivity. Mgano et al. [43] observed similar trends,

showing a general increase in reactivity followed by the stabilization of the reaction rates around
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16 % conversion.
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Gouws et al. [12] reported a constant increase in reactivity up to 20 %

e S

A
f'ﬁﬂmf ‘«f’uﬁ

e <= RS
. Ny ' \&g QMA‘\};,”[‘)HI‘\J\%F’FQ‘%F{!{)&& eﬂ“l@h’

0.02 0.04 0.06 0.08 0.1 0.12
Conversion

—A —C D —F —B —G E

Figure 20: Coal char reactivity of all samples at 730 °C and 30 bar

Figure 21 shows the reaction rates of the seven coal chars at 740 °C and 30 bar. The reactivities

of the char samples showed a steady increase with conversion at 740 °C. At 740 °C, Sample A

showed the highest reaction rate while Sample G showed the lowest specific reaction rate.

Samples A, C, D, E and G all showed a general increase in reactivity with an increase in

conversion. Samples D, E and F show similar reaction rates with conversion. The reaction rates

increased with an increase in temperature (730 °C to 740 °C). An average increase in reaction

rate of 0.33 g/g/s has been observed at 8 % conversion.
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Figure 21: Coal char reactivity of all samples at 740 °C and 30 bar

Figure 22 illustrates the specific reaction rates of all the coal chars at 750 °C and 30 bar with
conversion. The specific reaction rates showed an increase with an increase in carbon
conversion, except for Samples E and F. Sample F showed a decrease, while Sample E remained
constant with an increase in carbon conversion. At 750 °C, Sample A showed the highest specific
rate and Sample G the lowest reaction rate with conversion. The reaction rates exhibit a greater
increase in the average reaction rate (seven samples) when the temperature rises from 730 °C
to 740 °C (at 8 % conversion; rayerage,730:.c = 1.01 X 10° O Traverage 740°c = 1.44 x 10°), as opposed to
the increase found when the temperature rises from 740 °C to 750 °C (at 8 % conversion;
Faverage,740°c = 1.44 X 10° {0 laverage, 750°.c = 1.83 x 10°). At the higher temperature, the specific reaction
rate trends more closely represent the trends reported by Gouws et al. [12]. They observed a

consistent increase in reactivity, subsequently moving towards a state of stability.
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Figure 22: Coal char reactivity of all samples at 750 °C and 30 bar

Table 23 contains a summary of all the specific reactivities of the coal chars at the three different
temperatures and 8 % conversion. Sample A and E had the lowest reaction rate at 730 °C, but
showed a significant increase in reaction rate when compared to the other samples at 740 and
750 °C. Sample F initially has a higher reaction rate compared to that of Sample E, but becomes
similar around 7 % conversion. When considering the reaction rates from 7 % conversion,

Samples E and F have similar reaction rates at 750 °C as shown in Figure 22.

Table 23: Specific reactivities at different temperatures

r x 10° (g/g/s)

Sample
730 °C 740 °C 750 °C Ea (kJ/mol)
A 0.87 1.41 1.65 248 + 25
B 0.88 1.21 1.80 307 + 36
C 1.10 1.39 1.66 176 + 27
D 1.36 1.83 2.43 195 + 30
E 0.87 1.41 1.65 273 + 38
F 1.00 1.19 1.42 149 + 32
G 1.24 1.58 2.10 224 + 36

A general observation can be drawn from Table 23, i.e., the fact that Sample D always had the

highest reaction rate followed by Sample G. These two samples also had some of the highest
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estimated activation energies due to the increase in reaction rates observed with an increase in

temperature.

Lee et al. [128] found that chars produced from bituminous coals of the ASTM ranks can display
significant differences in reactivities. By comparing coal samples obtained from the same region
will provide the best basis for this study. The CO; gasification studies that are available for South
African Highveld coal have all been conducted using a CO» and N2 mixture as reactant feed [12],
[43], [157]. There is a significant increase in reaction rate up to higher CO; partial pressures of

around 10 bar, after which only a small increase in reaction rate is observed [12], [43], [96], [157].

Gouws et al. [12] reported a reaction rates of 9.1 x 10° g/g/s at 780 °C for the 5N char at 10 %
conversion. to 5.51 x 10° g/g/s at 855 °C for South African Highveld coals. These experiments
were conducted at 30 bar using a reactant feed consisting of 30 % CO» and the balance N..
Mgano et al. [43] conducted experiments at the 30 bar and a reactant concentration of 50 % CO..
He reported a reaction rate of 1.25 x 10° g/g/s at 10 % conversion and 780 °C. Henning et al.
[157] conducted gasification experiments on five coal chars at 900 °C and 20 bar and reported
specific reaction rates ranging from 2.2 x 10* to 3.9 x 10* g/g/s. The results of these studies

confirm the typical reaction rates of South African Highveld coals.

The inherent reactivity of the Highveld char from seam 4, as utilised by du Toit et al. [48], is nearly
indistinguishable from the reactivity of the 4N char investigated by Gouws et al. [12]. This outcome
is anticipated because both of these chars were derived from seam 4 Highveld coals and
subjected to devolatilization at an identical temperature of 950°C. When the partial pressure is
increased to a level over 2 bar, the estimated reactivity of the char utilised by du Toit et al. [48] is
lower than the reactivity of 4N [12]. Gouws et al. [12] attributed the difference in reactivity due to

variations in the total quantity of active sites.

Roberts and Harris [40] reported a reaction rate of 1.6 x 10° g/g/s at 10 % conversion for an
Australian coal char (15.2 bar and 900 °C). The inherent reactivity of char D exhibited the highest
level among all samples, which can be attributed to its elevated volatile content [40]. The intrinsic
reactivity of both chars were comparable to the reactivity of the chars used in this study [116].
This could be attributed to the resemblance in the properties of the coals and the ensuing chars.
The NL char exhibited a relatively high mineral matter content of 21 % on a dry basis and a high
inertinite content of 58 % on a mineral matter-free basis [116], which is comparable to the chars

utilised in this investigation.
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Figure 23 shows the Arrhenius plot of the specific reaction rates at 730, 740 and 750 °C as well
as the trendline of the data points. The activation energies in Table 23 are calculated using the
equations presented in the figure. All the trendlines fit relatively well with the data points, accept
for Samples B and E. For Samples B and E, the specific reaction rates at 740 °C are outliers.
Figure 23 clearly indicates that Samples A and C have the highest reaction rates and that there

are large differences between the reaction rates of the coal char samples.
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Figure 23: Arrhenius plot — Activation Energy calculation

The activation energies align closely with the values documented in the literature for comparable
coal chars. Kajitani et al. [44] found activation energies ranging from 222 to 251 kJ/mol for the
gasification of a bituminous coal char at CO, partial pressures up to 7 bar, using the LH model.
Du Toit et al. [48] employed the Langmuir Hinshelwood (LH) equation to interpret the reactivity of
a Highveld Seam 4 char when subjected to CO; gasification at atmospheric pressure. The
activation energy was determined using Arrhenius plots. The reported values include an activation
energy of 243 + 32 kd/mol. Zhang et al. [184] employed the LH model to characterise the reactivity
of a bituminous coal char at low pressure conditions (2 to 5 bar) during CO; gasification. They

observed activation energies within the range of 131 to 280 kJ/mol. Gouws et al. [16] reported
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activation energies of 268 kJ/mol, 218 kJ/mol and 211 kJ/mol for the 2N, 4N and 5N coal samples

respectively.

5.2 Relationship between variables

Section 5.2.1 explores the correlation among reactivity, proximal analysis, and temperature. The
results of the association between ultimate analysis and reactivity is discussed in Section 5.2.2.
An examination of the correlation between reactivity and macerals is discussed in Section 5.2.3.
The correlation between the level of reactivity and the physical structure of char is examined in
section 5.2.4. The correlation between reactivity and the parameters of coal ash, including CaO,
CaO x Ash yield, Si/Al, and alkali index, is examined in Section 5.2.5, 5.2.6, 5.2.7 and 0. Section
5.3 discusses the variation in reactivity among different coal sources, followed by Section 5.4

which contains a summary of the results obtained in Section 5.2.
5.2.1 Relationship between coal reactivity and proximate analysis.

A regression model was fitted for reactivity as a function of temperature and proximate analysis
using the reactivity data for the different sources as depicted in Figure 24. The model has a R? =
0.78 and standard error equal to 0.186 x 10-° g/g/s or 13 %. Temperature and proximate analysis
have significant effects on the reactivity. The reactivities were correlated using the regression
model as discussed in Section 3.7. The coefficients obtained from the model fitted to the data are
listed in Table 24. The estimated coefficients can now be used to obtain the predicted reactivity
for any combination of values of the components and temperature in the model. The parity plot
indicates that the model fits the data well and can be used to interpret the effect of the variables

on reactivity and for the prediction of reactivity.
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Figure 24: Observed versus predicted Reactivity as a function of proximate analysis.

The proximate analysis coefficients determined are summarized in Table 24 using least squares

minimization. The p-value is the probability that the effect of the variable on reactivity is only by

chance and the smaller the value, the more significant is the effect. For example, the volatile

matter p-value is equal to 0.039, which indicates that the variable is significant on a 3.9 % level

i.e. there is a 96.1 % confidence that the variable has a true effect on reactivity. Usually, a p-value

smaller than 0.05 is used as a reference for statistical significance.

Note the proximate analysis is a composition, and therefore the coefficients should not be directly

interpreted. However, the effect of temperature on reactivity, which is an independent variable,

can be assessed from the estimated coefficient. Specifically, for every 1 °C increase in

temperature, the reactivity increases by 0.037 x 10-° g/g/s on average for the proximate analysis.

Table 24: Proximate analysis coefficients and errors

Variables Coefficients Standard error P value
Temperature 0.037 0.005 1.27-10%
Inherent moisture - 0.545 0.104 8.49-10°%
Ash yield - 0.286 0.037 9.36:10°7
Volatile matter -0.180 0.080 3.90-10°
Fixed carbon - 0.255 0.049 8.90-10°0°
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The trace plot is generated for the interpretation of the effects of the components on reactivity.
The trace plot is depicted in Figure 25 for 740 °C, as this is the average temperature used in this
study. The trace plot depicts the predicted reactivity as a function of the change of the component
from its centre point to its minimum and maximum value, while the other components are kept
constant at a fixed ratio to each other. For example, from Figure 25, it is observed that the x-axis
ranges from -9 to 9.5 in ash yield units to accommodate the change in ash yield from its minimum
to its maximum value. Therefore, given an average ash yield of 31%, the range on the x-axis goes
from 22% to 40% ash yield. Note the ranges of the components are different. The trace is
constructed in such a way such that the centre point of each component is equal to zero, and the
x-axis depicts the deviation from the centre point for each component, simplifying the

interpretation of the relationships between the reactivity and the components.

From Figure 25, it can be observed that reactivity has a positive correlation with volatile matter
and fixed carbon. Several authors have reported that coal char reactivity is directly proportional
to volatile mater content [93], [185], [186], and that there is an increase in reactivity with an

increase in volatile matter.
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Figure 25: Sensitivity analysis plot of predicted reactivity as a function of the changes in the proximate analysis

Casal et al. [171] found that there is an increase in reactivity with an increase in volatile matter
due to the lower activation energies [16], [47], [171]. From the trace plot, volatile matter seems to

have the largest positive effect on reactivity as indicated by the steep slope. Several authors have
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confirmed a positive relation between carbon content and reactivity [2], [16], [47].A similar positive

relation between reactivity and fixed carbon is observed although less pronounced.
5.2.2 Relationship between reactivity and ultimate analysis of coal

A regression model was fitted for reactivity as a function of temperature and ultimate analysis
using the measured gasification reactivities of the different sources. Figure 26 shows a plot of the
experimental observed reactivities and the predicted reactivity as a function of the ultimate
analysis and temperature. The parity plot indicates that the model fits the data well and can be

used to interpret the effect of the variables on reactivity and for the prediction of reactivity.

Observed reactivity (g/g/s)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Fitted reactivity (g/g/s)

Figure 26: Observed versus predicted reactivity as a function of ultimate analysis.

The coefficients in Table 25 were used to determine the reactivities as discussed in Section 3.7.2.
The model has a R? = 0.90 and standard error equal to 0.124 or 8.55 %. Temperature and ultimate

analysis have significant effects on the reactivity.

The coefficients of the regression model determined are summarized in Table 25. The p-value is
the probability that the effect of the variable on reactivity is only by chance and the smaller the
value, the more significant is the effect. For example, the carbon p-value is equal to 3.72 x 105,
which indicates that the variable is significant on a 0.0037 % level i.e., there is a 99.99 %
confidence that the variable has a true effect on reactivity. According to the p-values listed, the

ash yield has the largest effect and nitrogen has the smallest effect on reactivity.
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The reactivities were correlated using the model as discussed in Section 3.7.2. The coefficients
listed in Table 25 can be used to obtain the predicted value of reactivity for any combination of
values of the components and temperature in the model. The effect of each variable and

component on reactivity can only be interpreted through the trace plots.

Table 25: Ultimate analysis coefficients and errors

Variables Coefficients Standard error P value
Temperature 0.038 0.003 3.90-10%
Inherent moisture | - 0.484 0.122 1.56-10%3
Ash yield -0.280 0.026 7.95-10%8
Carbon -0.318 0.052 3.72:10%
Hydrogen 0.707 0.049 1.02-10°1
Nitrogen 0.738 0.836 3.94-10
Oxygen -0.200 0.104 7.76-10°%2
Sulphur -0.435 0.132 5.79-10%

The trace plot depicted in Figure 27 is generated for the interpretation of the effects of the
variables listed in Table 25 on reactivity. The trace plot depicts the predicted reactivity as a
function of the change of the component from its centre point to its minimum and maximum value,
while the other components are kept constant at a fixed ratio to each other. For example, from
Figure 27, it is observed that the carbon ranges from -7.5 to 8 wt % carbon to accommodate the
change in carbon content from its minimum to its maximum value. From Figure 27, ash yield and
carbon content show the largest changes from the centre point. This indicates large variations in

carbon content and ash yield between the coal samples.

Figure 27, reactivity shows a positive correlation with hydrogen, oxygen and carbon content.
Niksa [172] conducted an investigation on the prediction of the devolatilization behaviour of coal
based on its ultimate analysis. She determined that the rates of oxygen and hydrogen are optimal
for the selectivity coefficient between separation and condensation into char links. This is because
oxygen encourages the formation of crosslinks, while the addition of hydrogen to broken bridge
fragments stabilises them. Oxygen facilitates the process of crosslinking, while hydrogen atoms

hinder it by stabilising big polynuclear free radicals [172].

Page | 103



2.3

2.1

1.9

1.7

1.5

13

1.1

Predicted Reactivity

0.9
0.7

0.5
-10 -5 0 5 10

Change from centre point

Ash Yield Carbon Hydrogen Moisture

Oxygen — Nitrogen e Sulphur

Figure 27: Sensitivity analysis plot of predicted reactivity as a function of the changes in ultimate analysis.

Sun et al. [99] observed that inertinite had a significant reactivity towards hydrogen under elevated
temperatures, resulting in higher reactivities. Coals that have a high hydrogen content contain a
significant amount of vitrinite and exinite [173]. Keboletse et al. [173] concluded that an increase

in hydrogen content leads to an increase in reactivity.

During coal combustion, oxygen reacts with carbon to produce CO; and heat [44], resulting in the
positive slopes observed in Figure 27 between reactivity and carbon/ oxygen content. Higher
oxygen content results in higher reaction rates and more heat due to the reaction between oxygen
and carbon [44]. Steam gasification uses oxygen as a catalyst to promote chemical reactions
between coal and other reactants like steam or water [47], [61]. Oxygen speeds up coal reaction

by breaking down complicated hydrocarbon structures [44].

A significant decrease in reactivity is observed with an increase in Sulphur and Moisture content.
During combustion, sulphur in coal oxidizes to form sulphur dioxide (SO2) and this process
consumes oxygen and competes with the combustion of carbon, thereby reducing the overall
combustion efficiency [174]. As a result, coal with higher sulphur content tends to exhibit lower
combustion reactivity and may require additional air or oxygen for complete combustion [174].

The presence of moisture in coal has an adverse impact on its higher heating value (HHV), a
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metric used to quantify the energy content per unit mass [175]. Moisture reduces the effective
energy content by absorbing heat during combustion [175]. Ashes and moisture-rich coal are

indicative of inferior quality coal.
5.2.3 Relationship between reactivity and Maceral group analysis

e Excluding minerals

A regression model was fitted for reactivity as a function of temperature and the maceral group
analysis excluding the minerals using the coefficients in Table 28 and the reactivity data for the
different sources as depicted in Figure 28. The model has a R? = 0.63 and standard error equal
to 0.244 x 10° g/g/s or 16.83 %.

Observed reactivity (g/g/s)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 24
Fitted reactivity (g/g/s)

Figure 28: Observed versus predicted reactivity as a function of temperature and maceral group (mmf).

From the p-values it can be noted that temperature and all three maceral components have
significant effects on the reactivity. The vitrinite and inertinite components have the largest effects

on reactivity. The trace plot is depicted in Figure 29 for an average temperature.

Page | 105



Table 26: Maceral coefficients and standard errors (mmif).

Variables Coefficients Standard error P value
Temperature 0.038 0.007 2.17-10°
Vitrinite - 0.262 0.050 6.12:10°
Inertinite - 0.268 0.048 3.50-10°
Liptinite -0.235 0.054 4.37-10*

The trace plot depicts the predicted reactivity as a function of the change of the component from
its centre point to its minimum and maximum value, while the other components are kept constant
at a fixed ratio to each other. From Figure 29, it is observed that the x-axis ranges from about -9
to 9 to accommodate the change in the components. Reactivity increases with an increase in

liptinite content and decreases with an increase in inertinite content.
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Figure 29: Sensitivity analysis plot of predicted reactivity as a function of the changes in the maceral group
components excluding minerals.

Vitrinite shows a slight positive effect on reactivity. Liptinite shows a much larger positive effect
on reactivity. Inertinite showed a negative effect on reactivity. Inertinite rich coal normally has a
low reactivity [22], as confirmed by the negative effect shown in Figure 29. The inhibiting effect of
inertinite is due to the presence of dense chars, specifically inert Inertodetrite [1]. Several studies

have confirmed that liptinite is the most reactive maceral [23], [47], [102]
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5.2.4 Relationship between reactivity and Char Morphology analysis

excluding mineral matter

A regression model was fitted for reactivity as a function of temperature and the morphology
analysis excluding minerals, using all the data for the different sources as depicted in Figure 30.
The model has a R? = 0.90 and standard error equal to 0.124 x 10° g/g/s or 8.55 %.

Observed reactivity (g/g/s)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Fitted reactivity (g/g/s)

Figure 30: Observed versus predicted reactivity as a function of temperature and char morphology (mmf).

The coefficients determined for the char morphology analysis properties excluding mineral matter

is summarized in Table 27. The properties listed have significant effects on reactivity.

Table 27: Char morphology coefficients and standard errors (mmf).

Variables Coefficients Standard error P value
Temperature 0.038 0.003 3.90-10®
Honeycomb thin -0.916 0.138 1.67-10°
Honeycomb thick -0.389 0.048 2.14-10%
Mixed porous -0.202 0.028 6.77-10°
Mixed dense -0.212 0.029 5.87-10°
Inertoid dense -0.153 0.031 2.91-10*
Fusinoid - 0.999 0.146 1.21-10°
Oxidized cracked - 0.366 0.031 2.19-10®
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The trace plot is depicted in Figure 31 for an average temperature of 740 °C. The trace plot depicts
the predicted reactivity as a function of the change of the component from its centre point to its
minimum and maximum value, while the other components are kept constant at a fixed ratio to
each other. From Figure 31, it is observed that the x-axis ranges from about -16 to 16 to
accommodate the change in the components. Reactivity increases with an increase in inertoid,

mixed porous and mixed dense content, and decreases with an increase in honeycomb content.

Energy (J/mol) has a positive correlation with the mixed dense results. Honeycomb results are
negatively correlated with the mixed dense and fusinoid results. Mixed porous are negatively

correlated with mixed dense, inertoid dense and oxidized cracked results.
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Figure 31: Sensitivity analysis plot of predicted reactivity as a function of the changes in the char morphology
components.

5.2.5 Relationship between reactivity and CaO

Figure 32 shows the regression model fitted for reactivity as a function of calcium oxide (CaO). In
the depicted graph, the x-axis represents the concentration of CaO (calcium oxide), while the y-
axis displays the corresponding reactivity values. The model has a R? = 0.71 and standard error
equal to 0.23 x 10~ g/g/s or 15.69 %. In Figure 32 there is a positive relationship between reactivity
and calcium oxide. A distinct highlight on the graph draws attention to a specific area, marking

the 95% confidence interval. This shaded region adds a layer of statistical significance to the data
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points, indicating the range within which the true values are likely to fall. The solid black line

represents the mean value of the data.

Notably, out of the seven data points plotted, five lie comfortably around and within this highlighted
area, suggesting a consistent and reliable pattern. The positioning of these points within the
confidence interval contributes to the overall understanding of the relationship between CaO
concentration and reactivity, emphasising the reliability and accuracy of the observed trends. This
implies that reactivity increases with an increase in CaO concentration. However, the presence
of data points remote from the confidence interval raises questions about potential outliers or

external factors influencing the reaction.
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Figure 32: Correlation between reactivity and CaO content (wt%).

Table 23 contains the significant variables and coefficients of the model. For every 1 °C increase
in temperature, reactivity increases by 0.038 x 10 g/g/s. The p-values indicate that the variables

are significant (p-value < 1). The p-value of CaO is equal to 4.57-10°2, which indicates that the
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variable is significant on a 4.57 % level i.e. there is a 95.4 % confidence that the CaO has a true

effect on reactivity.

Table 28: Regression model for reactivity and CaO coefficients and p-values.

Variables Coefficients P value
Temperature 0.038 1.00-10*
CaO 0.043 4.57-107

In their study, Liu et al. [115] have identified that CaO is a key chemical compound that has a
significant impact on the AFTs (ash fusion temperatures) of coal samples. The coal AFT is
reduced to a minimal degree by the presence of alkaline oxides (CaO, MgO, and Fe>03). Mao et
al. [109] examined the impact of including a CaO catalyst on the slagging characteristics and ash
sintering temperature. They observed a decrease in ash sintering temperature with an increase
in CaO [109]. The impact CaO on the slagging characteristic is however, contingent upon the

quantity of CaO, reaction circumstances, and the inherent properties of the selected coal [109].

The increase in reactivity aligns with the decline in ash sintering temperature [176]. Coals with
high reactivity tend to liberate volatile materials more easily during combustion, resulting in an
increased combustion rate [42]. The combustion of high-reactivity coals can lead to elevated
temperatures within the combustion zone [138]. Increased combustion temperatures can affect
the process of sintering in ash, potentially lowering the temperature at which ash begins to sinter
[176].

5.2.6 Relationship between reactivity and CaO x Ash Yield

The coefficients of the regression model for reactivity as a function of CaO x Ash yield is shown
in Table 23. Multiplying the concentration of CaO (calcium oxide) by the ash yield in coal analysis
serves to calculate the amount of CaO present in the ash fraction of the coal, resulting in a better
comparison between samples. The rationale for this multiplication is to quantify the contribution
of CaO to the overall ash content. By determining the concentration of CaO and multiplying it by
the ash yield, you get the amount of CaO that is present in the ash component of each coal. The
model has a R? = 0.87 and standard error equal to 0.16 x 10 g/g/s or 11 %. The p-value of CaO
x Ash Yield is significant on a 0.02 % level i.e. there is a 99.98 % confidence that the variable has

a true effect on reactivity.
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Table 29: Regression model for reactivity and CaO x Ash yield coefficients and p-values.

Variables Coefficients P value
Temperature 0.038 1.00-10*
CaO x Ash Yield 0.043 2.00-10*
Temperature (CaO x Ash Yield) 0.110 5.13-102
(CaO x Ash Yield)? 0.247 6.10-1073

Figure 33 shows the observed reactivity as a function of calcium oxide (CaO) x Ash vyield.
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Figure 33: Correlation between reactivity and CaO x Ash Yield.

It is important to note the standard error here, which is in reactivity units, is smaller than the
standard error observed from the relationship between reactivity and CaO. Figure 34 shows a
contour plot for the predicted reactivity as a function of CaO x ash yield and temperature. From
this figure, there is a larger increase in reactivity at higher CaO x Ash concentrations, confirming

the catalytic effect of CaO.
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Figure 34: Contour plot showing the predicted reactivity as a function of changes in CaO x Ash Yield and
Temperature.

5.2.7 Relationship between reactivity and Si/Al

Figure 35 shows the observed reactivity as a function of Si/Al, using all the data for the different
sources at 740 °C. The model has a R? = 0.74 and standard error equal to 0.22 x 10° g/g/s or
15.56 %.
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Figure 35: Correlation between reactivity and Si/Al ratios.
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From the data in this study, lower Si/Al ratios, boosts reactivity catalytically up to an Si/Al ratio of
2.3 where the inhibiting effect is observed. It is however, recommended that more data points
should be used to confirm the results obtained. The inhibitory impact becomes evident at higher
Si/Al ratios. This inhibitory effect occurs because the increased presence of silicon can block
active sites on the catalyst, reducing its overall effectiveness [177]. As a result, the catalytic

activity of the material decreases as the Si/Al ratio continues to rise.

He et al. [178] investigated the effects of Si and Al on Fe catalysed brown coal and found that the
activity of the Fe catalyst is improved with the increase in Si and Al content at 0.1 to 1 wt %.
Simultaneously, Si and Al inhibits the activity of Fe at higher weight percentages (> 1 wt %),

similar to the results observed in Figure 35.

Lu et al. [152] conducted active site analysis to compare a demineralized char with an Si and Al
containing char. The presence of Si and Al in the char results in a reduced number of active sites,
which directly contributes to a lower reactivity during gasification [152]. This is due to the fact that

Si and Al not only lack the ability to adsorb the gasifying agent, but also hinder the functionality of
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certain active sites and even render some carbon inactive [152]. Similar results have been
reported by Dupont et al. [179]

A contour plot of reactivity, Si/Al and temperature is presented in Figure 36. This visual
representation shows the quadratic effect observed in the correlation between reactivity and Si/Al
ratio at different temperatures. At Si/Al ratios lower than 2.10, reactivity decreases with and

increase in Si/Al. The opposite is however true for Si/Al ratios higher than 2.10.
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Figure 36: Contour plot showing the predicted reactivity as a function of changes in CaO x Ash Yield and
Temperature.

Table 30 contains the coefficients and p-values of temperature, Si/Al and Si/Al?. The quadratic
effect of Si/Al ratio is statistically significant with a p-value equal to 0.0197. The high R? value
indicates that the correlation is accurate. This indicates that the Si/Al ratio is a good variable to

consider compared to the other correlations considered in this chapter.
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Table 30: Regression model for reactivity and Si/Al coefficients and p-values.

Variables Coefficients P value
Temperature 2.08 1.00-10*
Si/Al 0.01 6.79-10"
(Si/Aly? 0.33 1.97-102

5.2.8 Relationship between reactivity and Alkali Index

Figure 37 shows the regression model fitted for reactivity as a function of the alkali index, using
all the data for the different sources at 740 °C. The model has a R? = 0.68 and standard error
equal to 0.24 or 16.26 %.
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Figure 37: Correlation between reactivity and Alkali Index.

The reactivity has a positive correlation with the alkali index. The alkali index is a metric introduced
by Sakawa et al. [108] to measure the catalytic capabilities of naturally occurring minerals in coal.

Multiple authors have verified a strong positive association between reactivity and the alkali index
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[180],[181]. This correlation suggests that minerals with higher alkali index values are more
effective catalysts for coal reactions [135]. It also indicates that the alkali index can be a reliable

indicator of a mineral's ability to facilitate chemical reactions in coal [158].

Furthermore, studies have shown that the alkali index is not only indicative of a mineral's catalytic
capabilities, but it can also provide insights into the overall reactivity of coal itself [158]. By
analyzing the alkali index of different coal samples, researchers have been able to predict the
extent to which these samples will undergo chemical reactions when exposed to certain
conditions [158],[180],[181]. Table 31 contains a summary of the coefficients and p-values of
temperature and alkali index. From the p-values it can be noted that temperature and alkali index

have a significant effect on the reactivity.

Table 31: Regression model for reactivity and alkali index coefficients and p-values.

Variables Coefficients P value
Temperature 1.99 1.00-10*
Alkali Index 0.17 9.76-107

Figure 38 shows the contour plot of reactivity, temperature and alkali index. Reactivity increases

with an increase in alkali index and temperature.
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Figure 38: Contour plot showing the predicted reactivity as a function of changes in Alkali Index and Temperature.
5.3 Difference in reactivity between coal sources

The objective of the statistical regression analysis is to quantify the difference in reactivity
between the different coal sources, and the relationship between reactivity and temperature.
Figure 39 shows the parity plot for the model. From Figure 39, it is observed that there exists a
strong positive but linear trend of reactivity with increasing temperature for the different sources.
Note that a p-value smaller than 0.05 indicates that the variable has a significant effect on the

response at significance level 5 %, or there is 95% confidence that the variable affects the
response.

Tukey Honest Significant Differences (HSD) tests were performed to assess which sources are
different with respect to their reactivity. Equation (3.13) was used to quantify the differences in
reactivity between the coal sources.
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Figure 39: Parity plot of observed reactivity versus model predicted values.

The predicted reactivities of all seven coal char samples are plotted in Figure 39 for the different
temperatures (730, 740 and 750 °C). Due to the significant interaction between temperature and
the coal sources, the slopes of the regression lines are different in Figure 40 for the different coal
sources. The average reactivity difference between the predicted and experimental reactivities
was determined to be 0.085 x 10° g/g/s over all three temperatures. Theoretically, the relation
between reactivity and temperature is described by the Arrhenius equation. The linear relation
used for the predicted reactivities as shown in Figure 39, is still an acceptable approximation,
given the relatively small temperature interval that was used [136]. Further details regarding the

differences in experimental and predicted reactivities are provided in Appendix F.
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Figure 40: Predicted reactivities as a function at 730, 740 and 750 °C.

Figure 41 shows the difference in reactivity between the coal sources (only two samples
compared as indicated by the legend). The regression model output indicates that the reactivity
of Sample C is significantly higher (0.26 g/g/s higher) compared to that of Sample F at average
temperature. Also, reactivity of Sample A is significantly higher (0.49 g/g/s higher) compared to

that of Sample F at average temperature. See Appendix F for more information.

The reactivity of each pair of coal sources is compared individually. For example, there are seven
coal sources (A, B, C, D, E, F and G), which are then compared (A vs. B, A vs. C, and B vs. C).
Each comparison focuses on the difference in reactivity between the two sources being
compared. For each pairwise comparison, a 95% confidence interval (Cl) is also calculated. The
confidence interval provides a range of values within which the true difference in reactivity is
expected to lie with 95% confidence. This means that if you repeated the experiment many times,
95% of the calculated confidence intervals would contain the true difference in reactivity between
the two sources.

The magnitudes of the differences in the reactivity between the sources together with the 95%
confidence interval of the differences (pairwise comparisons) can be observed from the output as
shown in Figure 41. The data points are labelled to the right as shown. If the confidence interval
for the difference in reactivity between two coal sources does not include zero, it means that the

difference between the sources is statistically significant at the 5% significance level. If the interval
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contains zero, it suggests that the difference in reactivity could be zero, meaning the two sources
might not be different in terms of reactivity. If the interval does not contain zero, you can be

confident that there is a real difference between the two sources.
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Figure 41: Differences in mean levels of source samples

The middle dot presents the mean difference in reactivity between the two sources compared
(e.g., G — F = reactivity of Sample G minus the reactivity of Sample F). This is an indication of the
extent to which the reactivities of the two samples differ. Data points than includes the zero/ centre
point (on x-axis) indicates that there is statistically little to no difference in the reactivities as seen
with Samples B and E, at a 5 % significance level. There are however several samples that show
statistically significant differences in reactivity with at least 95 % confidence. These are the

confidence intervals that do not contain zero.

The comparison between Samples A and E is one example showing a statistically significant

difference in reactivity. The confidence interval of A - E is on the positive side not including the
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zero/ centre point, therefore the reactivity for coal source A is significantly greater than the
reactivity for coal source E. The comparison between Samples E and C (E — C) is on the negative

side, indicating that the reactivity for coal source C is significantly larger than that of E.
5.4 Results and Discussion Summary

From the summary in Table 32, it is observed that the best model for prediction is reactivity as a
function of the temperature and ultimate analysis of the coal, which has the highest R? value and
smallest standard error of the model. The char morphology is a difficult and complex analysis, it

is thus recommended to use the relation between reactivity and ultimate analysis [103].

Table 32: Summary of R? values and standard errors of the regression models.

Variable R? SE of Fit
Proximate analysis 0.78 0.19
Ultimate analysis 0.90 0.12
CaO 0.71 0.23
CaO x Ash yield 0.87 0.16
Si/Al ratio 0.74 0.22
Alkali index 0.68 0.24
Maceral group analysis, excluding minerals 0.63 0.24
Char morphology analysis 0.90 0.12

Table 33 contains the predicted reactivities as a function of temperature, as well as the specific
reactivity results from the gasification experiments. As shown, the predicted reactivities are
relatively close to the reactivities obtained through the gasification experiments. There are some
differences between the predicted and experimental reactivities, but the results are relatively close
at 730 and 750 °C. The deviation between the experimental and estimated reactivities is smaller
than 6 % (0.09 x 10° g/g/s) with an average difference of 3 % (0.04 x 10° g/g/s).
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Table 33: Reactivity estimations based on temperatures.

r x 10° (g/g/s)

Sample 730 °C 740 °C 750 °C
Experimental Estimated | Experimental Estimated | Experimental Estimated
A 1.36 1.34 1.83 1.88 2.43 2.41
B 0.88 0.84 1.21 1.30 1.8 1.76
C 1.24 1.21 1.58 1.64 21 2.07
D 1.16 1.10 1.34 1.44 1.83 1.78
E 0.87 0.92 1.41 1.31 1.65 1.70
F 1.10 1.10 1.39 1.38 1.66 1.66
G 1.00 0.99 1.19 1.20 1.42 1.41
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Chapter 6: Conclusions and recommendations
6.1 Introduction

Seven bituminous (medium rank C) coal samples were obtained in lump size and representative
coal char samples with a particle size range of -150+75 ym was prepared using mechanical size
reduction and devolatilization in a N2 atmosphere. From the characterization analysis carried out
on the coals it was found that the parent coal is rich in inertinite and consists of a high ash content.
The chemically controlled regime was determined as the temperature range where there are no
mass transfer limitations, and determined to be below 750 °C. The coal char reactivities obtained
at 730, 740 and 750 °C show significant differences. Some of the coal samples have higher
reactivities compared to others, depending on the temperature used during gasification. All the
gasification experiments were conducted at a pressure of 30 bar in a CO, atmosphere and
conversions up to 12%. From the parent coal analysis and conversion results obtained, the

reactivities were determined.

This chapter provides the conclusions drawn from the experimental results and discussed in
Section 6.2 and 6.3 addresses the contributions to science and the recommendations for further

studies respectively.
6.2 Conclusions

From the characterization analysis of the coal samples, it was found that these coal samples are
inertinite rich, bituminous and medium rank C samples. The reactivity of CO, gasification was
conducted under conditions in which the overall reaction rate is solely controlled by the surface
reaction. The reaction rate was exclusively dependent on the temperature and the partial pressure
of CO, under these circumstances. The reaction rate exhibited a positive correlation with

temperature, aligning with the findings commonly documented in literature.

With an increase in hydrogen concentration and CV, there was a corresponding rise in reactivity.
The tricameral group demonstrated a positive association with reactivity, in contrast to the
monomaceral and bimaceral groups, which were found to have a negative effect. Liptinite shows
a large positive relationship (For every 1-point increase in liptinite content, reactivity increased by
0.032 g/g/s) with reactivity, while vitrinite showed a small positive relation (For every 1-point

increase in vitrinite content, reactivity increased by 0.004 g/g/s). Inertinite shows a strong negative
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relation (For every 1-point decrease in inertinite content, reactivity decreased by 0.013 g/g/s).
with reactivity when excluding mineral matter. The correlation of the maceral groups with mineral
matter resulted in inertinite showing a positive relationship with reactivity. This can be explained
by the catalytic effects of some minerals. The presence of certain minerals in inertinite can
enhance its reactivity, leading to a positive relationship with reactivity when considering mineral
matter. This suggests that the catalytic effects of these minerals play a significant role in
influencing the reactivity of inertinite. Further research is needed to understand the specific

mechanisms through which these minerals interact with inertinite and contribute to its reactivity.

Reactivity showed a positive relation with mixed porous, inertoid dense and mixed dense char
characteristics. The honeycomb thin, honeycomb thick and oxidized cracked char characteristics
showed a negative relation with reactivity. The relation between reactivity and oxidized cracked

particles is similar to that of the relation between honeycomb thick particles.

From the correlations of intrinsic coal reactivity of the seven different single source coal samples
and their respective coal characteristics it was observed that the best model for prediction is
reactivity as a function of the temperature and ultimate analysis and the correlation between
reactivity and char morphology analysis of the coal samples, which both have the highest R? value
(0.90) and smallest standard error (0.12) of the model. The accuracy of this model does however
need to be confirmed by comparing the predictions of other coal samples to that of the measured
values. The relationship between reactivity and macerals can also be considered as the model
was found to be a good fit. The correlation between reactivity and maceral group analysis

(excluding minerals) showed the worst correlation (R? = 0.63) and a standard error of 0.24.

Tukey Honest Significant Differences (HSD) tests were performed to assess which sources are
different with respect to their reactivity. The magnitudes of the differences in the reactivity between
the sources together with the 95% confidence interval of the differences were determined. The
reactivity of Sample A is the highest at 730, 740 and 750 °C followed by Sample C. Samples D,
E and F have similar reaction rates at 740 °C, while samples B and G also have similar reactivities
at 740 °C. Samples B and G have similar reaction rates at 730 °C but different reactivities at 740
and 750 °C. The order of the coal sources are as follows for reactivity at an average temperature,

from greatest to smallest A>C>D>F>E>B>G.
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6.3 Contribution to existing knowledge field and science

The following contributions were made to the existing knowledge field and science:

e The systematic determination of coal char reactivity in a high-pressure CO, atmosphere in the
chemically controlled regime for South African coal chars.
o The results of this investigation can be incorporated into coal gasifier models and used to

simulate and predict the gasification of selected Highfield coal chars at elevated pressures.
6.4 Recommendations

Based on the investigations conducted and conclusions drawn in this study, the following

recommendations are made for further studies on the underlying topic:

o Other Highfield coal samples can be used to test the model predicting the reactivity as a
function of temperature and ultimate analysis as this was the most accurate model.

¢ Investigate the inhibition effects of product gases such as CO and H- to better understand the
char reactivity.

o Evaluation of the impact of mineral matter on pore development of coals from different areas.

¢ Find the correlation between reactivity and the pyrite content of the coal samples.

e Conduct correlations between individual coal properties and coal reactivity.

e Determine the ash fusion temperatures of the coal samples.

Low pressure gasification studies should also be considered and compared with the results

obtained in this study.
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Appendix A: Evaluation of operating regime

The ideal operating regime would contain no internal mass transfer limitations. In order to ensure
that there were no internal mass transfer limitations, large and small coal char particles were
gasified at the same operating conditions. The large particles were in the range of -450 +300 um,
while the small particles ranged from -150 +75 um. The specific reactivities at 750 °C and 30 bar
of these coal char particles were then compared as shown in Figure 42. The reaction rates of the
large particles and the small particles are relatively close to each other, confirming the absence

of mass transfer limitations.
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Figure 42: Reaction rate mass transfer limitations test (Sample D)

Figure 43 shows the mass transfer limitations test of Sample G at 750 °C and 30 bar. Again, the
reaction rates of the larger particles and smaller particles are relatively close. This again confirms

the absence of mass transfer limitations.
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Figure 43: Reaction rate mass transfer limitations test (Sample G)
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Appendix B: Equipment calibration

Appendix B.1: Mass flow controller (MFC)

The two MFC’s supplied by Bronkhorst High-Tech® was re-calibrated to ensure that the specific
amount of CO; is present in the total gas stream. The 1t MFC has a flow rate range of 0 to 0.75
NL/min and was calibrated for N, using a bubble flow meter with 50 ml increments. The actual
gas flow rates at certain MFC set points were monitored under atmospheric conditions as depicted
in Table 34. The set points were ranged from 0.2 to 0.7 NL/min and the actual flow rates at these

set points were measured.

Table 34: N> MFC calibration data

MFC Flow rate  Standard flow
(NL/min) (NL/min) rate (NL/min)
0,20 0,22 0,18
0,30 0,32 0,26
0,40 0,41 0,33
0,50 0,53 0,43
0,60 0,64 0,52
0,70 0,75 0,61

The measured actual flow rates were converted to flow at standard conditions (1 atm and 0°C)
using Equation C.1. The temperature and pressure at the time of calibration was 17.5 °C and 0.86

atm respectively.

. o (Tstp\( Fa C.1
Vsrp = Vo ( ;-c ) (?;p) ( )

Figure 44 illustrates the linear behavior of the calibration data and confirms that the linear
regression model is best suited for accurate data representation. The linear regression model was

used to express the MFC set point as a function of the standard flow rate.
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Figure 44: N2 MFC calibration curve
The calibration curve was used as presented in Equation C.2 to determine a specific flow rate in
conjunction with the MFC set point.

NL . (C.2)
MF Cyet point <ﬁ) = 1.1567Vsrp + 0.0025

The 2"¥ MFC has a range of 0 to 5 NL/min and was calibrated for CO. by using a bubble-flow
meter with 500ml increments. The set points were ranged from 0.5 to 3 NL/min and the actual
flowrate was then determined at each set point. The flow rates at standard conditions were

calculated using Equation C.1 and summarized in Table 35.

Table 35: CO2 MFC calibration data

MFC Flow rate Standard flow
(NL/min) (NL/min) rate (NL/min)
0,50 0,38 0,31
1,00 1,00 0,81
1,50 1,50 1,21
2,00 2,14 1,73
2,50 2,73 2,20
3,00 3,33 2,69
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The linear regression model was used as shown in Figure 45 to express the MFC set point as a
function of flow at standard conditions.
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Figure 45: CO2 MFC calibration curve
The specific flow rate in conjunction with the MFC set point is determined using Equation C.3.

NL ; C.3
MF Cygt point (%) = 1.05Vgrp + 0.18 (C.3)

The setpoint was calculated and used to ensure that a constant CO, flow rate of 2NL/min was
used for conducting all the gasification experiments.

Appendix B.2: CO Analyser

The CO analyser was calibrated using a CO calibration gas of know concentration. The CO
calibration gas was allowed to enter the system and measured using the CO analyser. The results

obtained are summarized in Table 36 and were used to create the calibration curve showed in
Figure 46.
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Table 36: CO analyser calibration data

CO, detected (ppm) CO, actual (ppm)

-231 0
-245 0
868 1000
871 1000
3539 3900
3546 3900

The actual CO concentrations were plotted against the detected CO concentrations and a
trendline was fitted to the data. This calibration curve was then used to adjust the measured CO
concentration to the actual concentration. This process was repeated throughout the gasification

experiments to ensure that the analyzers reading remains accurate.

CO analyzer calibration curve

y=1.0414x+184.34

[CO]Jdlhﬂ
3
o
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Figure 46: CO analyzer calibration curve
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Appendix C: Gasification reactivity

Appendix C.1: Carbon mass balance

Raw experimental data was obtained using a CO gas analyzer and the true concentrations
determined by using the calibration curves as discussed in Appendix B: Equipment calibration.
One random sample was chosen as an example for this section. The sample was gasified at 850
°C and 30 bar to ensure complete conversion was achieved of the sample. Figure 47 shows the

CO concentration profile of Sample A over time.
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Figure 47: Sample A CO concentration profile, 30 bar and 850 °C

The CO concentration profile of Sample A increased significantly in the first 50 min, followed by
a gradual decrease to an extent where the CO concentration was low and levelled off. The CO

concentration profile was used to determine the conversion curve as shown in Figure 48

From the measurement of the CO concentrations Figure 47, the carbon conversion was
determined. In order to determine the precise reaction rate related to the consumption or
conversion of carbon inside the char, which is undergoing a reaction with CO., the stoichiometry
of the total reaction is employed. In this particular scenario, the rate at which carbon is converted
is immediately ascertained based on the measured rate of carbon monoxide (CO) production.
The instantaneous rate of carbon conversion is determined by employing the subsequent

equation;
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Where r. is the instant rate of carbon conversion, VT is the total standard volumetric flow rate of
the product gas, Vsrp is the standard molar volume at standard temperature and pressure,
determine from Equation C.1. [CO] is the true CO concentration produced and MW(¢ is the carbon
molecular weight. Equation B.1 was then used to determine the mass of carbon fed (Amc;), which

is given by Equation B.2.
ti At [
Ame, = f redt = > [Z(Tc(ti—Q + Tc(ti))] (B.2)
to i=1

Where tis time, and At is the time interval between measurements which is 3 seconds in this case
(The CO concentration is logged every 3 seconds by the analyzer). Given that the accurate
measurement of carbon monoxide (CO) concentration is often stated in parts per million (ppm),
the conversion rate of carbon can be quantified as 10° (g/s). The total standard volume flow rate
of the product gas is converted to a total molar flow rate, as indicated by Equation B.1. From this
total molar flow rate, the molar flow rate of CO produced is determined by utilising the measured
CO concentration. Subsequently, the stoichiometric analysis of the complete CO, gasification
process is employed to transform the calculated molar flow rate of carbon monoxide (CO)

produced into the quantity of carbon that is either converted or consumed.

In the majority of applications and literature, the specific reaction rate is commonly quantified by
the ratio of the mass of carbon converted within a given time interval to the mass of carbon fed.
Consequently, the calculated molar flow rate of carbon converted is subsequently converted to
the rate of carbon conversion at any given moment by employing the molecular weight of carbon.
The carbon input to the reactor is primarily determined by the carbon content in the char sample,

which consists of volatile materials, ash, and fixed carbon.

It is apparent that in the process of char-CO, gasification, the carbon present in the char matrix
undergoes conversion to carbon monoxide (CO). The rate of this carbon conversion can be

estimated by employing Equation C.1. In order to ascertain the precise reaction rate, the carbon
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conversion is assessed by quantifying the extent to which carbon is transformed, hence serving
as an indicator of the reaction's advancement. The carbon conversion rate is quantified as the
cumulative mass of carbon transformed during a specific time span, divided by the mass of carbon
introduced into the reactor. The aforementioned expression is depicted in Equation B.3 in the

following manner.

¥ = Ame, Ame, _Mco—Mce

Mco  Mchar (1 - xash,d.b)xC,daf Mc,o

Where X is carbon conversion, mcis the initial mass of carbon fed, mchar is the mass of the char
sample, Xashdb iS the weight persentage of ash on a dry basis, Xc 4af is the weight persentage of
carbon within the char sample on a dry ash free basis. From Equation B.3, the conversion profile

was drawn as shown in Figure 48.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Conversion

0 50 100 150 200 250 300 350

Time (min)

Figure 48: Sample A carbon conversion profile, 30 bar and 850 °C
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Appendix C.2: Specific reaction rates

The specific reaction rates were determined from the carbon conversion measurements using the
methods described in Section 3.5.4 and Equation B.4.

1 dXx 1 ddme 1 dmc,

ST1-xdt meo—Ame, dt  me, dt (B.4)

The specific reaction rate rs (g/g/s) of Sample A showed an initial decrease, followed by a constant
increasing trend up to 90% conversion as shown in Figure 49. A large peak was initially observed

at low conversions, which can be explained due to the use of pure CO; as reagent gas.
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Figure 49: Sample A specific reaction rate with time, 30 bar and 850 °C

Finally, the specific reaction rate with conversion can be plotted as shown in Figure 50.
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Figure 50: Sample A specific reaction rate with conversion, 30 bar and 850 °C

Appendix C.3: Experimental reaction rates

By introducing pure CO, a sharp peak of CO is observed as displayed in Figure 51, which only
stabilises after a conversion of about 4 to 5 %. Gouws et al. [12] reported similar findings using a
mixture of CO, and N.. The peaks observed in the specific reaction rates of this study are larger
and can be explained due to the fact that pure CO, was used. Only reactivities at a conversion of

more than 4% are shown in the report as the reaction rates started stabilizing at this point.
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Figure 51: Specific reaction rate with conversion for Sample E at 750°C and 30 bar
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Appendix C.4: Repeatability and experimental uncertainty calculations

of gasification experiments

To ensure reliability of the results, some of the gasification experiments were conducted a second
time. This ensured that no random errors were made and that the reaction rates obtained were
accurate and reliable. Table 37 contains the specific reactivities of Sample B at conversion
intervals of 2.5 % for two different experimental runs. The average of the two experimental runs
were calculated first, followed by the standard deviation calculation (Equation 3.16). Using

Equation 3.15, the confidence interval was obtained.

Table 37: Confidence interval of Sample B

Standard deviation Confidence
Conversion (%) Reactivity (g/g/s) (©) Interval
Run 1 Run 2 Average

5.00 1.72 1.78 1.75 0.04 1.75+0.06
7.50 1.79 1.84 1.81 0.03 1.81+£0.05
10.00 1.95 1.92 1.94 0.02 1.94 + 0.03
12.50 2.04 2.01 2.03 0.02 2.03+£0.03
15.00 2.15 2.11 2.13 0.02 2.13+0.03
17.50 2.26 2.21 2.24 0.03 2.24 +0.05
20.00 2.32 2.24 2.28 0.05 2.28 £ 0.07
22.50 2.41 2.32 2.36 0.06 2.36 +£0.08
25.00 2.38 2.34 2.36 0.02 2.36 £0.03
27.50 2.41 2.38 2.39 0.03 2.39 £ 0.04
30.00 245 2.52 2.48 0.05 2.48 +£0.07

The data points for the repeatability calculations are listed in Table 38. From the average of the
differences in reactivity, it is clear that there is a very small difference of 0.053 g/g/s between the
reaction rates. From the experimental repeatability calculations of Sample B and C, an average

error of 0.04 (g/g/s) on a 95 % confidence level was obtained.
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Table 38: Confidence interval of Sample C

Standard deviation Confidence
Conversion (%) Reactivity (g/g/s) (©) Interval
Run 1 Run 2 Average

5.00 1.94 1.91 1.93 0.02 1.93 £ 0.03
7.50 2.01 1.97 1.99 0.02 1.99 £ 0.03
10.00 217 212 2.15 0.02 2.15+0.03
12.50 2.23 2.20 2.22 0.02 2.22+0.02
15.00 2.33 2.32 2.32 0.00 2.32 £ 0.01
17.50 244 2.40 242 0.02 242 +0.02
20.00 2.53 2.48 2.50 0.02 2.50 £ 0.03
22.50 2.64 2.54 2.59 0.05 2.59 £ 0.07
25.00 2.67 2.62 2.65 0.02 2.65+0.03
27.50 2.76 2.64 2.70 0.06 2.70 £ 0.08
30.00 2.80 2.71 2.75 0.05 2.75+0.06
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Appendix D: Volatile matter

The mass loss observed during the charring of each coal sample as well as the measured

amounts of moisture and volatiles are summarized in Table 39. The mass loss during the charring

process consists mostly of moisture and volatiles. For some samples there are clear correlations,

while others show significant differences.

Table 39: Moisture and volatiles

Pyrolysis mass loss

Proximate analysis

Sample VI\;IGI:E;At VC;?;L,[ Mass Loss Moisture Volatiles Mois.ture &
(%) (%) (%) Volatiles (%)
(9) (9)
Sample A 170.0 127.3 25.1 4.4 24.8 29.2
Sample B 160.0 119.4 25.4 4.4 23.2 27.6
Sample C 160.0 121.7 23.9 3.4 21.7 25.1
Sample D 160.0 120.0 25.0 53 24.2 29.5
Sample E 160.0 129.7 18.9 2.5 16.9 194
Sample F 160.0 121.1 24.3 3.6 22.1 25.7
Sample G 160.0 1233 22.9 3.4 20.8 24.2
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Appendix E: Maceral composition.

Section F.1 expands on the microlithotype composition and contains figures for better comparison
between the coal samples. The maceral composition is discussed in Section F.2 on a mineral

matter free basis and excluding mineral matter.
Appendix E.1: Microlithotype composition

The microlithotype composition of the coal samples are displayed in Figure 52. This visual
representation of the sample microlithotype compositions can be used to get a better
understanding of the differences between. Some components are more dominant compared to

others. Semifusite for example is the main component found in the microlithotype analysis.
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Figure 52: Microlithotype composition (mmif)
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Figure 53: Microlithotype composition (including mineral matter)
Appendix E.2: Maceral composition
The maceral composition of the coal char samples including the mineral matter composition is
depicted in Figure 54. From this figure it is easier to compare the maceral content, liptinite,

inertinite and vitrinite compositions of the samples. These samples contain only small amounts of

liptinite and vitrinite, consisting mainly of inertinite and mineral matter.
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Figure 54: Maceral composition (including mineral matter)

Figure 55 summarizes the maceral composition of the coal samples excluding the mineral matter.
This figure confirms the previously established conclusion, that these samples are inertinite rich

with small amounts of liptinite and vitrinite.
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Figure 55: Maceral composition (mmf)
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Appendix F: Coal/ char statistical modelling

approach.

The methods used for the statistical modelling will be discussed in this section. Starting with the
correlation of reactivity and temperature in Section 3.7.1. The reactivities estimated based on the

coal and char properties were calculated using the method explained in Section 3.7.2.
Appendix F.1: Correlating reactivity with temperature.

The plot of the predicted reactivity as a function of temperature is depicted in Figure 56 for all the
coal char samples used in this study. A statistical model was constructed for reactivity as a
function of temperature and the different sources as qualitative variables. The purpose of the
model is to quantify the difference in reactivity between the sources, as well as the effect of
temperature on reactivity and the interaction between temperature and the different coal sources.
Note a significant interaction indicates that the effect of temperature on the reactivity is different
for different coal sources. The estimated regression coefficients are shown in Table 40. IS| is
used as the reference source, and the values in the first column are the difference in the slope

between the specific source and source ISI.

Table 40 was used to produce the predicted trends as shown in Figure 56.
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Figure 56: Experimental reactivity plot from 730 to 750 °C
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A statistical model was constructed for reactivity as a function of temperature and the different
sources as qualitative variables. The purpose of the model is to quantify the difference in reactivity
between the sources, as well as the effect of temperature on reactivity and the interaction between
temperature and the different coal sources. Note a significant interaction indicates that the effect
of temperature on the reactivity is different for different coal sources. The estimated regression
coefficients are shown in Table 40. IS| is used as the reference source, and the values in the first

column are the difference in the slope between the specific source and source ISI.

Table 40: Estimated coefficients of the temperature and coal sources model.

Temperature slope Intercept
Average (Sample F) 0.028 -19.45
Sample G -0.007 5.227
Sample C 0.014 -10.76
Sample E 0.011 -8.005
Sample B 0.018 -13.45
Sample D 0.005 -3.989
Sample A 0.026 -18.38

Equation (7) was used to determine the reactivities of the coal samples using the estimated
coefficients in A statistical model was constructed for reactivity as a function of temperature and
the different sources as qualitative variables. The purpose of the model is to quantify the
difference in reactivity between the sources, as well as the effect of temperature on reactivity and
the interaction between temperature and the different coal sources. Note a significant interaction
indicates that the effect of temperature on the reactivity is different for different coal sources. The
estimated regression coefficients are shown in Table 40. ISl is used as the reference source, and
the values in the first column are the difference in the slope between the specific source and

source ISI.

Table 40. The predicted values are obtained as

T T
y = bO + btempx + z]‘_z b]Z] + z]‘_z bj,temijx
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where by, biemp, bj @and bj t.mp are the least squares estimates given in A statistical model was
constructed for reactivity as a function of temperature and the different sources as qualitative
variables. The purpose of the model is to quantify the difference in reactivity between the sources,
as well as the effect of temperature on reactivity and the interaction between temperature and the
different coal sources. Note a significant interaction indicates that the effect of temperature on the
reactivity is different for different coal sources. The estimated regression coefficients are shown
in Table 40. ISI is used as the reference source, and the values in the first column are the

difference in the slope between the specific source and source ISI.

Table 40. For example, for temperature equal to 730 °C, the reactivity of I1SI is calculated as

follows;
Reactivity;s; = bg + brempx = —19.44 + 0.028x

= —19.44 + 0.028(730)

=1.10g/g/s

This means that for every one unit increase in temperature the reactivity increases by 0.028 units.
Note the Z; indicator variables are all zero since ISl is the reference source. For MIM, the reactivity

is calculated as follows;

Reactivityyy = —19.44 — 10.76 + 0.028x + 0.01x = —30.20 + 0.032x

From the MIM reactivity model, it can be observed that the intercept is adjusted downward by -
10.764 reactivity units and the slope is higher by 0.014 reactivity units. Therefore, from the final
model, for every one unit increase in temperature the reactivity increases by 0.032 units for MIM.
The equations for the other sources can be specified in the same way. The difference in reactivity
between the sources at average temperature must be assessed through the Tukey Honest
Significant Difference (HSD) tests. The parity plot of the observed versus predicted reactivity is
given in Figure 39 Section 5.3. These reactivities are relatively close to the calculated reactivities
presented in Table 23. The R? values are also determined from the parity plots in Section 5.2.

This value is an indication of how well the model predicts the variation in the reactivities.
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Table 41 lists the mean differences in reactivity between the coal sources, together with the 95 %

confidence intervals and p-values.

Table 41: Tukey Honest Significant differences results

Difference Lower Upper P Adjusted
G-F -0.18 -0.53 0.17 0.59
C-F 0.26 -0.09 0.61 0.21
E-F -0.07 -0.42 0.28 0.99
B-F -0.08 -0.43 0.27 0.98
D-F 0.06 -0.29 0.41 1.00
A-F 0.49 0.14 0.84 0.00
C-A 0.44 0.09 0.79 0.01
E-G 0.1 -0.24 0.46 0.93
B-G 0.09 -0.26 0.44 0.96
D-G 0.24 -0.11 0.59 0.29
A-G 0.67 0.32 1.02 0.00
E-C -0.33 -0.68 0.02 0.07
B-C -0.35 -0.70 0.00 0.05
D-C -0.20 -0.55 0.15 0.45
A-C 0.23 -0.12 0.58 0.32
B-E -0.01 -0.36 0.34 1.00
D-E 0.13 -0.22 0.48 0.84
A-E 0.57 0.22 0.92 0.00
D-B 0.14 -0.21 0.49 0.79
A-B 0.58 0.23 0.93 0.00
A-D 0.44 0.09 0.79 0.01

Appendix F.2: Correlating reactivity with coal and char properties.

The reactivities estimated based on the coal and char properties were calculated using the

method explained in this section as presented by Equation 7.

n
Y = brempX + Zj—l b;P;
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where y is the reactivity, x is temperature and P; is the proportion of the specific property of the
coal. The coefficients of the model are estimated by least squares minimization and is displayed

in Section 5.2. As an example, the model specified for the proximate analysis is as follows;
ReaCtivityProx = btempx + bMoistPMoist + bAshPAsh + bVolPVol + bFCPFC

= 0.037x — 0.286P 5, — 0.180Py,; — 0.544Py;ist — 0.254Pp¢
The equations for the other properties can be specified in the same way.
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Appendix G: Petrographic analysis.

Below is a summary of the coal and char minerals assessed.

Table 42: Digital photographs of coal and char minerals assessed

Main Coal/char type | Description Image
category
Coal Coal Unaltered coal Not observed in these samples;
all particles clearly showed
evidence of conversion
Devol coal Particles showing | Not observed in these samples;
devolatilization change in | all particles clearly showed
shade of grey, devolatilization | evidence of char formation
vacuoles
Char Cenosphere Thin walled spherical char;
thin highly porous
Cenosphere Thick-walled spherical char;
thick highly porous
Honeycomb Thin-walled honeycomb
thin structured char; significant
porosity, sub-spherical
Honeycomb Thick-walled honeycomb
thick structured char; significant

porosity, sub-spherical
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Mixed porous

Mixture of porous and non-
porous sections; porosity

must be well developed

Mixed dense

Mixture of slight porosity and
non-porous sections in
particle; must be some
evidence of porosity, however

minor.

Inertoid/dense

No evidence of porosity;
particle texture represents
original maceral; may be any
maceral; evidence of
conversion is observed in the

altered shade

Fusinoid

No evidence of porosity;
particle represents original

fusinite
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Other Coked Particle or area within field of
view shows evidence of coke
texture
Oxidized/crack | Particle or area within shows
ed cracking and or fissuring
resulting from exposure to
heat; does not include
inherent cracks and fissures
Consumed Remnant char walls are | Not observed in these samples;
observable temperatures likely to have been
too low
Mineral Carbominerite | Particle or field of view

20-60

contains between 20 - 60
vol% mineral matter in
intimate  association  with

organic matter

Unreacted

minerals

No signs of alteration in the
minerals; mineral appears
comparable to that of the feed

coal
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Partially Minerals showing evidence of
reacted reaction

minerals >60%

Amorphous Minerals showing no | Not observed in these samples;

structure, typical of melted | temperatures likely to have been

minerals too low
Neoformed Newly formed mineral, does | Not observed in these samples;
not occur in the feed coal temperatures likely to have been

too low
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Appendix H: Activation energy calculations

This section will discuss the results of the activation energies determined using the Arrhenius
equation as discussed in Section 3.5.4.3. The natural logarithms of the specific reaction rates
were plotted at the different temperatures (1/T) as shown in Figure 23. The gradients of the
trendlines multiplied by the universal gas constant resulted in the estimated activation energies
of the coal char samples. Table 43 shows a summary of the activation energies determined using

the Arrhenius plots from Figure 23.

Table 43: Activation energy plot information

Sample | Estimated activation energy Ea (kJ/mol)
A 248
B 307
C 225
D 195
E 273
F 177
G 149

The experimental uncertainty of the activation energies was calculated by using the specific
reaction rates together with the uncertainty error. This was done by calculating the activation
energy from the lowest possible reaction rate of the sample (r x 10° — 0.05 g/g/s) at 730 °C and
the highest possible reaction rate (r x 10° + 0.05 g/g/s) at 750 °C. A linear plot was then generated
between these two data points using the same method as described in Section 3.5.4.3. The lowest
possible activation energy was then determined from the highest possible reaction rate of the
sample (r x 10° + 0.05 g/g/s) at 730 °C and the lowest possible reaction rate (r x 10° — 0.05 g/g/s)
at 750 °C. Table 44 contains the activation energies calculated from the experimental data
together with the high and low values. The difference between the experimental activation energy
(Ea) and the low (Eamin) and high (Eamax) estimated reactivities, resulted in the experimental

uncertainties.
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Table 44: Activation energy error estimation

Temperature Eamin (kdJ/mol) Ea (kJ/mol) Ea,max (kJ/mol) Uncertainty (kJ/mol)

Sample A 223.79 248.05 272.69 +24.45
Sample B 271.20 306.72 343.54 + 36.17
Sample C 197.48 224.51 252.11 +27.32
Sample D 165.77 195.44 226.07 + 30.15
Sample E 235.23 272.64 310.16 + 37.47
Sample F 144.68 176.82 209.32 +32.32
Sample G 112.45 148.55 185.21 + 36.38
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