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ABSTRACT

Based on the current challenges faced by the metallurgical industry in South Africa in
importing quality reductants, there is an urgent need to investigate a new approach to enhance
the semi-soft coal available in the country. Importing prime coking coal has increased the
steel price, resulting in many downstream operations involving steel closing down in the
country. With a surplus of semi-soft coking coal in South Africa, this research sought to look
into this kind of abundant coal to enhance its property as a reductant for blast furnace
applications. For this reason, a study was conducted on two Southern African coals,
Grootegeluk (semi-soft coking coal) and Moatize (higher quality coal). Both coals were
individually hydrothermally treated and then blended at different ratios to further upgrade

their metallurgical properties.

The as-received Moatize coal showed properties that were more of prime coking coal with high
total carbon content (76.50%), a crucible swelling index of nine, a maximum dilatation of 59%
and volatile matter of 20.39%. It was a highly vitrinite coal with a vitrinite reflectance of 1.28%,
a higher micropore volume than mesopore volume and a very low maximum fluidity of 24 dial
divisions per minute (ddpm). According to the initial test, the Grootegeluk coal sample had a
crucible swelling index of 5.5, a high volatile matter of 35.02% and a low vitrinite reflectance of
0.72%. In addition, the sample had a maximum dilatation of -10%, a maximum fluidity of 3ddpm

and a higher mesopore volume than the Moatize coal.

Hydrothermal treatment was conducted on the coal samples at numerous temperatures (100°C to
200°C), at various residence times (30 to 90 minutes) and at different coal masses (300 to
600grams (g)). According to the results, the optimal hydrothermal conditions were 200°C, 90
minutes and 600g. Another hydrothermal treatment was performed at a higher temperature and
residence time of 280°C and 180 minutes. The same sample mass of 600g was used and the result
showed no further improvement. The coal samples were then blended at various
Grootegeluk/Moatize ratios (15% to 50% Grootegeluk), and further hydrothermal treatment tests
were carried out based on the optimum conditions achieved. Both the hydrothermal test and the
blending of the coal led to a coal with volatile matter ranging from 21.46% to 23.79%, which is a
required specification for metallurgical application. The total carbon of the enhanced coal blend
also ranged from 68.8% to 82.10%, with total sulphur below 1%. The mesopore-micropore ratio
of the treated blend was higher than the individual coal samples, which is what is expected of a
metallurgical coal.

Based on these findings, coke was produced and analysed to identify a coke capable of

withstanding blast furnace conditions. Using the particle reactivity index (PRI), proximate
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analysis and the pore size distribution, 90-(50% Grootegeluk+50% Moatize)-C product was
identified as the coke with the least PRI and high fixed carbon. Further investigation showed that
the blending and hydrothermal treatment affected the coal’s physiochemical, rheological and
micro-molecular properties. The study has established that metallurgical properties of the locally

mined semi-soft coking can be enhanced solely and when mixed with a hard coal.

Even though the 90-(50%GG+50%M)-C did not meet the overall specifications required for use

in the blast furnace, it was identified as a suitable reductant for other metallurgical applications.
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CHAPTER ONE: INTRODUCTION

1.1 RESEARCH BACKGROUND AND MOTIVATION

Global steel production depends on coking coal, and about 71.5% of the crude steel world
production in 2018 was through the basic oxygen furnace route (World Steel Association,
2018). World steel production increased from 800 million tonnes (Mt) in 2000 to 1.87 billion
tonnes (Bt) in 2019 (World Steel Association, 2019). As much as the world population
continues to grow, so shall the demand for steel needed in construction, automobiles,
renewable applications (wind turbines), etc. The use of coal is beyond electricity generation;
it has been an energy source for the industrialisation of the West, and the backbone of their
nation-building and economies. The relevance of coal is critical to the carbon and
metallurgical industry to produce ferroalloys, aluminium, cement and glass, as well as fuel in
other energy-demanding industrial sectors. With the depletion of coking coal in South Africa
and the country’s reliance on importing coking coal, the future of the steel and ferroalloys
industry is quite bleak. It is extremely significant that research into an alternative approach to

upgrading the available semi-soft coking coal in the country should be conducted.

With the closure of Tshikondeni mine in 2014, the remaining steel manufacturers in South
Africa now seek to import prime coking coals from Australia and North America, as well as
from Moatize in Mozambique (Musiiwa, 2018). The high cost incurred from importing and
blending the local semi-soft coking coal from Grootegeluk (GG) has not been of great benefit
in reducing the operation cost, as well as meeting the required coal quality. In terms of the
quality required for metallurgical applications, the steel-making plants could not push the
amount of local coking coal in the blend (local + imported) above 30% (Musiiwa, 2018).
With the high proportion of imported coking coal required in the blend to produce a suitable
coke, there is a need to find an alternative technique to utilise the local coal (GG) in large
quantities while still maintaining the required product quality for metallurgical applications.
In the past few years, several steel companies have either closed or moved to other countries
due to the input costs for primary steel production in South Africa. Likewise, midstream
companies like MacSteel, Trident and Scaw metals are being affected by the high cost of

buying steel to produce other products (Creamer Media, 2020).

The current research focused on upgrading the semi-soft coking coal (GG) available in the
country, along with the imported Moatize coking coal individually, as well as upgrading the

blend of both coals at different percentage ratios. Coal with low coking properties is of no

1



commercial value to the steel industry, and with the availability of this quality of coal in
South Africa, a thorough study is required to investigate upgrading its coking attributes. The
approach proposed was hydrothermal carbonisation, and the product obtained from this test
was compared to the imported prime coking coal. With little data in the open domain on the
pre-treatment of non-coking coal through hydrothermal processes, it was, therefore,
important to determine if the coking and caking properties of semi-soft coking coal could be
improved using this technique. If successful, this would reduce expensive imported prime
coking coals (mostly from Australia) and would guarantee a more cost-effective product for

use in South Africa’s essential iron and steel making process.

1.2 PROBLEM STATEMENT

The iron and steel industry is a key strategic industry in South Africa as it contributes around
1.5% to the gross domestic product and employs 190 000 people directly and an additional
100 000 people indirectly. In 2015, cheap steel imports from China started to flood South
Africa, forcing South African steel companies to liquidate (de Villiers, 2015). The Chinese
steel was 25% below the cost of local steel. This is because there is no available prime coking
coal locally, so it must be imported (Ratshomo & Nembahe, 2019). The transport cost and the
price of prime coking coal contribute to the elevated cost of steel production in the country

(Ratshomo & Nembahe 2019).

South Africa has huge coal reserves that are mainly untapped, but the required prime
metallurgical grade coal has depleted. The Grootegeluk Waterberg coal has sufficient semi-
soft coking coal (Jeffrey, 2005), but a limited amount of this coal is required in the blend for
making coke, up to 30% maximum, as any blend above this value tends to produce
metallurgical coke with less strength (Musiiwa, 2018). In addition, the amount of Moatize
coal required in the blend for making metallurgical coke is limited to 15%; any ratio above
this value tends to lead to high “wall pressure” and could damage the coke oven (Musiiwa,
2018, p.1). The percentage of these coals in the blend needs to be improved to reduce the
costs of importing prime coking coal further and to produce metallurgical grade coke that
meets the industry specification. The hydrothermal treatment of this coal intends to increase
the blending ratio, reducing the challenges associated with high wall pressure caused by this
coal. The parameters associated with this challenge are low permeability, leading to the
restriction of volatile matters (evolving gases), compaction and plastic layer formation with

trapped gases leading to internal gas pressure build-up in the plastic layer.



Another challenge associated with using semi-soft coking coal is its chemical composition.
The alkalis forming minerals and zinc within this coal have an extremely negative effect as
they consume the reducing agent, reducing the productivity of the blast furnace and the hot
metal’s uniformity. A high ash content leads to a high slag content, hence higher energy
consumption. As the blast furnace uses more energy, it becomes less productive (Gomez-
Casero et al., 2021). Chlorine and moisture increase the dew point at the top of the gases
formed in the blast furnace and causes the process to have higher top gas temperatures,
becoming thermally inefficient and causing equipment corrosion. Physically, the coke must
have sufficient permeability to easily allow slag and hot metal to flow down while also

having enough strength for the coke not to crack (Satyendra, 2019).

This study addressed some of the challenges stated above by upgrading GG, Moatize and the
GG/Moatize blends using the hydrothermal process to improve the molecular structure, and
the coals’ chemical and physical properties. The hydrothermal process can remove the

inorganic minerals into the liquid phase and enhance the plasticity of carbonaceous materials.

1.3 HYPOTHESIS
The hydrothermal process will disrupt weak covalent bonds, thereby eliminating side chains
through hydrolysis, as well as removing cross-links of the macromolecular network at

elevated temperatures, leading to improved coalescence and enhanced coking qualities.

1.4 RESEARCH QUESTIONS
I. What is the impact of upgrading the coking quality of GG and Moatize coals and their
blends on the coal’s coking qualities?
II. What are the optimum set parameters (temperatures, residence time, pressure and
GG/Moatize blend composition) for upgrading the coals effectively?
III. To what extent will the physicochemical characteristics and molecular structure of GG,
Moatize and GG/Moatize blends change with hydrothermal treatment?
IV. Will the upgraded GG, Moatize and GG/Moatize blends meet the required specification

for metallurgical application?

1.5 RESEARCH AIMS AND OBJECTIVES
This study aimed to upgrade the GG, Moatize and GG/Moatize coal blends through the

hydrothermal process to produce a metallurgical coal grade. The aim was achieved by:



I. Determining the physiochemical, rheological and micro-molecular structural properties
of the as-received coals;
II. Determining the influence of hydrothermal treatment on the characteristics of GG,
Moatize and GG/Moatize blended products;
ITII. Determine the quality of carbonised coal (coke) produced from modified coal at

optimal set hydrothermal conditions.

1.6 DISSERTATION OUTLINE

Chapter 1 explains the background information and the motivation behind the research.

Chapter 2 is a literature review, giving a brief history of steel production, considering direct
and indirect steel-making processes. The chapter also reviews literature on coal
characterisation techniques, coal upgrading techniques, alternative reducing agents, and the

recent advancement in the reduction of iron ore for steel making.
Chapter 3 explains the materials and methods used.

Chapter 4 presents the results of the methods outlined in chapter three, as well as a
discussion of the significant results. The results include the characterisation of raw coal
samples, and the hydrothermal treatment of coal samples and coal sample blends. Lastly, the

coking results of the optimum coal samples are presented.

Chapter 5 provides findings, as well as recommendations for additional research.



CHAPTER TWO: LITERATURE REVIEW

This research focused on upgrading semi-soft coking coal through the hydrothermal
treatment process, along with the caking and structural properties of the coal and coke
produced. This chapter provides an overview of steel production and a more detailed
discussion of the theory of direct and indirect reduction processes. Characterisation of coal in
the form of proximate analysis, Fourier-transform infrared spectroscopy (FTIR), petrography,
pore surface and size, rheological properties and coke strength test are discussed. Finally, the
chapter elaborates on other techniques for upgrading coal and other reducing agents and their

future use.

2.1 STEEL PRODUCTION

Steel is an alloy of iron and carbon, in which its carbon content can be up to 2%, but alloys
with iron and carbon content above 2% are known as cast iron (Nutting ef al., 2019). Steel is
produced from iron ore, a mineral aggregate that is economically converted to iron or scrap
(ArcelorMittal, 2015). Iron ore is naturally found in the earth’s crust in its oxidised state
(Fe*") as hematite (Fe2O3) or as a combination of the two oxidised states (Fe** and Fe?") in
magnetite (Beukes et al., 2003; Nikolaeva ef al., 2021). Iron ore reduction requires contact
with a reagent that has a greater affinity for oxygen than iron (Kunitomo ef al., 2006). Carbon
is usually used to reduce iron in its gaseous, liquid and most common solid phase. Under
certain thermodynamic conditions, carbon has more affinity for oxygen than iron (Demirel &
Gerbaud, 2019; Harvey & Gheribi, 2014), and this is exploited in a blast furnace (Steenkamp
& Du Preez, 2015). The primary source of carbon and fuel widely used for steel making is

coking coal (World Steel Association, 2019).

Steel production involves various stages, including the iron-making stage, primary steel
making, secondary steel making and continuous casting, and primary and secondary forging
(MetroSteel, 2016). Iron making is the first and one of the most energy-intensive stages (Diaz
et al., 2020). During this stage, hot metal production is in a blast furnace. Due to the high cost
of raw material used, and processing time, several alternative technologies available in the

market are reviewed in the following sections.

2.1.1 Direct Reduction Process
Steel can be produced directly in an electric arc blast furnace or indirectly in a basic oxygen

furnace. The direct steel production process reduces iron ore in a solid-state (lump ores or

fines) by using a reducing gas or carbon that may be obtained from natural gas or coal at a



temperature below iron’s melting point (Haranda & Tanaka, 2011). The advantage of using
the direct reduction process includes the reduced need for feedstock preparation; pelletised
iron ore or lumpy iron ore are used. Contaminated natural gas can also be used for a low-cost
process. The drawback is that the gas quality reduces the thermal efficiency of the process

(Goji¢ & Kozuh, 2006).

The direct reduction process may use DRI (direct reduced iron), HBI (hot briquette iron) and
HDBI (hot direct reduced iron). HBI is a compact form of DRI designed to allow easy
shipping and storage due to the susceptibility of unprotected DRI to oxidation and the
possibility of exothermic auto-ignition (Michishita & Tanaka, 2010), whereas HDBI is iron
that is directly transported to an electric arc furnace (EAF) after being discharged from a
reduction furnace. DRI, HBI and HDBI all have gangue that is later removed in an electric
furnace, unlike pig iron (Maia Star, 2020). The purity of the iron produced from DRI is 97%
(Maia Star, 2020). Due to the attractive size of the blast furnace, not a lot of direct reduction
furnaces were commissioned even though there were a large number of them built in the pilot
stages (Maia Star, 2020). Three of the commercialised direct reduction processes are outlined

below.

2.1.1.1 The Mindrex process

The Mindrex process is one of the most famous commercially direct reduction processes,
which uses reforming gas from natural gas to reduce iron ore (Atsushi et al., 2010). DRI is
then used as a raw material fed into the EAF as a clean substitute source instead of scrap
(Atsushi et al., 2010). The process flow diagram of the Mindrex process is illustrated in

Figure 2.1.
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Figure 2.1: Mindrex process flow diagram (Hamadeh et al., 2018, p.2)

As seen in Figure 2.1, the natural gas feedstock is fed into the reformer, while the lump ore,
powder or iron ore pellets are charged from the top of the shaft furnace as the raw material.
The iron ore is reduced in the shaft furnace with the reduced iron discharged from the bottom
of the furnace, while a cooling gas is continuously injected to prevent the iron from reaching
its molten state. According to Béchara et al. (2018), the following reactions (equations 2.1

and 2.2) take place in the reactor.

Fe,0; + 3C0 - 2Fe + 3C0, (2.1)
Fe,0; + 3H, - 2Fe + 3H,0 (2.2)

The exhaust gas (top gas) is emitted from the top of the furnace; the wet scrubber then cleans
and cools it prior to re-circulation (Atsushi et al., 2010). The top gas containing carbon
dioxide and water is compressed, preheated and fed to the reformer furnace. The gas mixture
react with with natural gas in the reformer according to equations 2.3 and 2.7 (Béchara et al.,

2018).

CH, + CO, - 2CO + 2H, (2.3)
CH, + H,0 - CO + 3H, (2.4)
2CH, + 0, > 2CO + 4H, (2.5)
CO + H,0 - CO, + H, (2.6)
CH, — C(S) + 2H, (2.7)



In the Mindrex process, both carbon monoxide (CO) and hydrogen (H>) are utilised to reduce
hematite (Fe30s3) into solid iron. Equations 2.3 to 2.4 show the reaction of natural gas with

the exhaust gas leading to the formation of the reducing gases.

2.1.1.2 The Corex process

The Corex process (Figure 2.2) is similar to the Mindrex process; however, it has a shaft and
a gasifier. Unlike the Mindrex process, the Corex process uses non-coking coal instead of
natural gas for reduction. In the Corex process, non-coking coal is used directly as a reductant
and fuel, unlike in the basic oxygen furnace where coking coal is used. In the Corex process,
coal is fed into the gasifier instead of natural gas to produce the reductant (gases) (Zhou et
al., 2015). A bit of coke (around 15%) can also be used along with oxygen as its main fuel
(Assis et al., 2008). Pure oxygen is used for this process. The DRI produced from the process
has a purity of above 90% and requires further processing to produce steel (Satyendra,

2017).
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Figure 2.2: The Corex process flow diagram (Liu et al., 2019, p.445)

2.1.1.3 The Fastmet process

The Fastmelt process, like the Corex process, is a coal-based direct reduction process. The
process converts iron ore in the form of pellets or fines and uses the waste from the
metallurgical process to form directly reduced iron. This process uses the Mindrex process

integrated with an electric iron melting furnace that produces hot metal (Michishita &



Tanaka, 2010). In this process, the DRI is released straight from the rotary hearth furnace into
the electric iron melting furnace (Satyendra, 2013b). Figure 2.3 further explains the Fastmet

process.
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Figure 2.3: A visual description of the fastmet process (Michishita & Tanaka, 2010,
p.71)
As seen in Figure 2.3, pulverised coal and iron ore fines are mixed in the day bins and the
reduced iron (DRI) is transferred into a melter to produce hot metal in which the metallisation
can be reached within 20 to 150 minutes. The chemical reactions that occur in the rotary
hearth furnace for iron ore reduction when heated at 1350°C to 1450°C are expressed in
equations 2.8 to 2.12, which occur simultaneously in the Fastmet process leading to the

reduction of iron ore (Béchara et al., 2020).

Fe;0, +4C — 3Fe +4C0O (2.8)
CO,+C - 2C0 (2.9)
Fe;0,+ 4C0 — 3Fe +4C0, (2.10)
Fe,03+ 3C — 2Fe + 3C0 (2.11)
Fe,0;+ 3C0 - 2Fe + 3C0, (2.12)

According to Tsutsumi et al. (2010), 190 000 tonnes per hour of metal can be produced from
the Fastmet process with a carbon content of about 1.5% to 5%. The Fastmet process
produces and uses HBI downstream compared to Corex and Mindrex, which use DRI. This
was implemented as a result of a study by Tsutsumi et al. (2010) on the first two Fastmet

plants. The study investigated the effect of porosity and apparent density on HBI and their



weathering resistance effect. The results showed that HBI could withstand long-term storage,

unlike DRI.

2.1.2 Indirect Reduction Process

Indirect reduction is a two-step process. In the first step, the carbon is reacted with oxygen
gas to form carbon monoxide. The carbon monoxide with hydrogen gas is then used as a
reductant of iron oxides. The by-products of iron oxide carbon reduction are carbon dioxide
and water (Babich & Senk, 2015). Indirect reduction takes place in a basic oxygen furnace,
producing 99% pure iron. It is a large-scale production process with mature technology,
decreased production costs and high efficiency. The main disadvantage of a basic oxygen
furnace is that premium or high-quality metallurgical coal is needed. As coking coal is less
accessible globally, particularly in South Africa, using this technology becomes expensive
(Ratshomo & Nembahe, 2019). Another challenge facing the technology is the impact of the
emitted gases, which are detrimental to the environment. In addition, the production process
is long with a high energy consumption rate (Liang ef al., 2020). Two commercialised

indirect reduction processes are described below:

2.1.2.1 Pulverised coal injection

The pulverised coal injection (PCI) method was developed to reduce the volume and cost of
coke (Bennett, 2007). In this process, the air (called the conveying gas) transports pulverised
coal into the blast furnace. The pulverised coal is injected from the bottom of the furnace
through the lance into the tuyere. The hot air (blast) is blown into the tuyere through a
blowpipe and then piped to the furnace to create a raceway that is responsible for the coke
and coal combustion, hence melting the solid iron ore and releasing molten iron (Mathieson
et al., 2005; Shen et al., 2012). The pulverised coal injection system (Figure 2.4) was added
to the blast furnaces because of its various benefits (Carpenter, 2010). The integration of this

system increases the efficiency of the boiler and coal particle size.

Another benefit introduced by the PCI system permits the utilisation of pulverised coal of
different types and ranks, not just premium metallurgical coal (de Castro et al., 2013). Ren et
al. (2013) investigated the injection of three coals (meager-lean coal, anthracite coal

and bituminous coal) into the blast furnace. He found that most effective coal blend that
could be used in a PCI system comprises of a higher quantity of bituminous coal. In another
investigation, Raygan et al. (2010) concluded that Sarakhs (bituminous with moderate

volatiles), Sangrood (bituminous with moderate volatiles), Karmozd (bituminous with high
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volatiles) and Tabes (bituminous with low volatiles) could all be used for coal injection and

their blend improves the furnace combustion.

Even with so many benefits, unfortunately, there are still drawbacks to the system. The
complexity of the equipment involved, additional costs and the storage of the fuel, which is
pulverised coal, requires more attention than pellets. Also, there is the possibility of an
explosion as the coal burns more like a gas (Silva & Assis, 2019). PCI is incorporated into
the blast furnace to provide auxiliary fuel for partial coke replacement, and the approach has

proven to be viable and cost-effective.
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Figure 2.4: Pulverised coal injection (Singh & Rout, 2018, p.9)

2.1.2.2 Basic oxygen furnace

The blast furnace generally uses long shaft-type vessels. The inner wall of the vessel is lined
with refractory bricks to prevent degradation of the furnace at high temperature, and it has an
overlaying crucible like hearth (Anderson, 2014). The metallurgical coke and iron ore are fed
from the top of the furnace. Air is introduced into the blast furnace from the bottom,
encountering the coke. This reaction leads to burning the coke, thereby releasing oxygen
from the iron ore. The molten iron descends and accumulates in the hearth. Both molten pig
iron and slag are tapped from the bottom of the shaft and the hot gas leaves through the top
(Puyejovska et al., 2013; de Castro et al., 2020). A blast furnace can use other fuels such as

tar, coal, oil, gas or processed plastics for it to work effectively (Puyejovska et al., 2013).
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These fuels may be injected into the blast furnace through the tuyeres along with the air to aid
the coke as more cost-effective fuel. These fuels can co-fuel the blast furnace but cannot be
used alone in the blast furnace. The coke acts as a support for the burden and allows gaseous
movement through the blast furnace (Chukwuleke et al., 2009). Figure 2.5 illustrates the blast

furnace, while equations 2.13 and 2.14 represent the reactions occurring in the blast furnace.
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Figure 2.5: A blast furnace (Babich & Senk, 2015, p.510)
3Fe,05 + CO - 2Fe;0, + CO, (2.13)
Fe;0, + CO - 3Fe0 + CO, (2.14)

A thermal balance is required in the blast furnace shaft for reactions 2.13 and 2.14 as reaction
2.13 is exothermic and reaction 2.14 is endothermic (Mandal et al., 2014). The Boudouard
reaction (equation 2.15) takes place by manipulating the thermodynamics within the furnace.
As per equations 2.13 and 2.14, the reduction of magnetite to hematite and hematite to
wustite is done by carbon monoxide and not carbon. Due to this, the Boudouard reaction is
imperative to produce the carbon monoxide that is required to reduce iron ore (Geyer &

Halifa, 2014; de Castro et al., 2020).

C+C0, > 2C0 (2.15)
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Equation 2.3 (CH, + CO, = 2C0 + 2H,) illustrates the methane combustion equation. This
may in some instances cause a water-gas shift reaction from the moisture that is found in the
coke’s volatile matter in the blast. Hydrogen is a better reductant than carbon hence the
water-gas shift, found in equation 2.4 (CH, + H,0 — CO + 3H;) is imperative in a blast
furnace (de Castro et al., 2020).

CO + H,0 - CO, + H, (2.16)

The indirect reduction of wustite occurs both in the shaft and in the lower zone (belly and
bosh) of the furnace. All the endothermic reactions involved take place in this lower zone of

the furnace (de Castro et al., 2020).

FeO +C - Fe + CO (2.17)
P,0s + 5C — P, + 5C0 (2.18)
Si0, + 2C - Si + 2C0 (2.19)

In this process, it is important to keep the phosphorus content in the melt at a minimum as
phosphorus has a negative effect on the steel. Moreover, silicate should also be kept to a
minimum since silicates are only necessary for the formation of slag, which must also remain
at a minimum for optimal operations in the blast furnace (de Castro et al., 2020). Equation
2.17 to equation 2.19 are all endothermic and take place in the lower zone of the furnace.
Other reactions that occur in the blast furnace under certain conditions will not be included in
this literature review. A summary of the concentration of the most detrimental elements to the

quality of steel required for metallurgical applications is provided in the following section.

2.1.2.3 The effect of phosphorus on steel

Phosphorus has detrimental effects on the steel produced. The maximum amount of
phosphorus required in higher-grade steel is between 0.03% and 0.05%. The detrimental
effects of phosphorus start at 0.10% in low-alloy high-strength steel. Phosphorus makes steel
too brittle, increasing the possibility of breakage during steel processing (Jordan, 2006). Most
of the phosphorus found in steel can be traced back to the coking coal and coke used in the
reduction process. Once it enters the blast furnace, it cannot be removed as it reports to the
molten iron. To mitigate this detrimental impact on the quality of the melt, a coke that meets

the required phosphorus standard must be charged into the blast furnace (Lu et al., 2013).
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2.1.2.4 The effect of alkalis in the blast furnace

The percentage concentration of alkalis introduced into the blast furnace is due to the cokes
and pulverised coal charged into the furnace. Alkalis are dangerous to the blast furnaces
operation and can act as a catalyst to the water-gas shift reaction. This behaviour leads to the
accelerated use of carbon and the weakening of the coke at the lower part of the blast furnace
(Matsui et al., 2005). A study by Lundgren ef al. (2010) stated that alkalis form a scaffold on
the blast furnace walls, thereby reducing the volume inside. This leads to an elevation in the
gas velocity required in the furnace; hence increasing the particles that are blown out from
the top of the blast furnace by the off-gas and material loss in the furnace. The breaking of
the scaffolds from the furnace walls into the hearth of the furnace inhibits the flow of the gas
fed into the furnace. Liu ef al. (2021) also discussed how alkalis support the physio-chemical
properties of the slag, hence an abundance of it could initiate slag production prematurely,
decreasing the molten metal production. Lastly, alkalis erode the refractory lining of the blast

furnace walls, shortening the blast furnace’s lifespan.

2.1.2.5 The effect of sulphur on pig iron

The sulphur content should be closely monitored in coking coal as it might end up having
detrimental effects on the downstream process (Makgato, 2013). The sulphur content in coke
charged into the blast furnace ought to be kept to a minimum, due to its negative effects on
steel if present above the minimum required in certain steel. Sulphur does not have a direct
effect on pig iron, but it affects the final product, which is steel. The maximum machinability
allowable percentage of sulphur is 0.05% (Steel Dynamics, 2021). A value greater than
0.05% causes brittleness and reduces weldability. Free machine steel can have sulphur levels
of up to 0.04% because the free machine steel is not as ductile as other steel alloys (Steel
Dynamics, 2021). The total sulphur content is dependent on the amount of other forms of

sulphur in coal that can be found via characterisation.

2.2 COAL CHARACTERISATION

Coking coal characterisation is imperative to understand and determine the impact of the coal
properties in the blast furnace. Several techniques are employed to characterise the
physiochemical, micro-molecular and rheological properties of coal. The origin of the coal
contributes significantly in its inherent properties, and Gondwana coals have been found to
vary excessively in rank and organic composition. The Northern hemisphere (Lasarian) coal
formed during the carboniferous period under hot and humid swamp conditions has a

superior characteristic to that formed in the Southern hemisphere (Gondwana). The Southern
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hemisphere coals are formed under sub-artic to cold temperature deciduous forest to warm
savannah woodlands (Wagner ef al., 2018). For this reason, the characteristics of the coals
from different regions of the world are different. The following section provides some of the

analytical techniques for characterising coal:

2.2.1 Proximate Analysis

One of the fundamental methods of analysing coal is proximate analysis. This analytical
technique determines inherent moisture, ash content and volatile matter in coal with the fixed
carbon calculated by difference. Inherent moisture is the water retained in coal pores and
fissures (Mahapatra, 2018), while the ash content is the remaining material following total
combustion combustion of coal. The volatile matter is the gas eliminated from coal at
elevated temperatures and the fixed carbon is the char that remains after the removal of
inherent moisture, ash and volatile matter (Theron & le Roux, 2015). The data obtained from
the proximate analysis of coal can be used along with its petrographic data, FTIR and other

analyses to classify the coal and its suitability as coking coal.

2.2.2 Fourier-Transform Infrared Spectroscopy

The FTIR is an analytical technique used to determine the infrared spectrum of absorption or
emission of a solid, liquid or gas (Petit & Madejova, 2013). The FTIR method provides good-
quality infrared spectra on opaque materials like coal and char (Petit & Madejova, 2013). It
offers various advantages that can extend the usefulness of infrared for studying the
properties of coal and other hydrocarbons. Its high sensitivity is due to its high energy
throughput. In addition, FTIR has digital storage of data and numerous analysis routines,

allowing comparative results for coal as a complex structure.

With the aid of FTIR, Liu and Zhang (2020) investigated the hydrothermal treatments effect
on the oxygen functional groups in a coal carbon structure. The FTIR results showed that
hydrothermal treatment was an efficient method for upgrading coal. According to the study,
the decomposition of oxygen functional groups was noted at low temperatures, hydrolysis of
functional groups at higher temperatures and lastly covalent bond breakage. Yao ef al. (2011)
also used FTIR to identify the oxygen groups and alkyl side-chains of coal subjected to
cracking at different temperatures. Using FTIR, newly formed structures were identified as
carboxylic groups and aromatic rings. However, further analysis is required to look into the

microstructure of coal.
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2.2.3 Petrography

Coal petrography is a microscopic technique used to determine the coal rank and type
(Richards et al., 2013). It is a method of characterising coal type (amount of macerals),
mineral matter and coal rank using a highly technical reflected microscope. An accurate
petrographic analysis is imperative to find the optimum bituminous coal and various coal
blends for producing blast furnace coke (Ward & Suarez-Ruiz, 2008). The coal petrographic
data is of importance as it not only offers maceral composition and reflectance but also
illustrates parameters that can be used in the correlation between the coal’s physical and
chemical characteristics (Jordan, 2006). The importance of reactive macerals in the blast
furnace is their ability to become plastic, evolve volatile matter, swell, bubble, and finally
harden (Richards et al., 2013). Inert macerals remain solid during the coking process and do
not possess the quality derived from a reactive semi-fusinite maceral (lower volatile matter)
and vitrinite. Richards et al. (2013) reported that there needs to be a balance between reactive
and unreactive maceral components for coke stability in a blast furnace. Reactive macerals
are inclusive of vitrinite and liptinite, while in Southern African coals, their semi-fusinite
content also acts as a reactive maceral. The semi-fusinite is a low-reflecting form of inertinite

that can be reactive, contributing to the reactivity of the coal during carbonisation.

The coke strength is one of the most important properties required of a reductant in the blast
furnace. Petrography predicts the coke strength from coals and coal blends (Sutchu et al.,
2009). The rank and maceral composition of coal influences its coking strength and
expansion or contraction characteristics. These characteristics influence the blast furnace wall
pressure; therefore, a balance is for a smooth process (Richards et al., 2013). Advanced optics
and digital cameras connected to the petrography microscope enable high-quality resolution
images to be captured down to a micron scale, enabling detailed qualification and
quantification of the organic and inorganic constituents of the examined coal (Makukule et
al., 2016). This technique also provides detailed information on the condition (oxidation) of

the coal (Ward & Suarez-Ruiz, 2008).

An investigation conducted by Oboirien (2012) using petrographic analysis shows the
reactive maceral transformation in South African coals: GG, Matla and Duvha. The author
showed that GG coal’s porous chars have higher reactive macerals (vitrinite), while Matla
and Duvha coal’s denser chars (non-porous) are predominantly inertinite. In contrast, a study
on four Australian coals illustrated that the inertinite present in the coal is more reactive than

the rich vitrinite content of the coals. According to the authors, this was caused by the large
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micropore surface area of the inertinite related to that of the vitrinite within the coal (Grigore
et al., 2012). Therefore, it is imperative to note that coals from different sources and regions
behave differently. The coal rank does not affect the coal’s characteristics alone; the maceral
composition is also imperative, especially in metallurgical coals (Richards ef al., 2013). The
coal rank and maceral composition affect the coal strength and swelling properties (Denge &

Baiyengunhi, 2021).

2.2.3.1 Coal ranking

Coal rank is dependent on vitrinite reflectance. The coals’ characteristics change with rank,
and the rank presents the possible area of application for a particular coal. The free swelling
index (FSI) of coal is a rank-dependent parameter, which is also associated with the coal’s
volatile matter content. The coal rank also affects the molecular structure of coal and the coke
formed for metallurgical applications. The increment in coal rank leads to a more aromatic
structure and decreasing aliphatic carbon structure. The rank directly impacts the coal’s
volatile matter, carbon content, vitrinite reflectance and the carbon to hydrogen ratio. The
carbon content, vitrinite reflectance and carbon to hydrogen ratio have a proportional
relationship with the rank while the volatile matter has an inverse relationship with the rank.
In the metallurgical industry, volatile matter and vitrinite reflectance are the two most
imperative parameters to rate the coal rank. Metallurgical coal of good quality has a volatile
matter of 15% to 45% at a dry mineral matter-free basis and a vitrinite reflectance of 0.7% to

1.8% (Lu et al., 2013).

2.2.3.2 Maceral composition

Maceral is a microscopically recognisable organic coal constituent with characteristic physio-
chemical properties (Viljoen et al., 2015; Kandiyoti et al., 2017). These constituents are
coalified plant remains preserved in coal (Viljoen et al., 2015). Macerals are classified
according to their reflectance, morphology, colour, shape and size (Matjie et al., 2016). There
are three main maceral groups: liptinite, vitrinite and inertinite. The vitrinite maceral is an
intermediate between liptinite and inertinite in the form of their physical and chemical
properties (Moroeng, 2018). Table 2.1 illustrates the effect of macerals and rank on the

volatile matter for bituminous coal.
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Table 2.1: The effect of rank and macerals on the volatile matter (Wagner, 2021)

Vitrinite Liptinite Vitrinite Inertinite including reactive
reflectance semifusinite
High volatile 0.60 71.5 44.0 36.0
0.80 68.8 40.4 28.2
Medium volatile | 1.00 57.2 35.4 23.0
1.20 43.9 29.6 19.7
Low volatile 1.40 31.5 253 17.5
1.60 21.6 21.2 17.2

The inertinite maceral group consists of several macerals, predominantly semifusinite,
fusinite and inertodetrinite (Moroeng et al., 2019). Semifusinite appears to be available at
various reflectance levels. The low-reflecting semifusinite is abundantly available in South
African coals, and it is called reactive semifusinite. This reactive semifusinite has appeared to
increase the coking ability of medium-rank bituminous coals (Malumbazo et al., 2012). The
inertinite group is more aromatic than the vitrinite group in South African coals (Falcon &
Ham, 1988; Moroeng et al., 2019). Das et al. (2016) conducted a study to determine the
suitability of low vitrinite and high inertinite coal for its application in a blast furnace. The
results exhibited that under top-charging blast furnace conditions, the coal had improved M10
and M40 values, meeting the blast furnace requirements. In contrast, Kalkreuth et al. (2005),
found an inverse relationship between a Brazilian coal’s inertinite content and char reactivity.
This illustrates the importance of investigating coals to determine their attributes before being
utilised. Table 2.2 summarises the three major maceral groups: vitrinite, liptinite and

inertinite.
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Table 2.2: A summary of maceral group qualities (Wagner, 2021)

Maceral group

Description Rank Reflected light %
Vitrinite Dark to medium | High to medium-volatile | 0.5 to 1.1 and 1.1 to

grey bituminous 1.6

Pale grey Low-volatile bituminous | 1.6 to 2.0

White anthracite 2.0to 10.0
Liptinite Black-brown High-volatile bituminous | -0.0 to 0.5

Dark grey Medium-volatile -0.5to 1.1

bituminous
Pale grey Low-volatile bituminous | -1.1to 1.6

to anthracite
Pale grey to white | High-volatile bituminous | -1.6 to 10

shadows

Inertinite Medium grey High-volatile bituminous | 0.7 to 1.6
Pale grey All bituminous coals and | 1.6 to 10
White anthracite

Yellow white

As shown in Table 2.2, each maceral group is differentiated from another by reflectance (%
of reflected light) and colour, and each maceral group is a coal rank identifier. The maceral
groups can also be distinguished from each other by their morphology, shape, size, polishing

hardness and fluorescence (Oboirien, 2012).

2.2.4 Coal Surface Area and Pore Volume

The microstructure of coal provides distinctive information regarding the width of the coal
cell wall, its pore size, pore volume and micro-fissures (Li ef al., 2019). The coal rank plays a
big role in the types of pores in the coal microstructure. When dealing with a porous material,
the external surface is defined as a non-porous material, while the internal surface area is
defined as the surface of all pore walls (Thommes et al., 2015). Porosity is defined as the
volume of the total pore to the particle or agglomerate particle. The pore structure of coking
coal is developed during the plastic range of carbonisation (Duad & Ali, 2000). Initially, the
pores appear in large particles during the softening range. The medium particle only becomes
porous at higher temperature ranges. The rise in temperature increases the pore size and pore
numbers (Howaniec, 2016), causing particles to become well-rounded and swell. There are
three pore types: micro-pores, mesopores and macro-pores (Pan ef al., 2019). Mesopores are
found in the low to medium-rank coals while micropores are generally found in the higher-

rank coals (Schwanke et al., 2017). Macropores have a pore width that exceeds 50nm
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(nanometre), mesopores have a pore width between 2nm and 50nm and micropores do not
exceed 2nm (Thommes et al., 2015). Since the coal rank plays a role in porosity, low-rank
coals with good fluidity produce a porosity of about 50% to 60% while medium-rank coals

have a slightly less porous coke of around 54% by volume (Cheng et al., 2017).

According to the study conducted by Thommes et al. (2015), the increase in coals inertinite
content leads to a decrease in the coke anisotropy; hence inertinites are responsible for
forming isotropic coke. Several techniques, including electron microscopy, mercury intrusion
porosimetry and physical adsorption of gases, have been utilised to determine the coal micro-
molecular structure. The BET (Brunauer-Emmett-Teller) technique was used to analyse the
molecular structure of coke produced in the current study. Pore characteristics of a coal
sample with bursting proneness were studied by Li et al. (2021a). They used mercury
intrusion alongside low-temperature nitrogen adsorption and desorption to study the pore size
distribution and pore volume of the coal specimen. The increment in bursting showed many
mesopores and macropores in the coal sample. Similarly, Casal ef al. (2021) investigated nine
coals with coking abilities to determine the coals with a tendency to have high coking
pressure during carbonisation. The porosity of the plastic layer and the semi-coke produced
within the temperature range of 500°C to 800°C was investigated. The results showed that
some coals are dangerous and could not be used as semi-coke due to the high porosity and

lower mercury apparent density.

2.2.5 Rheological Properties of Coking Coal

Coking coals could swell and then solidify. The rheological properties, known as the plastic
properties of coal, provide information on the coal’s swelling and solidifying capability
(Glushkov et al., 2019). The rheological property of coal plays a big role in coal blends. The
plastic zone (350°C to 500°C temperature range) and the post-plastic contraction zone (500°C
to 750°C) are two conditions that have a major effect on coke. The caking capacity and the
volatile matter of the coal in the post-plastic zone allow for the forecast of the coke quality.
For coals with a caking capacity (dilation) above 75%, the coke blends produced from these
high and low-volatile matter coals have a better caking capacity than the original respective
coals in the blend(de Cordova et al., 2016) . However, coals with a caking capacity of less
than 75% are incompatible, suppressing the plasticity of other coals (de Cordova et al., 2016;
Jiao et al., 2019). Bridging coals can combine two incompatible coals with an insufficient
overlap or similarity in the plastic zone. The bridging coals, called prime coking coals, have a

surplus plastic range that overlaps the two coals (Grainger & Gibson, 2012). Laboratory
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results have shown that increasing the resistance to the volatile matter escape in the plastic
temperature range increases the plasticity of the coal (Casal et al., 2021). Due to this reason,
stamp charging of coals into a specialised oven can make good-quality coke from poor coal

with a high bulk density.

2.2.5.1 Gieseler Plastometer test

The Gieseler Plastometer test determines the maximum fluidity and plastic range of coals.
The maximum fluidity of the coal is reported in dial divisions per minute (ddpm) (SGS,
2021). The data determined from the Gieseler Plastometer test includes the softening
temperature (temperature when the stirrer begins to rotate), maximum fluidity temperature
(the temperature at which the stirrer reaches maximum rotation rate), resolidification
temperature (the temperature at which the stirrer stops) and the maximum fluidity (Guelton,
2017). The plastic range is defined as the positive difference between the maximum fluidity
temperature and the softening temperature (Sciazko et al., 2020). Figure 2.6 illustrates the

Gieseler Plastometer test’s temperature range.

Giesaler plastometer

FLUIDITY, LOG SCALE, ddpm

TEMPERATURE, © C
Figure 2.6: The Gieseler Plastometer temperature curve (Eun, 2012, p.70)

Figure 2.6 illustrates the Gieseler Plastometer test’s temperature range where:

e T is the softening temperature

e T is the fusion temperature

e Tj is the maximum fluidity temperature
e Ty is the solidification temperature

e T4-Ti is the plastic temperature range
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e M is the maximum fluidity

One of the important aspects of this test is that it enables the coal user to select coals with the
maximum appropriate fluidity to be used in the blend. Each coal’s softening and re-
solidification temperatures are monitored very closely, and their characteristics are taken into
account. If coal resolidifies before other coals, then the coal cannot be used in the blend with
those coals (Sciazko et al., 2020). The maximum fluidity of the coal defines the coal’s ability
to mix, bond and bind with other coals (Kumar et al., 2008). The fluidity of bituminous coal
is categorised into three: the minimum volatiles ranging from 20ddpm to 1000ddpm, medium
volatiles range from 200 to 20 000ddpm and high volatiles range from 5000ddpm to
30 000ddpm (SGS Minerals Services, 2013). Even with all these ranges, metallurgical coal
has a maximum fluidity of between 200ddpm and 1000ddpm(Jordan, 2006).

Arslan & Kemal (2006) studied blending a medium-ranked Zonguldak coal with a volatile
matter of 32% at a dry ash-free basis with various low-volatile matter coals. The fluidity of
the low-volatile matter coals was low but wide enough to overlap with that of the Zonguldak
coal. The optimum coal blend had 20% to 50% Zonguldak coal and the rest was the low-
volatile matter coals. The fluidity can also be utilised to determine the effect of blending coal
with other materials such as char and coal tar. The addition of coal tar increases the plastic
range but the addition of char decreases the coal’s plastic range (Fraga et al., 2020).
Similarly, an investigation conducted by Adeleke er al. (2007) on American coking coal
showed that the coal had a large plastic range. This means that the coal could not only be
used alone but as a blend with weak and probably non-coking coals. The fluidity test

alongside the FSI was used by the authors in classifying if the coal was prime coking coal.

2.2.5.2 Ruhr Dilatation

The Ruhr Dilatation test is used to establish the swelling properties of coal when heated
under certain conditions. The test uses 5g (grams) of coal moulded into a 60mm (millimetre)
pencil. The pencil is placed in the tub and a sliding fit rod is then placed on top of it. The tub
is placed into a furnace at 300°C and heated to the coal’s maximum dilation temperature,
which is usually below 600°C (Jordan, 2006). The coal’s thermodynamic movement is
reported and used to explain its behaviour during the fusion, softening and contraction of
semi-coke (Eun et al., 2012). The initial shrinking temperature is the dilatation softening
temperature (T1). When the probe goes down to the minimum point, the temperature is

recorded as the maximum contraction temperature (T2). The temperature at the highest point
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is the end of swelling temperature (T3). The total dilatation is then calculated as an average
value between the contraction and dilatation. According to Makgato et al. (2019), a minimum
of 29.6% dilation is required to obtain a fused coke. Figure 2.7 illustrates the Ruhr Dilatation

test’s temperature range.

DISPLACEMENT, percent

Figure 2.7: The dilatation test of coal (UNT Digital Library, 2021, p.21)

The following temperatures are illustrated in Figure 2.7:

e T is the softening temperature

e T is the maximum contraction temperature

e Tjsis the maximum dilation temperature

e Ts-Tj is the plastic temperature range

e ais the maximum contraction and

e b is the maximum dilatation
2.2.5.3 Roga Index
The Roga Index, also called the G power or caking capability, describes the coke strength by
evaluating the bonding strength between the inert and the reactive maceral groups. Rzychon
et al. (2021) conducted a study to predict a caking ability model of coal blends. The results
showed that the Roga Index is a non-cumulative variable. It depends more on other coal
parameters such as carbon, moisture, volatile matter and vitrinite. The more the vitrinite
content in the blend of coal, the higher its Roga Index. Volatile matter has an inverse
relationship with the Roga Index; between 29% and 34%, the volatile matter does not affect
the Roga Index (Rzychon et al., 2021). It is also imperative to note that the Roga Index only
indicates the caking ability of the coal, not how much cake or coke nor the strength that will
be formed (Jordan, 2006). A study by Fedorova ef al. (2017) showed that the Roga Index of

coals with different vitrinite reflectance was more dependent on the vitrinite reflectance. The
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Roga Index of weakly coking coal lies between 5 and 20. Medium coking coals have a Roga

Index of 20 to 50, while strongly coking coals have a Roga Index of 50 (Speight, 2013).

2.2.5.4 Swelling Index

For the swelling index determination of coal, the coal is first heated without any external
disturbances, and the heating of the coal gives off volatile matter that causes the coal to swell.
After re-solidification, a porous coke button lighter in weight than the original sample is
formed. This button, compared to a series of standard profiles, numbered 1-9, can be used to

determine the coal swelling index, as shown in Figure 2.8.
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Figure 2.8: The standard 'buttons' for the free Swelling Index (FitzGerald &
Zambrowski, 2023, p.23)

Figure 2.8 shows the different coal indexes. An FSI greater than four means that the coal can
produce good coking coals, and any FSI above seven produces high-quality coking coals

(Battle et al., 2014).

2.2.5.5 Rheological properties summary

The results from the rheological properties of coal mentioned above (Gieseler Plastometer,
Ruhr Dilatation, FSI and Roga Index) can be used in the interpretation of the coke’s CSR and
Coke Reactivity Index (CRI). There is usually a proportional relationship between the
rheological properties and CSR for coking coal (Dash et al., 2011). The CSR tends to

increase with increasing rheological values. The CRI is, however, inversely proportional to
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the rheological values and tends to decrease with increasing rheological properties. A high
rheological index, i.e., the caking index, total dilation and Gieseler Fluidity, can agglomerate
the coal; for example, a high fluidity would mean that the coal will have a stronger bond
during carbonisation, unlike a smaller fluidity value (Dash et al., 2011). Figure 2.9 shows the

relationship between the rheological properties and the coke strength properties.
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Figure 2.9: The effect of rheological properties on coke strength properties (Eun ez al.,

2012, p.74)

2.2.6 Coal Reactivity Index and Strength After Reaction

The strength of coke in a blast furnace is dependent on two main characteristics, the CRI and
the CSR (Probierz & Marcisz, 2019). Coke strength after reaction, also known as the hot
strength, is a quality determined in simulated blast furnace conditions. The procedure was
developed by Nippon Steel (Probierz & Marcisz, 2019). The test includes reacting 200g of
Imm to 200mm sized coke samples for 2 hours at 1100°C in carbon dioxide gas (Probierz &
Marcisz, 2019). Post the reaction, the sample is tumbled in an I-type tumbler, and the
percentage of the particles left that are greater than 9.5mm is used to determine the CSR. The

change in weight loss is defined as the CRI.

CRI ==2x100 (2.20)

Equation 2.20 illustrates the CRI equation where:
e A is the original weight of the test sample before the test, and

e B is the weight of the sample after its reaction in carbon dioxide.

A good-quality coke is expected to have a CRI value equal to or below 20% to 30%. The
CSR can be obtained using equation 2.21 (Rodero et al., 2015):
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CSR = §x100 2.21)
Where:
e B is the weight of the sample after its reaction in carbon dioxide, and

e C is the sample weight greater than 9.5mm after tumbling.

According to Todoshuk et al. (2004), Arcelor Mittal has used the CSR method to predict
coals and their blends that are allowable for usage in the blast furnace. By integrating various
characterisation methods, including proximate analysis, petrography, coal sulphur and ash,
Arcelor Mittal was able to change their coal blends, producing strong, long-lasting cokes.

Figure 2.10 shows how the CSR has evolved over the years at Arcelor Mittal.
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Figure 2.10: The coke strength after reaction (CSR) evolution over the years at Arcelor

Mittal (Todoshuk et al., 2004, p.16)

As seen in Figure 2.10, the CSR values have evolved and increased over the years. A high
CSR means the coke is strong and does not react easily with carbon dioxide. This is
imperative in the blast furnace as the coke is expected to last long while all the reactions
occur. Coke is important as a reductant, fuel and burden support in the blast furnace, so coke
loss must be avoided. Therefore, the CSR values must remain as high as possible. The CRI,
however, is the opposite of the CSR and must be kept at a minimum, as stated above

(Todoshuk et al., 2004).
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To determine the CRI, the Salem Box Test has become more prevalent. The Salem Box Test
uses 18 kilograms of coal milled to 3mm and stamped into a cake with 10% moisture. The
stamped cake is placed into a steel box, charged into an oven for carbonisation, and removed
and quenched in the water. The cake is then air-cooled, crushed and sieved to a particle size
range of -21 + 19 mm. A CRI of less than 25% and CSR greater than 64% were the only
accepted coke parameters. The Salem Box coke method was comparable to the standard used

in the industry; hence the method was approved (Nagashanmugam et al., 2015).

2.2.7 Typical Characteristics of Coking Coal
For the conditions in the blast furnace to be effective, certain properties are required of the
coking coal used. Table 2.3 presents the required coking coal specifications and limits in the

blast furnace.

Table 2.3: The summary of coking coal parameters required in a blast furnace

(Satyendra et al., 2013a)

Parameter Limit Reason

Total moisture 10% maximum as-received High moisture lowers
available carbon

Ash 10% maximum High ash reduces the blast
furnace productivity

Volatile matter Between 20% and 35% air- | High volatile matter

dried decreases the blast furnace

yield

Sulphur 0.6% maximum air-dried Part of the sulphur reports to
the hot metal

Phosphorus 0.1% air-dried Reports to hot metal making
it difficult to remove it

Free Swelling index (FSI) three minimum, six hard coking coals have a

maximum higher FSI

Maximum dilatation 55% minimum

Maximum fluidity 600ddpm minimum Higher fluidity gives better
flow in coke ovens

Alkalis 2% maximum in ash High alkalis reduce the blast
furnace productivity

Ash fusion temperature 1450°C per minute It needs to be higher than the
coking temperature

Mean maximum reflectance | 0.85% to 1.35%

Vitrinite 50% minimum 45% maximum for medium
coking coals

Vitrinite distribution 70% minimum

Table 2.3 indicates the limits of the quality of coking coal accepted in the blast furnace. The

quality of the coal used in the blast furnace is imperative and each parameter must be within
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its limit. The characteristics of the coal and the efficiency of the blast furnace largely depend
on these parameters (Table 2.3). The total moisture, for instance, is largely associated with
the blast furnace’s efficiency. Yan et al. (2020) stated that the high moisture content in coal
leads to an energy usage that is both high and inefficient. Fang et al. (2019) studied the coal
moisture effect on the quality and yield of coke products from carbonisation. The results
illustrated that for the moisture content varied from 1.8% to 10.13% and the yield decreased
from 77.16% to 75.90%. There was also deterioration in the CSR, CRI, M10 (abrasion index)
and M25 (fragmentation index) as the moisture content increased. According to Gridavos et
al. (2016), high alkalis in the coal also lead to an attack on the refractory lining and cause
excess slag and coke usage. Kurunov et al. (2009) stated that for each kilogram of alkali that
reports into the blast furnace, the furnace productivity decreases by 4.5% and the coke
depletion rate increases by 11.3kg. Without utilising a coal or coke that meets the
specifications outlined in Table 2.3, the furnace’s efficiency continues to decline. It is,
therefore, essential to carry out research to improve the available coals quality, especially in

South Africa, which no longer has coking coal.

2.3 TECHNIQUES FOR UPGRADING LOW-GRADE COAL AS A COKING COAL

Lower-quality coals are abundant and unsuitable for various processes. The lack of coals
suitable for metallurgical application has led to the study on upgrading coal using several
techniques as presented in the literature. These technologies include coal briquetting and tar
replacement, microwave drying, carbonisation and pyrolysis and hydrothermal treatment as

described in the following sections.

2.3.1 Coal Briquetting and Tar Replacement

Briquetting is a technique used to compress coal or other combustible material to produce a
densified fuel that can be stored and transported easily. An investigation conducted by Kudo,
et al. (2018) using hot briquetting and carbonisation on 12 lignite coals improved the quality
of briquetted products. The tensile strength of the coal briquette increases as the aliphatic
carbons in the lignite coals form stronger bonds. In a recent study by da Assis (2019), using
tar as a binder improved the coal oven characteristic. The apparent density of the briquettes
produced using this approach increased by 42.5% with good inertinite-rich chemical and
physical characteristics, leading to increased productivity in the coke oven. In another study,
lignosulphonate and resin were used as binders along with an, low-grade coal to produce
strong water-resistant briquettes. The briquettes produced showed adequate strength,

cohesiveness and water resistance for industrial usage (Leokaoke et al., 2018). Using coal tar
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pitch, which is a residue from coal tar formed by high-temperature pyrolysis (Bermudez et
al., 2017) can also be used in upgrading the quality of a coking coal for metallurgical
applications. Coal tar pitch has a more aromatic structure, making it more stable than a
thermal pitch. Makgato and Falcon (2013) also utilises coke oven tar as a possible substitute
for imported premium coking coal. Their results showed that coke oven tar can improve
metallurgical coke qualities, leading to improved quantity and reduced cost of imported

coking coal.

2.3.2 Microwave Drying

Microwave drying is a technology that could improve and upgrade coal for different
applications. A microwave generates heat to remove moisture extensively from a material
and upgrade it thermally (Punathil & Basak, 2016). A review by Zuo et al. (2016) described
coal microwave drying as both a thermal and non-thermal process, with the thermal process
leading to crack formation and changes in pore structure. The non-thermal process effects
include removing oxygen functional groups, improved coal rank and mineral decomposition.
Both the thermal and non-thermal effects significantly impacted the upgrading of lignite coal
using the microwave technique (Zhixiu et al., 2019). According to the authors, the scanning
electron microscopy analysis results showed an increase in the number of pores, cracks and
fractures in the upgraded coal after being microwaved. In addition, FTIR showed a decrease
in the oxygen functional group, while the BET showed a 30-fold increase in the specific
surface area. The authors observed that most pores had evolved from macropores to

mesopores.

Recently, a study was carried out by Williams et al. (2019), exhibiting 5 coking and non-
coking coal samples being densified prior to being microwaved. The cokes produced from
this process were compared with cokes produced from industrial processes. The fused coke
lumps were produced within two minutes compared to the industrial coke produced through
the conventional method in 16 to 24 hours. Three samples produce a coke with reactivity
indices between 20 and 30, which is within an acceptable range for the blast furnace. In
addition, from the morphological analysis conducted, the structure of the coke formed from

the non-coking coal samples was acceptable and could be used for metallurgical applications.

2.3.3 Carbonisation and Pyrolysis
Carbonisation is the transformation of a three-dimensional macro-molecular network into a

three-dimensional macro-atomic network by heating (Marsh & Rodriguez-Reinoso, 2006;
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Ogishi et al., 2021). It is a process which involves producing metallurgical coke as a
reductant for iron making and other smelting processes (Grainger & Gibson, 2020).
Carbonisation is essential as it removes the volatile matter and increases the carbon content

(Diez et al., 2002). This process entails heating coal to about 1300°C in the without oxygen.

The residue left post carbonisation is called coke. The coke that remains generally consists of
carbon in various forms and thermally modified mineral remains referred to as ash. There are
three temperature levels in which carbonisation may take place. The first level is low-
temperature carbonisation. Normally the temperature range is between 500°C and 700°C. The
product from this low-temperature process has abundant liquid products and a limited amount
of gaseous products. This product is initially used to provide residential town gas for street
lighting and domestic or industrial heating. Mazumder (2012) established that the char
produced from this carbonisation process could be used as blends in coking oven feeds,

leading to pyrolysis being used to upgrade coal.

A study on low-temperature pyrolysis was conducted on Shenmu sub-bituminous coal
without a caking property. The pyrolysis results showed an increase in the caking property;
the highest caking property was at 450°C. The mechanical strength and coke strength after
the reaction also improved (Liu ef al., 2018). The second level is the medium-temperature
carbonisation, which is around 800°C, and the last range is the high-temperature
carbonisation range. The high-temperature carbonisation range is between 900°C and
1200°C, whereby all the volatile matter is released as liquid and gas, leaving behind carbon

with minimal impurities (Morley et al., 2017).

2.3.4 Hydrothermal Treatment

Hydrothermal treatment displays a high moisture content material to high temperatures and
pressures to improve its quality. It is imperative to examine the temperature and other factors
used for the hydrothermal treatment of coal to find out what conditions may further affect
coal during hydrothermal treatment. Temperature is part of the major parameters that affect
coalification over time alongside pressure (Stepheson, 2013). Low-rank coals can be
upgraded to produce clean fuel. Increasing the temperature can increase the coal’s carbon
content (Yu et al., 2018). A study of hydrothermal treatment of lignite coal conducted
between 130°C and 190°C illustrated that temperature adequately inhibited the reduction of
hydrogen and oxygen and the decomposition of carboxyl and phenolic hydroxyl groups in

lignite (Yu et al., 2018). The author also observed mesopore formation, improving the coal
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rank. In another study by Shui e al. (2012), temperature increased the coking parameters
such as the coals’ micro-strength index, particle reactivity index (PRI) and post-reaction
strength. The micro-strength index and post-reaction strength increased for coal treated at a
temperature range of 150° to 300°C, leading to an increased coke strength. Another
hydrothermal test was conducted on Naiyinhua lignite coal, improving the coalification of the
coal at a temperature of 250°C. This also led to a decrease the oxygen to carbon and

hydrogen to carbon atomic ratios (Shi et al., 2017).

Hydrothermal treatment conducted at elevated temperatures with water acting as a catalyst
allows for the elimination of oxygen groups, mainly the hydroxyl groups, promoting the
breakage of hydrogen bonds in the molecular network (Shui et al., 2013; Zhao et al., 2016).
This generated lighter fragments, which are stabilised by hydrogen from water. The structure
of coal is dissociated effectively, increasing caking capacity and solvent extraction (Shui et
al., 2012). Disrupting hydrogen bonds may further form the rearrangement of atomic rings
that could form plastic materials (Zhao et al., 2016). Even though temperature significantly
affects the coal’s behaviour, the coal particle size has been found to have little or no effect on

the hydrothermal treatment (Shui et al., 2012).

Temperature is not the only variable that affects the upgrading of coal. The effect of water on
hydrothermal treatment and pyrolysis was studied by Li ef al. (2019). They used two models
to investigate the effect of water at high temperatures on the structure of lignite coal while
using either hydrothermal treatment or pyrolysis to upgrade the coal. The water molecules
formed hydrogen bonds with the oxygen-containing groups, destroying the intermolecular

bonds in lignite, improving the coal product.

A study on transforming lignite into caking coal by hydro-modification in subcritical water—
CO system illustrated that the disruption of weak covalent bonds, such as ether, ester and side
chains, by hydrolysis and pyrolysis changed the distribution of non-covalent bonds, such as
hydrogen bonds (Zhao et al., 2016). This disruption was able to form plastic materials in
lignite coal by rearranging the atomic rings, increasing the caking property of the lignite with
an index from 0 to 96 (Zhao et al., 2016). At 200°C, similar effects were evident on lignite
treated hydrothermally in the hope of producing coke from this lignite. When this lignite coal
was acid washed before the hydrothermal treatment, the porosity and ash content reduced

while the plasticity increased (Mori et al., 2013). A small change in other parameters, such as
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a decrease in hydrogen content and ash, is still an indicator of pre-treated coal (Wang et al.,

2008).

2.4 ALTERNATIVE REDUCING AGENTS

Coking coal (coke) is the most widely used reducing agent currently used in a blast furnace.
The depletion of metallurgical coal has led to various studies on alternative reducing agents
for use in the steel production processes. This section provides insight into other reducing
agents, such as hydrogen and shredder residue material, that can be used as a substitute in

metallurgical applications.

2.4.1 Hydrogen

Hydrogen is proposed as a future reductant for the steel industry. The current technology
used for steel making releases a large amount of carbon dioxide because carbon is a reductant
(He et al., 2017). The steel industry is one of three major carbon dioxide-producing industries
(McKinsey & Company, 2020). To overcome this major emission, many studies on the use of
hydrogen as alternative reductant to carbon are on-going (Noussa et al., 2021). Hydrogen is
researched because water is the by-product of the process. Four types of primarily produced
hydrogen can be used as a reductant: brown, grey, blue and green hydrogen (Figure 2.11).
Brown and grey hydrogen are produced from fossil fuels that emit carbon dioxide (Wood,
2020). The production of brown hydrogen is from coal and oil while the production of grey
hydrogen is from natural gas reforming process. Blue hydrogen is also produced from fossil
fuels, but the process is integrated with carbon dioxide capture technology (Jovan & Dolanc,
2020. The sequestrated carbon dioxide from the blue hydrogen process is either deposited
underground or used by industry to produce other products. Renewable energy sources like

wind and solar energy produce green hydrogen (Jovan & Dolanc, 2020).
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Figure 2.11: Hydrogen colour based on production method (Panic’, et al., 2022, p.5)

In the production of brown hydrogen, carbonaceous material is processed into carbon
dioxide, hydrogen and carbon monoxide by applying temperatures above 700°C with a
controlled amount of steam or oxygen (Kumar, 2013; Energy Information Administration,
2022). Additional or more hydrogen can be produced using the water-gas shift reaction
(CO + H,0 - CO, + H,). Coal gasification is the most popular method to produce brown
hydrogen. Syngas containing hydrogen, carbon monoxide and a trace of carbon dioxide are
produced during gasification, while absorbers and membranes are used to separate the
hydrogen from the rest of these contaminants (Giovannini, 2020). Hydrogen may be further
classified as brown or black based on the coal type used (CsiroScope, 2021). Brown
hydrogen is produced from lignite (brown coal) and black hydrogen is produced from
bituminous coal. Grey hydrogen is produced from natural gas by steam reforming. Synthesis
gas (syngas) is produced from natural gas and steam (U.S Department of Energy, 2020). With
the recorded high emission from the production of grey hydrogen, “steam methane
reforming” produces about 95% of the world’s hydrogen to date (Wood, 2020). Blue
hydrogen has an industrial carbon capture system to capture the carbon dioxide formed. A
maximum of 80 to 90% of the carbon can be captured. The process is carbon neutral because
of the minimal pollution. Another hydrogen, turquoise hydrogen, is made through methane
pyrolysis, but this is still in the experimental phase (Figure 2.11). The process is aimed at
decomposing methane at high temperatures generating hydrogen and solid carbon (Harrison,
2022). Finally, there is a water electrolysis technology that comprises three colours of

hydrogen: pink, yellow and green. All three are produced using electricity. Pink hydrogen is
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produced from nuclear energy, yellow from any combination of available energy and green
from renewable energy (Kshirsagar & Malladi, 2021). The current production of green
hydrogen is 1%, and the world is moving towards the production and use of green hydrogen

(Wood, 2020).

Hydrogen has several advantages, such as having water as a by-product and faster reaction
rates compared to carbon (coal). The current limitation is that hydrogen production is costly.
As a result, hydrogen is not used as a reducing agent for steel production, nickel reduction
and the reduction of refractory metal oxides (Antrekowtsch & Steinlenchner, 2010; Birol,
2019). Several strategies have been put in place by different companies over the years to
move to zero-carbon steel production (McKinsey & Company, 2020; POSCO, 2021).
European companies have reached the lifespan of their basic oxygen furnaces and various
companies have started setting up pilot plants for carbon-free steel production. As a result of
the McKinsey & Company (2020) report, hydrogen can be injected into a PCI system.
Coking coal will still exist, but its contribution will decrease as the world is moving into
decarbonised steel production. POSCO (2021) already uses FINEX (Fine Iron Ore
Reduction), a fluidised bed reactor with a melter or gasifier that produces molten iron. It uses
25% hydrogen and 75% carbon monoxide, and it is the primary technology behind the
breakthrough of HyREX (Hydrogen Reduction), which aims to use 100% hydrogen. SSAB,
LKAB (Sweden’s largest iron producer) and Vattenfall (Sweden’s energy producer)
constructed a hydrogen electrolysis and storage facility, as well as the pilot steel factory in
2018, with the first commercial sales of fossil-free steel expected in 2026 (Pei, 2021). The
EAF technology is fuelled by renewable electricity and fed by DRI. According to Pei et al.
(2020), HyBRIT expects that due to carbon tax, the cost of coal will equate to that of
hydrogen by 2028 in Europe.

Other companies like ArcelorMittal are also investigating green hydrogen for steel
production. One of the studied technologies includes installing an electrolyser in the DRI-
EAF route to produce hydrogen, reducing carbon used and mitigating carbon dioxide
emissions (ArcelorMittal, 2020). To reduce their emissions by 30% by the year 2030,
ArcelorMittal has employed hybrid blast furnace/DRI technology, which injects hydrogen-
rich coke gas to reduce iron (ArcelorMittal, 2021). This technology would inject gases from
various parts of the plant and has a carbon capture system. The system is currently using grey

hydrogen but aims to move to green hydrogen and renewable energy.
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As mentioned above, various companies (especially in Europe) are starting to decarbonise the
steel-production industry. Their carbon-neutral plants are expected to be at full capacity by
between 2048 and 2050. Huxham et al. (2019) and Tollip (2021) reported that South Africa
has abundant and potentially low-cost renewable energy. South Africa may store and export
renewable energy to Europe in the second phase of going green between 2027 and 2030
(Huxman et al., 2019). I disagree with the authors because the hydrogen produced will be too
expensive, as we are a country without adequate water, electricity, and hydrogen gas storage
facilities. Even though the hydrogen economy is important for the country's growth and

energy security, the country has not yet begun to build its low-carbon steel production plant.

2.4.2 Shredder Residue Material

Automotive shredder residue materials obtained from discarded car components, along with
the steel, iron and non-ferrous scrap, can be used as an alternative reductant (Steinert, 2021).
Shredder residue material, with the inclusion of plastic, has been investigated as a possible
alternative reducing agent to coke (Lotfian et al., 2017b). Although the char produced from
the shredder residue materials have a lower fixed carbon to coal char, char is more reactive
due to its higher surface area, but also contains high ash content. A study by Lotfian (2018)
demonstrated that the conversion time of plastic materials was longer than that of coal.
Plastic-containing material can be co-injected into a zinc-fuming furnace to replace coal
without decreasing the rate of reduction (Lotfian er al., 2019). With all the attractive
characteristics displayed by the shredder residue material, Lotfian et al. (2017a) suggested
that it should only be used in a nonferrous blast furnace operation. This is because, with the
chemical composition of shredder residue material, if used in the ferrous blast furnace
application, it will detrimentally affect the quality of the pig iron produced (Nourredine,
2007).

2.5 SUMMARY

This chapter provided details of the various techniques used for coal upgrade and the
specifications required for applications in the blast furnace. The chapter also highlighted
different techniques for categorising coking coal and coke. In addition, the importance of
hydrogen as an alternative reducing agent of the future and the different processes involved in
producing hydrogen were discussed. Information on the use of shredding residues in the
production of steel and non-ferrous metals along with the limitation of the reductant is well
elucidated. With hydrogen being the most realistic future reductant, more funding needs to be

provided in this area of research to investigate replacing coal as a reductant.
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CHAPTER THREE: RESEARCH METHODOLOGY

3.1 INTRODUCTION

The coal samples, equipment, and methods employed in this study are described in this
chapter. The GG semi-soft coking coal and Moatize coking coal were used as the feeds. Both
coals were subjected to various physicochemical, rheological, and micro-molecular analyses
to characterise their initial properties. The raw coal samples were hydrothermally treated and
characterised. Based on the results of the physiochemical and micro-molecular analysis, the
optimum parameters to run the hydrothermal reactor were chosen. The coals were used to
produce blends that were hydrothermally treated at the optimum parameters. This allowed the
optimum blend to be chosen to run the coking tests on this blend. The overall methodology is

illustrated in Figure 3.1.

Physiochemical and

Raw GG and Moatize micro-molecular

Coking tests

coal samples analysis of the treated
samples
Physiochemical, Hydrothermal treatment Ph}'slmch emical?
" . . theological, and micro
rheological, and micro of samples at optimum o] s
molecular analysis parameters molecular andiysis
4 A 4 Physiochemical and A
Hydrothermal micro-molecular Improved coal
treatment ‘ analysis of samples
hydrothermally treated
samples
. / . /

Figure 3.1: The process flow diagram

Each coal sample, GG and Moatize, was characterised before hydrothermal treatment.
Physiochemical analysis, including proximate analysis, ultimate analysis, total carbon and
sulphur, and FTIR analysis, were conducted on the raw coal samples. Furthermore, the raw

coals were subjected to rheological analyses, such as the crucible swelling index, and the
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Gieseler Fluidity and Ruhr Dilatation tests. Also, the raw coals were subjected to micro-

molecular analyses, such as petrography and pore size distribution.

Hydrothermal treatment was conducted under varying temperatures, coal mass samples and
residence times. The hydrothermally treated coal samples were further subjected to
physiochemical and micro-molecular analysis to determine the optimum conditions. The coal
at optimum hydrothermal conditions were blended, subjected to hydrothermal tests, and
carbonised alongside the raw coal samples. The micro-molecular analyses, including BET
pore surface area and pore volume, were conducted on the selected hydrothermally treated
samples, their blends and carbonised coals. Lastly, the full characterisation was conducted on

the upgraded coal blend.

3.2 EQUIPMENT

The following equipment was used for the experimental tests:

1. Pulveriser
ii. LECO TGA701
iii.  Berghof BR-1500 High-Pressure Laboratory Reactor with accessories
iv.  LECO SC632 Sulfur/Carbon Series.
v.  Gieseler Plastometer
vi.  Ruhr Dilatometer
vii.  Elementar vario EL cube analyser
viii.  Perkin Elmer Spectrum Two FTIR Spectrometer
ix.  Leica DM4500 polarisation microscope

x.  Autosorb-iQ gas sorption analyzer
3.3 CHARACTERISATION

3.3.1 Proximate Analysis

The sample’s inherent moisture, volatile matter content and ash content were determined by
proximate analysis. In addition, the fixed carbon content was calculated using equation 3.1,
and values were expressed in percentages. The analysis was conducted according to ASTM
D-5142 on a LECO TGA-701 instrument, where each sample was measured at approximately
1g using a ceramic crucible in the instrument. Moisture determination analysis commenced at
25°C and heated up to 107°C in a nitrogen atmosphere at a 6°C/min temperature ramp rate,

and the uncovered samples were held at 107°C for 15 minutes until there was no change in
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the sample mass. In a nitrogen atmosphere, the determination of the volatile matter
commenced at 107°C, crucibles were covered, and the temperature was raised to 950°C at a
43°C/min temperature ramp rate, where it was held for 7 minutes. For ash determination, the
temperature was first reduced to 600°C, before being raised to 750°C at a heating rate of

3°C/min in an oxygen atmosphere.
FC=100—-IM —VM — Ash (3.1)

Where FC is the fixed carbon content (%),
IM is the inherent moisture content (%),
VM is the volatile matter content (%) and

Ash is the ash content (%).

3.3.2 Ultimate Analysis

The ultimate analysis was conducted according to ISO 12902 in the Elementar vario EL cube
analyser. The equipment carousels that can accommodate about 80 samples were loaded with
tin foil capsules that could each accommodate a 50mg sample. After that, the sample was
automatically sent to the combustion vessel where it was first flushed with helium, a carrier
gas that removes atmospheric nitrogen. Combustion took place at 1150°C. Before being
delivered to the thermal conductivity detector for elemental concentration detection, the gases
nitrogen, CO2, H>O and sulphur dioxide were once more divided into their component parts in
the gas separation columns (Elementar, 2021). The percentage of carbon, hydrogen, nitrogen

and sulphur was determined analytically, whereby oxygen was calculated by equation 3.2:
0=100—(C+H+ N+ S+ Ash) (3.2)

Where O is the oxygen content,
C is the carbon content,

H is the hydrogen content,

N is the nitrogen content,

S is the sulphur content, and

Ash is the ash content.
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3.3.3 Total Carbon and Sulphur

Total carbon and sulphur determination was done according to ASTM D4239 using a LECO
SC632 Sulfur/Carbon Series. The ceramic boat was tared on the scale and a sample was
weighed to around 0.25g. The analyse button was pressed and when the system was ready,
the boat with the sample was pushed into the furnace. Oxygen was used at 1350°C to analyse

the total carbon and sulphur in the material.

3.3.4 Fourier-Transform Infrared Spectroscopy
The FTIR analysis of the raw coal samples was performed to identify the functional groups

using the Perkin Elmer Spectrum Two FTIR Spectrometer with attenuated total reflectance.
Approximately 0.2g of the crushed coal sample was placed on the instrument, which applied
pressure on the sample, and the spectra were displayed on the screen. Each sample’s

spectrum was obtained at the wavelength range of 4000cm™ and 450cm™.

3.3.5 Gieseler Fluidity

Bureau Veritas uses a Gieseler Plastometer extensively to measure the fluidity of coal. The
instrument’s rotating ramble arm stirrer was held under constant torque in a packed sample of
ground coal that was heated at 3°C/min through the plastic range. Softening temperature (°C),
the temperature of maximum fluidity (°C), the resolidification temperature (°C) and the

maximum fluidity in ddpm were obtained.

3.3.6 Ruhr Dilatation Test

The Ruhr Dilatation test was carried out according to SANS 881:2009 at Bureau Veritas.
Coal crushed and pulverised to 250 microns was used to form a 60 mm pencil that was
inserted into an accurately calibrated retort tube with a graduated piston on top. The sample
was then placed in a furnace and heated at 3°C/min. The piston movement as the coal pencil

contracted and dilated was recorded.

3.3.7 Free Swelling Index

The FSI, also termed the crucible swelling index, measures the increase in the volume of coal
when heated in the absence of air. The samples obtained are reported in numbers from 0 to 9,
with the higher value considered higher quality for coking coal applications. The FSI was
done by milling and sieving coal to 250 microns. One gram of the 250-micron coal was
heated under specified conditions in a 17ml silica crucible with a regular lid. The caking
characteristic of the coal samples was determined according to ISO 501:2012 (Hard coal —

Determination of the crucible swelling number).
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3.3.8 Roga Index
One gram of coal greater than 2mm was mixed with 5g of standard anthracite. The mixture
was carbonised in an inert atmosphere for 15 minutes to 850°C (Gagarin, 2009). The obtained

coke was subjected to three drum tests and the Roga Index was determined.

3.3.9 Surface Area, Pore Volume and Pore Area

The multipoint BET model was used to obtain the specific surface area and the pore volume
on the Autosorb-1Q gas sorption analyzer. The Quantachrome® ASiQwinTM software was
then used for data processing and to enable data extraction. The surface area was analysed
according to ASTM D6556-14. Approximately 0.2g of each sample was degassed at 300°C
for ten hours. The degassed sample analysis was carried out at 77 Kelvin (K) for surface area,

pore volume and average pore size with 20 adsorption and desorption points chosen.

The pore size distribution is commonly used to describe and characterise the internal
structure of activated carbons and other porous materials (Wang et al., 2019). The adsorption
isotherm is commonly used to describe the pore size distribution of carbons. The non-local
density functional theory is the frequently used calculation for pore size distribution based on
the nitrogen adsorption data. A study by Abdulsalam (2019) illustrated that the Density
functional theory (DFT) accurately determines the pore size distribution even though there

are other methods, such as Barrett-Joyner-Halenda, so DFT was used in this research.

3.3.10 Petrographic Analysis
The petrographic analysis was done according to ISO 7404. The coal sample was crushed to -
Imm, mixed with epoxy resin and hardener, and moulded as a block mount (Wagner et al.,
2018). Maceral analysis was done according to ISO 7404-3 on well-polished block mounts. A
Leica DM4500 polarisation microscope with a J and M spectrolytic system was used for
maceral analysis and vitrinite reflectance. The macerals were counted in groups, and the
results were stated in volume %. The microlythotype was carried out similarly to the maceral
analysis but with a 20-point graticule in the microscope’s ocular. The vitrinite reflectance was
done according to ISO 7404-5. The vitrinite reflectance measurements were taken on a
smooth polished surface under a monochromatic green light by photomultipliers and
detectors. The results were reported as random reflectance, a standard deviation of the

reflectance and a reflectance histogram.
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3.4 HYDROTHERMAL TREATMENT
The hydrothermal treatment was conducted in a Bergof BR-1005 High-Pressure Laboratory

Reactor Figure 3.2. This high-pressure system has a 1.75-litre vessel, magnetic stirrer,
pressure gauge, standard fittings, temperature regulator, heating jacket, seals and data

loggers, and it can go up to 300°C and 90 bars.

.
=
(&)
©
o
S
-
=
e

Figure 3.2: Berghof BR series reactor and accessories (DKSH Group, 2018, p.3)

3.4.1 Hydrothermal Treatment of Coal

The coal particle size is not imperative in hydrothermal treatment. Even so, the particle size
used was - 6mm. Moisture also plays no effect in the hydrothermal treatment of coal as water
is added to the process. The tests were conducted under various conditions, with the residence
time ranging from 30 minutes to 90 minutes, the raw coal sample mass ranging from 300g to
600g, and the temperature ranging from 100°C to 200°C. The reactor was pressurised to 20
bar under nitrogen or argon for each test, and 800ml of distilled water was used to mix with
the raw coal. Upon receiving the results, a further test at 280°C, 180 minutes and 600g was
conducted to see the effect of higher temperature and residence time on the samples. Table
3.1 illustrates the parameters used for tests run on the hydrothermal reactor. Table A1 and

Table A2 in appendix A illustrate the GG and Moatize nomenclature respectively.
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Table 3.1: Experimental process parameters for each test run

Sample ID Coal Temperature | Time | Pressure | Mass (g) | Water (ml)
sample (°C) (min) | (bar)
GG-HTC-300A GG 100 30 20 300 800
GG-HTC-450A GG 100 30 20 450 800
GG-HTC-600A GG 100 30 20 600 800
M-HTC-300A M 100 30 20 300 800
M-HTC-450A M 100 30 20 450 800
M-HTC-600A M 100 30 20 600 800
GG-HTC-300-A1 GG 150 30 20 300 800
GG-HTC-450-A1 GG 150 30 20 450 800
GG-HTC-600-A1 GG 150 30 20 600 800
M-HTC-300-A1 M 150 30 20 300 800
M-HTC-450-A1 M 150 30 20 450 800
M-HTC-600-A1 M 150 30 20 600 800
GG-HTC-300-A2 | GG 200 30 20 300 800
GG-HTC-450-A2 | GG 200 30 20 450 800
GG-HTC-600-A2 | GG 200 30 20 600 800
M-HTC-300-A2 M 200 30 20 300 800
M-HTC-450-A2 M 200 30 20 450 800
M-HTC-600-A2 M 200 30 20 600 800
GG-HTC-300B GG 100 90 20 300 800
GG-HTC-450B GG 100 90 20 450 800
GG-HTC-600B GG 100 90 20 600 800
M-HTC-300B M 100 90 20 300 800
M-HTC-450B M 100 90 20 450 800
M-HTC-600B M 100 90 20 600 800
GG-HTC-300-B1 GG 150 90 20 300 800
GG-HTC-450-B1 GG 150 90 20 450 800
GG-HTC-600-B1 GG 150 90 20 600 800
M-HTC-300-B1 M 150 90 20 300 800
M-HTC-450-B1 M 150 90 20 450 800
M-HTC-600-B1 M 150 90 20 600 800
GG-HTC-300-B2 GG 200 90 20 300 800
GG-HTC-450-B2 GG 200 90 20 450 800
GG-HTC-600-B2 GG 200 90 20 600 800
M-HTC-300-B2 M 200 90 20 300 800
M-HTC-450-B2 M 200 90 20 450 800
M-HTC-600-B2 M 200 90 20 600 800

M: Moatize, GG: Grootegeluk, min: minutes, g: grams, ml: millilitres
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3.4.2 Coal Blending for Further Hydrothermal Treatment

Based on the analytical results from the hydrothermal treatment outlined in section 3.4.1, the
optimum temperature and raw coal mass for the GG and Moatize coal samples were
determined. The two raw coal samples GG and Moatize were blended at varying
compositions from a GG composition of 15% to 50%. The blends were subjected to

hydrothermal treatment at the optimum conditions from section 3.4.1, as shown in Table 3.2.

Table 3.2: Various coal compositions

Coal
composition Temperature | Time Pressure | Mass | Water

Sample ID (Wt-%) °C) (min) (bar) (2) (ml)
15%GG,

90-(15%GG+85%M) | 85%M 200 90 20 600 800
30%GQG,

90-(30%GG+70%M) | 70%M 200 90 20 600 800
50%GG,

90-(50%GG+50%M) | 50%M 200 90 20 600 800

wt-%: weight percentage, GG: Grootegeluk, M: Moatize, min: minutes, g: grams, ml: millilitres

3.5 COKING TESTS

The coking tests were conducted on the LECO TGA701 under an inert atmosphere by adding
0.1g of sample into a ceramic crucible and allowing the sample to be raised to 400°C at
5°C/min and to a further 950°C by ramping it at 4°C/min (Flores et al., 2017). The sample
was then held at 950°C for 30 minutes. The coke reactivity was also determined using the
LECO TGA701, from room temperature to 1000°C at a heating rate of 30°C/min in a nitrogen
atmosphere. At 1000°C, the atmosphere was changed from nitrogen to carbon dioxide and the
temperature was held for two hours (Diez & Borrego, 2013; Flores et al., 2017). The change
in mass with respect to time was recorded and used to calculate the particle reactivity index

using equation 3.3 (Shui et al., 2012):

_ 1 dm (3.3)

my dt

Where dm = my —m

mo—m _d_X
(mo).(dt) ~ dt

Therefore, R =
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Where X = =™ 4100

mo
R is expressed in %/min;

my is the coke's starting mass following the removal of all moisture and volatile substances
and before the conversion from a nitrogen atmosphere to a carbon dioxide atmosphere in mg

(milligram).

m is the mass of the coke at any specific time and temperature in mg;

am . . .
- IS the conversion in %.

3.6 SUMMARY

This chapter presented the methods used to characterise the raw GG and Moatize coal
samples, the hydrothermal treatment procedure, the blending of the two coals at various
compositions, coke production and the coking tests for coal. The analytical methods for
physiochemical analysis of the coal included proximate, ultimate, total carbon and sulphur
and FTIR. The rheological analytical methods included Ruhr Dilatation, Gieseler Fluidity,
FSI and Roga Index. The micro-molecular analysis techniques included surface area, pore
size, pore volume and petrography. The results and the discussion of the aforementioned

experiments are presented in Chapter 4.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1 INTRODUCTION

This chapter presents the experimental data from this research. The data consists of the
physiochemical properties of the as-received coal samples and their micro-molecular and
rheological properties. The results obtained from the hydrothermally treated coals at various
temperatures (100°C to 280°C) and various masses (300g to 600g) are presented. The
physiochemical analysis and micro-molecular data from the effect of blending the Moatize
coal with the 15%, 30% and 50% GG coal on mass ratio are also presented in this chapter.
Lastly, the coke produced from the blend of the hydrothermally treated samples and their

reaction in carbon dioxide is discussed.

4.2 CHARACTERISATION OF THE RAW COAL SAMPLES
4.2.1 Physiochemical Characterisation of the Raw Coal Samples
The physiochemical, rheological and micro-molecular properties of the two coals utilised in
this research were done to determine the suitability and the coking potential of the coals.

These results are presented in Table 4.1.

The inherent moisture content of the coals was 5.31% and 2.23% for GG and Moatize,
respectively. For effective coke production, the inherent moisture content of the coal must be
below 8% (Das et al., 2016; Makgato & Falcon, 2013). According to Fang et al. (2019), a
decrease in the moisture content of coking coal influences the overall property of a coke,
enhancing the CSR and carbon yield, hence decreasing the CRI. A good coking coal must
also have a volatile content between 20% and 35%, with the most appropriate coal having a
volatile matter in the lower range (Satyendra, 2013a). The Moatize coal had a volatile matter
content of 20.35% (Table 4.1), which is within the required range for a suitable coking coal.
The same coal can be used as a pressure reducer when blended with coal such as the GG coal

of higher volatile matter to reduce the negative impact of a highly swelling coal.
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Table 4.1: Characterisation of the raw Grootegeluk and Moatize coal samples

Coal Grootegeluk coal Moatize coal
Proximate (% adb)
Inherent moisture (IM) 5.31 2.23
Ash content (Ash) 10.72 10.6
Volatile matter (VM) 35.02 20.35
Fixed carbon (% calculation*) 51.84 67.36
Ultimate (% adb)
Carbon content (C) 69.5 76.5
Hydrogen content (H) 4.90 4.22
Nitrogen content (N) 1.41 1.84
Oxygen content (% calculation**) 7.03 4.61
Total sulphur (S) (%) 1.13 1.19
Maximum dilatation (%) -10.0 59.0
Crucible swelling index 5.5 9.0
Maximum fluidity (ddpm) 3.0 24
Petrographic composition (% in.mm)
Vitrinite content 72.5 75.0
Inertinite content 9.20 13.6
Liptinite content 2.0 0.0
Mineral matter content 16.3 11.4
Microlythotype (%in.mm)
Vitrinite content 66.6 68.6
Inertinite content 4.20 10.8
Liptinite content 0 0
Intermediates 10.8 10.6
Minerals 18.4 10.0
Reflectance random 0.720 1.28
Standard deviation 0.169 0.095
Rank category Medium-rank C Medium-rank B
bituminous bituminous
Total pore volume (cc/g) 1.11e* 9.48¢
Average pore size (nm) 7.05 7.70
Specific surface area (m?/g) 5.75 4.92

% adb: % air-dried basis, ddpm: dial divisions per minute, in.mm: including mineral matter, cc/g: cubic centimetre per gram,

nm: nanometre, m?/g: square metre per gram, *FC=100-(IM+Ash+VM), **0O=[100-(Ash+H+C+N+S+IM)]

The ash content of the two coals was between 10.60% and 10.72%, and a good-quality
coking coal is expected to have an ash content of less than 10% (Ryemshak & Jauro, 2013.
According to Ryemshak and Jauro (2012), a 2wt% (weight percentage) to 3wt% decrease in

metal production can be caused by 1wt% increment in the coke ash content. From the
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ultimate analysis result, the Moatize coal had a higher total carbon content of 76.50%
compared to 69.50% from GG coal. Moatize coal also ranked higher than GG coal; this is due
to its higher carbon content, less volatile matter and more vitrinite composition. Moatize coal

is arguably more mature and has more carbon as a reductant than GG coal.

The FTIR spectra of the raw GG and Moatize coal (Figure 4.1) and the summary of the coals
functional groups are presented in Table 4.2. This provides an insight into the difference in
the structural and functional groups within the two coals. As seen in Figure 4.1 and Table 4.2,
the peaks of an O-H stretch, aliphatic and aromatic C-H, CH2, CH; and Si-O deformations.
Peak 1, between 3693cm™ and 3679cm’!, shows O-H vibrations. The Moatize coal sample
exhibited more intense O-H bonds, which can be attributed to higher hydrogen (1.80%)
bonds than GG coal (1.41%). Moatize coal also exhibited a more intense peak than GG coal
in the 1934cm™ to 1602cm™ range (peaks 4, 5 and 6), which shows the aromatic segment of
C-H. This is supported by the higher elemental carbon in the sample (76.5%) than in GG coal
(69.5%). The fingerprint region from 560cm™ to 500cm™ shows peaks of a similar range for
both samples. According to the petrographic result, GG coal had a higher mineral content

than Moatize, but both coals had similar ash content.
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Figure 4.1: The Fourier-Transform Infrared Spectroscopy spectra of Moatize and

Grootegeluk (GG) coal samples
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Table 4.2: Summary of functional groups for the infrared spectra of the Moatize and
Grootegeluk coal samples (Khan et al., 2018; Merk, 2022)

Wave number (cm™') | Peak/vibration Functional groups/band assignments
3693-3679 1 O-H stretching vibrations
2990-2900 2,3 Aliphatic C-H stretch
1934-1602 4,5,6 Aromatic C-H stretch
1452-1403 7 CH_, CHj3 bend vibrations

1390 8 CHs
1300-1000 9,10 C-O stretch and O-H bending vibrations in
phenol structures
900-700 11,12,13 Out of plane aromatic C-H vibrations
560-500 14,15 Si-O and Si-O-Si deformations associated
with kaolinite and quartz

4.2.2 The Rheological Characterisation of Grootegeluk and Moatize Coals

The rheological property of the coal signifies its area of application. The coal used in a blast
furnace must produce a coke that exhibits a rheological property that conforms to the required
standard maximum dilatation, fluidity, caking index and crucible swelling index. From Table
4.1, the maximum dilatation of GG coal was -10%, while that of Moatize coal was 59%. The
negative maximum dilation was due to the contraction of coal when exposed heat instead of
the usual expansion. This phenomenon is called negative thermal expansion (Cong et al.,
2023). According to Makgato et al. (2019), the required minimum dilatation percentage for a
coking coal to make a fused coke is 29.6%. Furthermore, coal with dilatation between 0 and
40 is weakly coking and above 50 is a strongly coking coal (Speight, 2013). The Moatize coal
was found to be above 50. The maximum fluidity temperature for the GG coal sample and the

Moatize coal sample used in this study was 420°C and 474°C, respectively.

The plastic range of a coal sample is highly dependent on its chemical composition (Sciazko
et al., 2020). The GG coal was within the coking coal crucible swelling index limits of three
to six, while the Moatize coal was within the prime coking coal limit of 6-9 (Battle et al.,
2014). According to the swelling index standard, a weak caking coal has a swelling index
below 2.5, and a weak to moderate caking coal has an index between three and 3.5. A
moderate caking coal is between four and 6.5, and a swelling index above seven provides
high caking power. The cokes with high caking power are too strong to be used in a blast
furnace; hence the moderate caking power cokes are used. From the maximum fluidity test
result, both coals were not within the metallurgical coal range for maximum fluidity. The

maximum fluidity range for metallurgical coal is between 200ddpm and 1000ddpm (Jordan,
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2006); the study coals were 3ddpm and 24ddpm for the GG and Moatize coal samples,
respectively. The study coals had a Roga Index of 36 for GG and 56 for Moatize, and both
indices do not comply with the range for metallurgical coking coal. Their micro-molecular
parameters were investigated to conclude the quality and suitability of these coals for

metallurgical application.

4.2.3 The Micro-Molecular Characterisation of Grootegeluk and Moatize Coal

The GG coal sample was discovered to be a medium-rank C bituminous coal with a vitrinite
content of 72.5% and a mineral matter content of 16.3%. The Moatize coal sample was
discovered to be a medium-rank B bituminous coal with a vitrinite content of 75% and a
mineral matter of 11.4 The full maceral group analysis, vitrinite reflectance and
microlythotypes can be seen in Table A3, Table A4 and Table A5 in Appendix A. According

to the micrograph in Figure 4.2c, the sample of Moatize coal indicates the presence of natural

coke.

Figure 4.2: Moatize coal sample with (a) inertinite (IN) and clay (CL), (b) fusinite (FUS)

and (c) natural coke
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Figure 4.3: Grootegeluk coal with (a) colledilite (COL) and inert semifusinite (ISF), (b)
quartz (Qu) and (c) pyrite (P)

Figures 4.2 and 4.3 show the composition of the Moatize and GG samples in terms of their
maceral constituents and mineral matter contents. Vitrinite is the main and valuable maceral
in a coking coal that determines the quality of the coke (Makgato, 2013). The Southern
African coking coals have semi-reactive fusinite, which also enhances the quality of coking
coal. Vitrinite is also known to appear as thick bands in light grey and dark grey, which can
be seen in Figures 4.2a and 4.3a. The Moatize and GG coal samples were abundant in
vitrinite, and collotelinite dominates over collodetrinite. This exhibits similar behaviour to

South African coals previously studied by Kruszewska (2003) and Mphaphuli (2017).

The Moatize coal sample also exhibited natural coke, as seen in Figure 4.2(c), which is
supported by the higher carbon content and coking coal reflectance in the Moatize, as well as
its higher reactive fusinite content than GG coal. Both samples were dominated with
inertinite macerals (fusinite and inertodetrinite) (Figures 4.2b and 4.3b. This corresponds to
the higher inertinite content (13.6%) for Moatize, with 1.2% of that being reactive
semifusinite and GG (10.9%) of inertinite and only 0.2% of the reactive semifusinite. In
terms of the mineral contents, the Moatize and GG coal samples were composed of clay,
quartz, pyrite, and carbonate, including traces of other minerals, but Moatize had higher
inertinite. Even though Figure 4.3c shows some pyrite content, the percentage pyrite from

both samples was as low as 0.4%.
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The BET was used to analyse the specific surface area, pore volume and pore size
distribution of the two samples. According to Wang et al. (2019), the internal structure of a
coal can be characterised based on its pore size distribution. Table 4.3 presents the summary
of the textural properties of the two coals. The pore size distribution of the coals was
generated using the DFT model. Since coal structure is very complex, determining its pore
size distribution for micro, meso and macro-pores requires DFT rather than Barrett-Joyner-
Halenda, which has limitations for evaluating micropores. Studies have shown the DFT pore
size distribution to be more accurate for calculating the pore size distribution (Horvat et al.,

2022).

Table 4.3 and Figure 4.4 provide an overview of the DFT textual properties of the raw GG
and Moatize samples. The 100% Moatize exhibited a higher micropore volume than 100%
GG at the micropore region (0 to 2nm). Furthermore, the micropore volume for 100%
Moatize was 7.18x1073, and it was 4.40x10> for 100% GG. Raw GG exhibited a larger
mesopore volume (5.60x107%) than 100% Moatize (2.30x107). The average pore diameter of
100% GG was 7.06nm, while that of Moatize was 2.50nm. The Moatize coal has a micropore
surface area of 4.42 m?/g, higher than that of GG coal. This agrees with the notion that
higher-rank coal has more micropores and a higher micropore surface area than lower-ranked
coal. Even though the Moatize coal sample was higher ranking and had a higher carbon
content than the GG coal sample, neither can individually be used in a blast furnace because
they do not meet the required standard for making coking coal individually. Therefore, the
samples were subjected to hydrothermal processes to enhance their properties. Hydrothermal
treatment can dissolve and leach inorganic minerals, reducing ash and volatile matter content,
particularly important for the GG coal. This opens more pores in the coal, reducing the
micro-molecular pore volume and increasing the mesopore volume (Wang et al., 2008; Li et
al.,2021d Su et al., 2022). Blending both coals could also enhance the rheological properties
of the blend (Dufty et al., 2009; Hu et al., 2016), and this was investigated in this study.
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Table 4.3: The Density functional theory textural properties of Grootegeluk (GG) and

Moatize coals

Sample SBET VTotal SMicro SMeso VMicro VMeso Dave

(m?/g) | (cc/g) (m*/g) | (m%g) (cc/g) (cc/g) (nm)
100% GG | 5.75 1.00x10 | 1.56 4.19 4.40x107 | 5.60x107 | 7.06
100% 4.92 9.48x107 | 4.42 0.50 7.18x107 | 2.30x10 | 2.50
Moatize

nm: nanometres, m%/g: square metre per gram, cc/g: cubic centimetres per gram, Sger: specific surface area, Vrow: total pore volume, Sy

micropore surface area, Syeso: mesopore surface area, Viicro: micropore volume, Vyeso: mesopore volume, Dyye: average pore diameter
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Figure 4.4: The Density functional theory pore size distribution of the raw Grootegeluk

The following section presents the results obtained following the hydrothermal treatment of
the two coals. The textural properties of the upgraded samples are presented for comparison.

Based on these results, the best optimal parameters were determined and used to produce

(GG) and raw Moatize coal

more samples for the carbonisation studies.

4.3 CHARACTERISATION OF HYDROTHERMALLY TREATED SAMPLES

Table 4.4 presents the results obtained from the hydrothermal treatment of GG coal at various
temperatures (100 to 280°C), residence times (A to C) and mass ratios (300 to 600g),
illustrating the altering properties of the GG coal based on the results obtained at different
hydrothermal treatment conditions. The GG sample had an initial ash content of 10.20%

(Table 4.1), and after hydrothermal treatment at 280°C, 600g and 180 minutes, the ash
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content decreased to 7.85%. Another sample with low ash content (GG-HTC- 450-B2), was
treated at 200°C, 450g and 30 minutes. Lastly sample GG-HTC-600A, which was treated at
100°C, 600g and 30 minutes also had an ash content lower than 10%. A decrease in ash was
also noted by Wang et al. (2008) when they studied the hydrothermal treatment of lignite coal
at various temperatures and found that the hydrothermally treated coals had an ash content
that was below that of the raw coal except for the highest treatment temperature at 350°C.
Various studies suggested that hydrothermal treatment is the best method to upgrade high-ash
coal due to the ability of the water to leach out inorganic minerals under pressure, reducing

ash content (Butler ef al., 2007; Favas & Jackson, 2008; Zhang et al., 2016).

Table 4.4: Results of the hydrothermally treated Grootegeluk coal at varying residence

times, temperatures, and masses.

Sample M Ash VM FC TC TS Condition
(% adb) | (% adb) | (% adb) | (%) | (% adb) | (% adb)
Time | Temperature

(min) WO

GG-HTC-300A 3.03 10.77 32.68 | 51.84 64.4 1.13 30 100
GG-HTC-450A 5.86 10.15 32.40 | 51.77 68.2 0.83 30 100
GG-HTC-600A 3.75 9.88 33.58 | 52.79 | 69.55 0.81 30 100
GG-HTC-300-A1 2.77 9.58 33.24 | 54.14 | 68.40 1.05 30 150
GG-HTC-450-A1 3.56 11.39 33.68 | 51.42 | 67.80 0.86 30 150
GG-HTC-600-A1 3.04 10.72 33.95 | 52.29 | 68.80 0.79 30 150
GG-HTC-300-A2 | 3.54 11.63 32.61 | 51.97 | 68.25 0.89 30 200
GG-HTC-450-A2 | 5.04 9.57 3270 | 52.69 | 68.05 0.88 30 200
GG-HTC-600-A2 | 3.47 11.47 32.60 | 52.46 | 68.05 0.80 30 200
GG-HTC-300B 2.78 11.2 33.29 | 5291 | 68.50 0.90 90 100
GG-HTC-450B 5.37 11.54 32.06 | 51.03 | 67.68 0.92 90 100
GG-HTC-600B 3.65 11.40 32.06 | 52.89 | 69.25 0.90 90 100
GG-HTC-300-B1 2.58 10.37 33.66 534 67.30 0.83 90 150
GG-HTC-450-B1 2.59 11.49 32.53 | 53.39 | 68.85 0.76 90 150
GG-HTC-600-B1 3.60 10.30 32.74 | 53.36 | 68.90 0.88 90 150
GG-HTC-300-B2 3.71 11.57 32.81 | 5191 | 67.08 0.83 90 200
GG-HTC-450-B2 3.10 11.07 32.07 | 53.76 | 68.04 0.82 90 200
GG-HTC-600-B2 3.05 10.96 32.15 | 53.84 | 69.55 0.80 90 200
GG-HTC-600C 3.16 7.85 32.48 | 56.51 | 68.50 0.92 180 280

% adb: % air-dried basis; FC=100-(IM+Ash+VM); IM: inherent moisture; VM: volatile matter; FC: fixed carbon, Ash: ash content; TC:

total carbon; TS: total sulphur; min: minutes

The volatile matter content decreased in all samples from 35.02% in the original sample
(Table 4.1). The samples with the lowest volatile matter content were GG-HTC-450B, treated
at 100°C, 450g and 90 minutes, and GG-HTC-600A, treated at 100°C, 600g and 90 minutes.

The reduction of volatile matter in the low-rank coal after hydrothermal treatment was
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concluded to be due to the expansion of new pores and the collapse of old pores in the coal
sample (Li et al., 2021c; Su et al., 2022). The reduction of volatile matter was also
accompanied by the loss of alkanes, alkenes and alkynes (Su, ef al., 2022). The decreased ash
content, volatile matter and moisture content increased the coal’s fixed carbon. This agrees
with a study by Nonaka et al. (2011) where a blend of low-rank coal and biomass was
hydrothermally treated at 300°C. Even though the blends had various compositions, the
increase in fixed carbon was evident in all the hydrothermally treated blends. Zhang et al.
(2016) also saw a 5% to 7% increase in fixed carbon after the hydrothermal treatment of a
lignite coal. Both samples GG-HTC-600-B2 and GG-HTC-600A had the highest total carbon
content of 69.55%. Two samples with total sulphur above 1% were GG-HTC-300A and GG-
HTC-300-A1, which were treated at 100°C, 300g and 30 minutes and 150°C, 300g and 30
minutes, respectively. When comparing all samples with respect to their ash content, volatile
matter content and total carbon, GG-HTC-600-B2, GG-HTC-600A and GG-HTC-600C were

the most improved samples.

With the three most improved samples determined based on their physicochemical properties,
further analysis was conducted to determine their pore size distribution and suitability. Table
4.5 and Figure 4.5 present the pore size distributions of the three best thermally treated GG
coals from the DFT model. In accordance with the results, the BET surface area gradually
increases from 5.75m%/g (100% GG) to 12.56m?*/g (GG-HTC-600A) when treated at 100°C.
A further increase in surface area to 49.47m%/g (GG-HTC-600-B2) was noted as the treatment
temperature increased to 200°C and a less steep increase in surface area to 52.94m?/g (GG-

HTC-600C) at 280°C.

The micropore surface area also increased from 1.56m?%/g (100% GG) to 36.28m?*/g as the
hydrothermal treatment temperature increased to 280°C. The increase observed in the total
volume, micropore volume and mesopore volume (Table 4.5) as the temperature increased
shows that hydrothermal treatment influences the coals’ structure. The micropore percentage
for each sample was calculated (Figure 4.5), and GG-HTC-600A had the lowest micropores
of 5.28%, while GG-HTC-600C had the highest micropores of 52.94%. According to the
literature, coals with high mesopore distribution are more suitable coking coals for coke
production (Li et al., 2021b; Fang et al., 2022; Lingling et al, 2022). In other words, coal
with a higher ratio of mesopores to micropores is more favourable for coke production.
Consequently, GG-HTC-600-B2 and GG-HTC-600A were selected to be more appropriate

for coke production. Mesopores are more pronounced in low to medium-rank coals, while
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micropores are generally found in higher-rank coals (Schwanke et al., 2017). Low-rank
bituminous coal has a more loosened coal structure, as its pores are developed under shallow
depth, low temperature and low pressure (Ju et al., 2005; Xinglong et al., 2010; Jienan et al.,
2019). Increasing the temperature, pressure and depth of the coal decreases the mesopore
volume gradually. This is noted in an anthracite; as the temperature and pressure during
coalification increases, large micropore volume and specific surface area are formed due to
the high degree of aromatisation (Schwanke et al., 2017). As observed in this study, the
hydrothermally treated Moatize coal, which is a high-rank coal, had a higher micropore

surface area than the hydrothermally treated GG.

Table 4.5: The Density functional theory textual properties of 100% Grootegeluk (GG),
GG-HTC-30-3, GG-HTC-90-9 and GG-HTC-180-1

Sample SBET Votal Smicro SMeso VMicro VMeso Dave
(m?*/g) | (cc/g) (m*g) | (m*/g) | (cc/g) (cc/g) (nm)
100% GG 5.75 1.00x1072 1.56 4.19 4.40x107 | 5.60x10° | 7.06

GG-HTC-600A 12.56 |2.69x102 | 1.70 10.86 | 1.94x10° | 2.50x10% |2.79

GG-HTC-600-B2 | 49.74 | 3.52x102 | 7.76 41.98 |5.49x10° [2.97x10% |2.56

GG-HTC-600C 68.53 | 5.60x10% |36.28 |32.25 |2.96x10% |2.63x10?% |3.06

nm: nanometres, m%/g: square metre per gram, cc/g: cubic centimetres per gram, Sger: specific surface area, Vrow: total pore volume, Syicro:

micropore surface area, Syeso: mesopore surface area, Viicro: micropore volume, Vyeso: mesopore volume, Dyye: average pore diameter
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Figure 4.5: The pore size distribution of 100% Grootegeluk (GG), GG-HTC-600A, GG-
HTC-600-B2 and GG-HTC-600C

Table 4.6 presents the results from the hydrothermal treatment of Moatize coal at similar

conditions to that of GG coal exhibited in Table 4.5. There was a negligible change in the
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volatile matter of the raw Moatize coal (20.35%; Table 4.1). The sample with the highest
volatile matter was M-HTC-450-B, while M-HTC-600C had the lowest volatile matter
content. M-HTC-600-A2 and M-HTC-600-B2 had the highest total carbon content, while M-
HTC-600C had the lowest ash content. When comparing the samples with respect to their
volatile matter, ash content, total carbon content and fixed carbon content, M-HTC-600C was

the most improved sample, closely followed by M-HTC-600-B2.

Table 4.6: Results of the hydrothermal treatment of Moatize coal at various residence

times, temperatures and masses

Sample M Ash VM FC TC TS Condition
(% adb) | (% adb) | (% adb) | (%) (% adb) | (% adb)

Time | Temperature

(min) U©)
M-HTC-300A 2.32 10.06 20.35 67.36 | 76.40 1.03 30 100
M-HTC-450A 1.32 10.04 20.44 68.20 | 74.80 1.04 30 100
M-HTC-600A 1.35 10.08 20.44 67.40 | 72.40 1.03 30 100
M-HTC-300-A1 | 0.97 9.23 20.49 69.31 | 76.60 1.02 30 150
M-HTC-450-A1 | 1.22 9.43 20.47 68.88 | 77.35 1.00 30 150
M-HTC-600-A1 | 0.78 9.99 20.29 68.95 | 76.80 0.99 30 150
M-HTC-300-A2 | 1.04 9.39 20.31 69.27 | 77.60 1.00 30 200
M-HTC-450-A2 | 1.52 9.93 20.61 68.39 | 77.10 1.02 30 200
M-HTC-600-A2 | 0.99 9.79 20.31 68.91 | 77.75 1.03 30 200
M-HTC-300B 1.25 10.11 20.20 68.44 | 77.65 1.03 90 100
M-HTC-450B 1.32 10.04 20.09 68.55 | 76.80 1.06 90 100
M-HTC-600B 0.99 9.32 20.56 69.13 | 76.35 1.03 90 100
M-HTC-300-B1 | 1.21 9.60 20.33 69.06 | 76.95 1.04 90 150
M-HTC-450-B1 | 1.00 9.17 20.25 69.58 | 77.30 1.03 90 150
M-HTC-600-B1 | 1.05 9.91 20.26 68.78 | 77.60 1.05 90 150
M-HTC-300-B2 | 1.45 9.36 20.35 68.83 | 77.30 1.01 90 200
M-HTC-450-B2 | 0.99 9.79 20.31 68.91 | 77.55 0.93 90 200
M-HTC-600-B2 | 1.35 9.84 20.49 68.83 | 77.75 1.03 90 200
M-HTC-600C 1.07 8.40 21.10 69.43 | 74.95 0.971 180 200

% adb: % air-dried basis; FC=100-(IM+Ash+VM); IM: inherent moisture; VM: volatile matter; FC: fixed carbon, Ash: ash content; TC:
total carbon; TS: total sulphur; min: minutes

Table 4.7 and Figure 4.6 present the pore size distribution of the three best thermally treated
Moatize samples. Raw Moatize had a higher micropore surface area than raw GG, which is
expected as Moatize is a higher-rank coal. As the hydrothermal treatment temperature
increased, the Moatize micropores increased, which is to the pore size distribution exhibited
by GG. M-HTC-600C (treated at 280°C) had the largest micropore volume, 62.55% of the

pore size distribution, as seen in Figure 4.6.
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Since coals with high mesopore distribution and higher mesopore-micropore ratio are better
suited to coke production, M-HTC-600A and M-HTC-600-B2 were selected. Both samples
had a lower micropore volume percentage than M-HTC-600C. The best parameters observed

in this study to produce GG/Moatize coal blends were 200°C, 600g and 90 minutes.

Table 4.7: The Density functional theory textual properties of 100% Moatize, M-HTC-
30-9, M-HTC-90-9 and M-HTC-180-1

Sample SBET VTotal SMicro SMeso VMicro VMeso Dave
(m*/g) | (cc/g) (m*g) | (m*/g) | (cc/g) (cc/g) (nm)

100% Moatize 4.92 9.48x10° | 4.42 [0.50 7.18x10° | 2.30x107 2.50

M-HTC-600A 10.56 | 9.59x10° | 0.80 9.76 7.24x10* | 8.87x10° 3.09

M-HTC-600-B2 | 54.83 | 2.16x10% |5.34 |49.49 2.10x10° | 1.95x107* 4.57

M-HTC-600C 64.53 | 5.24x10° | 40.36 |24.17 3.28x102% | 1.96x107 3.06

micropore surface area, Syieso: mesopore surface area, Viero: micropore volume, Vyieso: mesopore volume, D,y: average pore diameter
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Figure 4.6: The Density functional theory pore size distribution of the 100% Moatize,
M-HTC-30-9, M-HTC-90-9 and M-HTC-180-1

4.4 CHARACTERISATION OF HYDROTHERMALLY TREATED COAL BLENDS
The GG and Moatize coal samples were blended at various GG/Moatize percentages. For
each test, 600g of the blend was hydrothermally treated at 200°C and a residence time of 90

minutes. The characteristics of the blended samples are presented in Table 4.8.

The volatile matter in the GG coal sample decreased significantly from 32.15% for 100% GG
when mixed with the Moatize coal sample at different ratios. A study by Makgato et al.

(2013) shows that a coke oven tar (lower volatile matter) blended with bituminous coal
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(higher volatile matter) can reduce the volatile matter of a coal/coke oven tar. In another
study, Arslan & Kemal (2006) confirmed that the addition of low-volatile coal reduced the

volatile matter content of a coal blend from 32% to 26%.

The fixed carbon was influenced by the coal composition. The fixed carbon content of the R-
(15%GG+85%M) sample decreased from 67.35% to 64.39% in R-(30%GG+70%M) and to
62.74% in R-(50%GG+50%M) by increasing in GG content in the blend. This was an
improvement from the fixed carbon content of 51.84% for 100% GG; however, this is below
the fixed carbon of 67.36% for 100% Moatize. The volatile matter increased inversely with
fixed carbon. Raw Moatize had a volatile matter of 20.35%, while 100% GG had a volatile
matter of 35.02%. As the percentage ratio of GG in the blend was increased, the volatile
matter also increased from 21.46% for R-(15%GG+85%M) to 23.89% for R-
(30%GG+70%M) and 25.60% for R-(50%GG+50%M). High-quality medium bituminous
coal with a volatile matter ranging from 22% to 35% is suitable for blast furnace usage
(Kentucky Geological Survey, 2019). Based on this, 100% GG, 100% Moatize and R-

(15%GG+85%M) are considered unsuitable for blast furnace usage.

The volatile matter increased from 21.46% for 90-(15%GG+85%M) to 22.52% for 90-
(30%GG+70%M) and to 23.79% for 90-(50%GG+50%M). According to these results, 90-
(15%GG+85%M) cannot be used in a blast furnace, while the other two samples can be used
based on their volatile matter, fixed carbon and total sulphur content. To further determine
the suitability of the coal blends for metallurgical applications, the pore size distribution, pore

volume and specific surface area of the samples were also evaluated.
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Table 4.8: Results of raw Grootegeluk (GG)/Moatize (M) and the hydrothermally
treated GG/Moatize coal blends at 600g, 200°C and 90 minutes

Sample M Ash VM FC TC TS Composi- | Residence
(% adb) | (% adb) | (% adb) | (%) (% (% tion time
adb) | adb) (Wt%) (min)
R-(15%GG+85%M) 1.03 10.15 21.46 67.35 | 82.10 | 0.84 15% GG, | 0 (raw
85% M coal)
R-(30%GG+70%M) 1.07 10.65 23.89 64.39 | 79.65 |0.78 30% GG, | 0 (raw
70% M coal)
R-(50%GG+50%M) 1.26 10.40 25.60 62.74 | 68.80 | 0.88 50% GG, | 0 (raw
50% M coal)
GG-HTC-600-B2 3.05 10.96 32.15 53.84 | 69.55 | 0.80 100% 90
GG
M-HTC-600-B2 1.35 9.84 20.49 68.83 | 77.75 | 1.03 100% M | 90
90-(15%GG+85%M) | 2.12 10.24 21.36 66.29 | 78.00 | 0.79 15% GG, | 90
85% M
90-(30%GG+70%M) | 1.94 10.33 22.52 65.21 | 76.60 | 0.83 30% GG, | 90
70% M
90-(50%GG+50%M) | 1.07 10.41 23.79 64.73 | 78.40 |0.71 50% GG, | 90
50% M

% adb: % air-dried basis, FC=100-(IM+Ash+VM), IM: inherent moisture, VM: volatile matter, FC: fixed carbon, Ash: ash content, TC:
total carbon, TS: total sulphur, R: raw coal; wt%: weight percentage, min: minutes

Table 4.9 and Figure 4.7 exhibit the pore size distribution of the GG/Moatize coal blends. No
micropores were detected in the blends. The coal blend and hydrothermal treatment
conditions caused an increase in pore size. The reaction of coal with water and carbon
dioxide has proven to increase the pore size hence reducing the micropores (Fang et al.,
2022). Table A6 in Appendix A illustrates the coal blend nomenclature. Blend composition
altered the specific surface area; 90-(15%GG+85%M) had the smallest specific surface area
of 8.72m?/g and 90-(50%GG+50%M) had the largest surface area of 14.39m*/g. However,
unlike the temperature effect, increasing the GG% in the blend led to the increment in the
mesopore surface area, as expected. Raw GG had more mesopore area, as seen in Table 4.3.
Since 90-(50%GG+50%M) had the highest mesopore surface area, further studies were

conducted on the physiochemical properties of this coal sample.
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Table 4.9: The Density functional theory textual properties of the Grootegeluk
(GG)/Moatize (M) coal blends

Sample SBET VTotal SMicro SMeso VMicro VMeso Dave
(m*/g) | (cc/g) (m*/g) | (m*/g) | (cc/g) | (cc/g) (nm)
90-(15%GG+85%M) |8.72 |3.12x10° | 0 872 |0 3.12x107° | 4.25
90-(30%GG+70%M) | 12.57 |3.18x107 | 0 12.57 10 3.18x102 | 5.09
90-(50%GG+50%M) | 14.39 |3.22x107 | 0 1439 |10 3.22x10° | 5.20
nm: nanometres, mz/g: square metre per gram, cc/g: cubic centimetres per gram, Sggr: specific surface area, Vrowi: total pore volume, Swicro:

micropore surface area, Syieso: mesopore surface area, Viero: micropore volume, Vyieso: mesopore volume, D,y: average pore diameter
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Figure 4.7: The Density functional theory pore size distribution of the Grootegeluk

(GG)/Moatize (M) coal blends

4.5 THE EFFECT OF HYDROTHERMAL TREATMENT AND BLENDING OF
RHEOLOGICAL

GROTEGELUK AND

MOATIZE COAL SAMPLES

PROPERTIES OF 90-(50%GG+50%M) BLEND
According to the test work conducted by Musiiwa (2018) on GG coal as a blend to produce

ON

coke, it was found that no more than 39% of GG can be used to produce good coke. In this

research, the GG percentage was pushed to 50% with the use of hydrothermal treatment. The

micro-molecular and physiochemical properties of the blend 90-(50%GG+50%M) are

discussed in this section.
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Table 4.10: Characterisation of the 90-(50%GG+50% M) blend

Coal 90-(50%GG+50%M)
Proximate (% adb)

Inherent moisture 1.07
Ash content 10.41
Volatile matter 23.79
Fixed carbon (% calculation*) 64.73
Ultimate (% adb)

Total carbon content (C) 78.40
Hydrogen content (H) 4.68
Nitrogen content (N) 1.66
Oxygen content (% calculation**) 4.75
Total sulphur (%) 0.71
Maximum dilatation (%) 8
Crucible swelling index 5.5
Maximum fluidity (ddpm) 13
Total pore volume (cc/g)

Average pore size (nm) 341
Specific surface area (m?/g) 27.66

% adb: % air-dried basis, ddpm: dial divisions per minute, cc/g: cubic centimetre per gram, nm: nanometre, m%/g: square

metre per gram, *FC=100-(IM+Ash+VM), **O=[100-(Ash+H+C+N+S+IM)]

From the physiochemical analysis data presented in Table 4.10, 90-(50%GG+50%M) had the
lowest total sulphur content. Its volatile matter and fixed carbon content were within the
range require for metallurgical applications. The sample’s maximum dilatation was 8%,
which increased from -10% obtained for 100% GG but still less than 59% for 100% Moatize
coal. According to Speight (2013), dilatation between 0% and 40% exhibits medium coking
coal properties. The maximum fluidity of the blend increased to 13ddpm, higher than 3ddpm
obtained for 100% GG coal. The addition of Moatize coal to the GG coal significantly
increased the overall coking properties of the coal. This contrasts with the observation made
when biochar is added to coal. According to Yustanti et al. (2021), 25% biochar to 75% coal
decreased coal dilatation from 78% to 28%. Another study shows that the addition of 5% raw
biomass decreased coal fluidity from 669ddpm to 130ddpm (Strugala et al., 2022). The use of
biomass does not appear to be an alternative to producing a good coke for a metallurgical

application.

4.6 FOURIER-TRANSFORM INFRARED SPECTROSCOPY ANALYSIS
FTIR was conducted on the two raw coal samples, the samples at optimum conditions (GG-

HTC-600-B2 and M-HT-600-B2), and the 90-(50%GG + 50%M) blend. Table 4.11
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illustrates the peaks that are seen in Figure 4.8. Peak 1 and 2, between 3693cm™ and
3400cm™, are O-H stretching vibrations. These peaks are visible in all samples except the 90-
(50%GG+50%M) blend. The aliphatic stretch peaks (3 and 4) in the 100% Moatize coal
decreased with hydrothermal treatment, with GG-HTC-600-B2 having the lowest intensity.
These peaks generally decrease with increasing coal rank, meaning there may be coal
metamorphism during the hydrothermal treatment (Wei & Tang, 2018). There was
insignificant change noticed in the aromatic C-H band, which is peak 5 and 6 between
1934cm™ and 1602cm™ for all samples. Overall, 90-(50%GG+50%M) showed a lower
aliphatic C-H band than the raw coals (100% GG and 100% Moatize) and no O-H bands,

illustrating that the blending and hydrothermal treatment influenced the structural properties

of coal.
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Figure 4.8: The FTIR spectra of the reacted coal blends vs the raw coal samples
(Grootegeluk (GG) and Moatize (M))
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Table 4.11: Summary of functional groups for the infrared spectra of 100% Moatize

(M), 100% Grootegeluk (GG), GG-HTC-600-B2, M-HTC-600-B2 and 90-

(50%GG+50%M)
Wave number (cm™) Peak/vibration Function?ll groups/band
assignments
3693-3400 1,2 O-H stretching vibrations
2990-2800 3,4 Aliphatic C-H stretch
1934-1602 5,6 Aromatic C-H stretch
1390 7 CHs
1300-1000 8,9,10 C-O stretch and O-H bending
vibrations in phenol
structures
900-700 11 Out of plane aromatic C-H
vibrations
560-500 12 Si-O and Si-O-Si
deformations associated with
kaolinite and quartz
4.7 COKE TESTS

The 100% GG and Moatize samples, including specific hydrothermally treated coal samples

and their blends, were utilised to produce coke. Proximate analysis, particle reactivity index

and pore size distribution were used to characterise the coke produced. The reactivity curves

for each sample are provided in Figures 4.9 to 4.11.
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Figure 4.9: The mass loss versus time graph of 100% Grootegeluk (GG-C) and GG-

HTC-B2-C
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The mass loss over time for the 100% GG-C and GG-HTC-600-B2-C is given in Figure 4.9.
Both samples started with a constant mass loss and similar reactivity profiles. The reaction
zone denotes the release of moisture from both samples. Gasification commenced as the gas
changed from nitrogen to carbon dioxide, and the fixed carbon-rich GG-HTC-600-B2-C had
a steeper degradation profile than 100% GG-C. This phenomenon is the result of coke's
reaction with carbon dioxide, which is one of the main causes of coke degradation (Huang et
al., 2020). Both carbonised coal samples showed similar degradation as the reaction

progressed.
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Figure 4.10: The mass loss versus time graph for 100% Moatize-C and M-HTC-600-B2-
C

Figure 4.10 shows the mass loss over time for 100% Moatize-C and M-HTC-600-B2-C. The
samples’ reactivity profile was similar to that of 100% GG-C and GG-HTC-600-B2-C
(Figure 4.9). The mass loss increased when the gas was switched to carbon dioxide after 46

minutes in nitrogen. Both samples proceeded with similar degradation profiles.
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Figure 4.11: The mass loss versus time graph of the carbonised hydrothermal coal

blends of Grootegeluk (GG) and Moatize (M) coals

The mass loss of the carbonised coal blends is presented in Figure 4.11. As with other
carbonised samples, mass loss increased when the gas was changed to carbon dioxide. The
carbonised coal blends followed a similar degradation profile, with 90-(15%GG+855M)-C
having the lowest mass loss. The reactivity of coke in carbon dioxide was then calculated

using the mass loss data, as shown in Table 4.12.
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Table 4.12: The physiochemical and particle reactivity index of produced coke from

Grootegeluk (GG), Moatize (M) and their coal blends

Sample M VM AC FC PRI

(% adb) | (% adb) (% adb) (calculation %*) | (%)
100% GG-C 4.03 4.92 17.00 74.05 30.37
GG-HTC-600-B2-C 3.31 2.64 16.68 77.37 29.25
100% Moatize-C 1.67 3.86 14.21 80.26 25.75
M-HTC-600-B2-C 2.08 3.26 15.14 79.52 24.80
90-(15%GG+85%M)-C 2.55 2.03 12.59 82.83 24.35
90-(30%GG+70%M)-C 2.73 2.29 13.20 81.78 26.90
90-(50%GG+50%M)-C 2.85 2.32 13.78 81.05 27.51

% adb: % air-dried basis, *FC=100-(IM+ Ash+VM), IM: inherent moisture, VM: volatile matter, FC: fixed carbon, AC: ash content; PRI:
particle reactivity index; C-carbonised

The quality of the carbonised coal (coke) produced in this study was determined based on
their proximate analysis, PRI and DFT pore size distribution. The coke properties were used
alongside the coal’s rheological characteristics (fluidity, dilatation, Roga Index and FSI) to
determine the strength of the cokes. The results showed that the hydrothermal treatment
significantly affected and reduced the reactivity of the coal. Table 4.12 illustrates the
reactivity ranges of coal and coke produced from 24.35% (90-(15% GG 85%M)-C) to a
maximum of 30.37%, demonstrated by 100% GG-C. The reactivity index of coke suitable for
use in blast furnaces varies between 20 and 28 (Musiiwa, 2018). In the current study, the
hydrothermal treatment reduced the volatile matter and reduced the reactivity index of the
coke. As seen with the 100% GG-C coal sample, its PRI of 30.37% decreased to 29.25%
upon undergoing hydrothermal treatment for 90 minutes, while for 100% Moatize-C, the PRI
reduced from 25.75% to 24.80%. Similarly, Shui et al. (2012) indicated a reduction in the
PRI of hydrothermally treated coal from 48.6% to 41.4% at 200°C. The GG coal sample had
a PRI greater than 28%, but all coal blends had a PRI that was between 20% and 28%.

Table 4.13 shows the results of hydrothermally carbonised treated samples based on their
distribution of pore size and porous surface. GG-HTC-600-B2-C exhibited more mesopores
than micropores (Figure 4.12), possibly due to the hydrothermal treatment and the coking
process, causing the promotion of pores and expansion of existing pores. Volatile matter is
lost during the carbonisation process, so more pores collapse, and more mesopores were

formed, as seen in Table 4.13. As observed in the same table, the surface area increased as
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the temperature increased. The 100% GG-C was 27.59m?/g, and the hydrothermally treated
GG-HTC-600-B2-C increased to 217.67m?*/g.

Table 4.13: The Density functional theory textural properties of 100% GG-C and GG-
HTC-600-B2-C

Sample SBET Votal SMicro SMeso VMicro VMeso Dave
(m?/g) | (cc/g) (m?*/g) | (m*/g) | (cc/g) (cc/g) (nm)
100% GG-C 27.59 | 3.20x102 | 13.34 | 14.26 1.55x1072 | 1.65x102 | 1.69
GG-HTC-600-B2-C | 217.70 | 3.85x10% | 13.40 | 204.30 |2.35x102 | 1.50x107 | 3.14
nm: nanometres, m%/g: square metre per gram, cc/g: cubic centimetres per gram, Sger: specific surface area, Vo total pore volume, Syicro:

micropore surface area, Syeso: mesopore surface area, Vicro: micropore volume, Vyeso: mesopore volume, Dyye: average pore diameter
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Figure 4.12 The Density functional theory pore size distribution of 100% Grootegeluk
(GG)-C and GG-HTC-600-B2-C

The effect of the hydrothermal treatment on the DFT pore size distributions of the 100%
Moatize-C and M-HTC-600-B2-C is presented in Figure 4.13. Most of the pores in both
samples lay in the mesopore range. From Table 4.14, the surface area of the 100% Moatize-C
increased after hydrothermal treatment from 13.59m?%/g to 156.2m?/g for the coke produced.
The total volume of the micropore and mesopore decreased for the carbonised

hydrothermally treated samples. This could have been due to collapsing pores in the samples.
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Figure 4.13: The Density functional theory pore size distribution of 100% Moatize (M)
and M-HTC-600-B2-C

Table 4.14: The Density functional theory textural properties of 100% Moatize (M)-C

and M-HTC-600-B2

Sample SBET VTotal SMicro SMeso VMicro VMeso Dave
(m?/g) | (cc/g) (m?*/g) | (m*/g) | (cc/g) (cc/g) (nm)
100% Moatize-C 13.59 2.70x10 | 5.26 8.33 1.04x10% | 1.65x1072 | 2.08
M-HTC-600-B2-C | 156.2 1.15x1072 | 13.40 92.32 4.6x102 | 6.33x102 | 3.14
nm: nanometres, mz/g: square metre per gram, cc/g: cubic centimetres per gram, Sggr: specific surface area, Vrowi: total pore volume, Swicro:

micropore surface area, Syeso: mesopore surface area, Viero: micropore volume, Vyieso: mesopore volume, D,y: average pore diameter

Figure 4.14 and Table 4.15 present the DFT pore size distribution of the coke produced from

the blends of the carbonised hydrothermally treated coals. The pore size distribution

illustrates that the mesopore volume for the three samples was quite similar. The volume lay

between 5.00x102 and 5.61x1072, with 90-(30%GG+70%M)-C having the lowest mesopore

volume percentage. In terms of the ratio of mesopore to micropore, sample 90-
(50%GG+50%M)-C exhibited a higher ratio than the other samples. Therefore, 90-
(50%GG+50%M)-C considered the most suitable sample. This may be as a result of the

higher composition of the GG% in the blend. The 100% GG sample had a higher mesopore

volume than the 100% Moatize coal used in this study. Furthermore, since micropores do not

provide sufficient gas exchange for carbon materials used in a blast furnace, 90-(50%GG

50%M) could be more appropriate with its lower micropore volume percentage(Guo et al.,

2020; Casal et al., 2021).
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Figure 4.14: The Density functional theory pore size distribution of the carbonised

hydrothermal blend coal samples

Table 4.15: The Density functional theory textural properties of the carbonised

hydrothermal blended coal samples

Sample SBET VTotal SMicro SMeso VMicro VMeso Dave
(m?/g) | (cc/g) (m?/g) | (m?/g) | (cc/g) (cc/g) (nm)

90-(15%GG+85%M)-C | 61.02 | 7.83x102|23.39 |37.62 |2.83x102 | 5.00x102 | 2.08

90-(30%GG+70%M)-C | 82.30 7.79x10% | 23.03 |59.27 |2.18x10% | 5.61x102 | 3.14

90-(50%GG+50%M)-C | 90.05 6.76x102 | 18.65 | 71.4 1.40x107 | 5.36x102 | 3.59
nm: nanometres, mz/g: square metre per gram, cc/g: cubic centimetres per gram, Sggr: specific surface area, Vrowi: total pore volume, Swicro:

micropore surface area, Syieso: mesopore surface area, Viero: micropore volume, Vyieso: mesopore volume, D,y: average pore diameter

In conclusion, by physiochemical, rheological and micro-molecular characterisation, the

Moatize coal sample ranked higher than the GG coal sample. Hydrothermal treatment

significantly reduced the volatile matter of the GG coal sample, while it increased the specific

pore surface area and specific volume of the micropores. The volatile matter of the Moatize

coal sample was not improved significantly, but the pore size distribution changed in the

same way as the GG coal sample. The parameters that significantly changed the samples

were 200°C, 90 minutes and 600g of sample.

Coal blending decreased the GG volatile matter content while causing an increment in its

fixed carbon content. Hydrothermal treatment of the blends decreased volatile matter and

total sulphur and increased fixed carbon and total carbon. The DFT pore size distribution
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analysis of the coke products exhibited higher mesopore to micropore volume in the 90-
(50%GG+50%M)-C coke sample than in all the other coke samples. The 90-
(30%GG+70%M)-C and 90-(50%GG+50%M)-C samples had a PRI that could be used in the
blast furnace. However, the maximum dilatation and Gieseler Fluidity of the blend were not

within the range used in a blast furnace.
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

To date, the bulk of steel production continues to use the basic oxygen furnace route. This
means that demand for coking coal will continue to increase as world demand for steel
increases. With population growth and steel as the backbone of industrialisation, the demand
for steel increases daily. With the depletion of coking coal in South Africa, the country has
lost out both financially and industrially. This led to the need for the study to upgrade the

existing coal with a new approach to meet the quality required in this application.

This research aimed to upgrade the GG, Moatize and GG/Moatize coal blends through the
hydrothermal process to produce a metallurgical coal grade. The aim and the objective

outlined in this research were all achieved and the following conclusions were reached:

1. The physiochemical analysis revealed that the 100% GG coal sample exhibited more
volatile matter content (35.02%) than Moatize (20.35%). According to the ultimate
analysis, the 100% Moatize coal sample had a higher carbon content and less oxygen
and nitrogen content.

2. According to the rheological properties, 100% Moatize coal exhibited prime coking
coal properties with a maximum dilation of 59, crucible swelling index of 9 and low
fluidity at 24ddpm. The 100% GG coal sample exhibited semi-soft coking coal
behaviour with a crucible swelling index of 5.5, maximum fluidity of 3 and very low
dilation of -10.

3. Micro-molecular analysis found that Moatize had more vitrinite and less mineral
matter than GG. The pore size distribution further showed that the 100% Moatize had
more micro-molecular pores than 100% GG with a DFT specific area of 4.42m?/g and
1.16m?%/g, respectively.

4. The hydrothermal treatment decreased the volatile matter of the 100% GG coal to a
minimum of 32.15% with a consequential increase in fixed carbon. Moatize showed a
decrease in ash content and an increase in total carbon content. The hydrothermal
treatment increased mesopores and the specific surface area with the optimal
conditions being 200°C, 90 minutes and 600g.

5. Blending the two coals reduced the volatile matter from a wide range of 14.67

(20.35%-35.02%) to a narrow range of 4.14 (21.46%-25.60%), while the
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hydrothermal treatment of the blend decreased the volatile matter range to 2.36
(21.36%-23.79%).

The surface area of the coals increased after hydrothermal treatment, with the total
volume of the micropore and mesopore decreasing for the carbonised hydrothermally
treated samples. This could have been due to collapsing pores.

The hydrothermal treatment reduced the individual PRI coals individually and
blending led to a further reduction of the PRI to a range of 20% to 28% for blast
furnace applications. Furthermore, the 90-50%GG+50%M blend had a PRI of
27.51%.

The 90-50%GG+50%M blend exhibited metallurgical application specifications with
a crucible swelling index of 5.5, a higher mesopore-to-micropore volume ratio and the

maximum dilatation was 8%.

The hydrothermal treatment disrupted weak bonds and eliminated side chains through

hydrolysis and removed cross-links of macromolecular network at 200°C which led to the

improved coking qualities. Although the overall quality of the improved coal blends did not

meet the specifications required for use in the blast furnace, some of the blends were suitable

for other metallurgical applications. This study established that hydrothermal treatment could

upgrade South African semi-soft coking coal.

5.2 RECOMMENDATIONS

This study had shown that hydrothermal treatment could enhance some of the metallurgical

properties of semi-soft coking, but further suggested research based on the results obtained in

this study are:

1.

A prime coking coal with a maximum fluidity within the range of 200ddpm to
1000ddpm should be blended with the semi-soft coal and subjected to hydrothermal
treatment.

The blend produced should be pelletised, carbonised and tested for its CSR, M2o and
Mso.

The best coke produced should be tested as a reductant for other ferro-alloys.
Semi-soft coking coal will still require a higher premium coking coal to achieve a
blend with an overall blast furnace specification. Further research is required as this

sector is the main pillar of the world economy.
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APPENDIX A

Table Al: Grootegeluk sample nomenclature

Samples Reaction conditions
Time (min) Temperature (°C) Mass (g)
GG-HTC-300A 30 100 300
GG-HTC-450A 30 100 450
GG-HTC-600A 30 100 600
GG-HTC-300-A1 30 150 300
GG-HTC-450-A1 30 150 450
GG-HTC-600-A1 30 150 600
GG-HTC-300-A2 30 200 300
GG-HTC-450-A2 30 200 450
GG-HTC-600-A2 30 200 600
GG-HTC-300B 90 100 300
GG-HTC-450B 90 100 450
GG-HTC-600B 90 100 600
GG-HTC-300-B1 90 150 300
GG-HTC-450-B1 90 150 450
GG-HTC-600-B1 90 150 600
GG-HTC-300-B2 90 200 300
GG-HTC-450-B2 90 200 450
GG-HTC-600-B2 90 200 600
GG-HTC-600C 180 280 600




Table A2: Moatize sample nomenclature

Samples Reaction conditions
Time (min) Temperature (°C) Mass (g)
M-HTC-300A 30 100 300
M-HTC-450A 30 100 450
M-HTC-600A 30 100 600
M-HTC-300-A1 30 150 300
M-HTC-450-A1 30 150 450
M-HTC-600-A1 30 150 600
M-HTC-300-A2 30 200 300
M-HTC-450-A2 30 200 450
M-HTC-600-A2 30 200 600
M-HTC-300B 90 100 300
M-HTC-450B 90 100 450
M-HTC-600B 90 100 600
M-HTC-300-B1 90 150 300
M-HTC-450-B1 90 150 450
M-HTC-600-B1 90 150 600
M-HTC-300-B2 90 200 300
M-HTC-450-B2 90 200 450
M-HTC-600-B2 90 200 600
M-HTC-600C 180 280 600




Table A3: Maceral group analysis

Sample
identfication:
MACERAL

GROUP
Vitrimite

Inerfinite

Lipfinite

MNimeral matier

STAMARY TABLE
MACERAL

GCROUP TOTALS
(wod i)

MACERAL (wpl%)

talimita
collotalinita
wittedatrinita
cpllodatrinite
corpoEalindta
galinite
pe=undovitrindta
firzinita

f2active emifizinits
in=rt zemifiezinita
micrinita
macrinits
sacratindta
funginita
inertodatrinits B
insrodatrindta I
sporinita
Cutimits

1=zimita

dlzinita
liptodatrindta
subarinita
axzndatinita
da-'.-.

quartz

prrite

carbonats

othar

VITEINITE
INERTINITE
LIFTINITE
AMINERAL MATTER

TOTAL INEETINITE
TOTAL EEACTIVE
AMACERALS

Aloatize

inc. mm
wol%a

75,0
13,6
0.0

11,4

13,6
76,2

wpl%a

0,0
67.0
0.0
17,7
0.0
0,0
0,0
3.5
1.3
3
0.0
0.0
0,0
0.0
0.0

T -}

0.0
0.0
0,0
0.0
0.0
0,0
0.0

847
153
0,0

15,3

Crootegeluls

inc. mm
wol%a

72,5
92
2.0

16,3

22

74,9

19.0
26
0,0
2
02
44
0,0
0.2
1,9
21
0,2
0,0
0,0
0,0
0,0
0,0

86,7
110
23

110
80,5




Table A4: Vitrinite reflectance analysis

Sample no:

Sample

identification:

Vitrinite reflectance

(RoV%)

RmaX

st. dev.

Rrandom

st. dev.

maximum reading
minimum reading
number of points

RANK CATEGORY

2139

Moatize

1,28
0,095
1,554
1,034
152

Med Rank B
bit

2140

Grootegeluk

0,72
0,169
1,364
0,515
181

Med Rank C
bit




Table AS Microlithitype

Sample no: 2139 2140
Sample identification: Moatise Grootegeluk
Group MICROLITHOTYPE (vol%)
MONOMACERAL vitrite 68,6 66,6
semifusite 6 2,8
fusite / secretinite 4.8* 1,4
inertodetrite 0 0
Inertite sf+int 0 0
liptite 0 0
TOTAL 74,6 70,8
BIMACERAL Vitrinertite vit+sf/f 4,6 2,8
Vitrinertite vit+int 6 1
Clarite vit+lipt 0 3,6
Durite int+lipt 0 0
TOTAL 10,6 7,4
TRIMACERAL Duroclarite (V>1, L) 0 3.4
Clarodurite (I>V, L) 0 0
Vitrinertoliptite (L>1, V) 0 0
TOTAL 0 3.4
CARBOMINERITE cbm argillite 2,8 6
cbm silicate (quartz) 1,8 1,2
cbm pyrite 0,6 0,6
cbm ank/carb 04 0,4
cbm poly 0,4 0,2
TOTAL 6 8.4
ROCK rock 4 10




Table A6: The Grootegeluk/Moatize coal bend nomenclature

Sample

Composition (wt%)

Residence time

R-(15%GG+85%M)

15% GG, 85% Moatize

Raw Coal (0 minutes)

R-(30%GG+70%M)

30% GG, 70% Moatize

Raw Coal (0 minutes)

R-(50%GG+50%M)

50% GG, 50% Moatize

Raw Coal (0 minutes)

90-(15%GG+85%M)

15% GG, 85% Moatize

90 minutes

90-(30%GG+70%M)

30% GG, 70% Moatize

90 minutes

90-(50%GG+50%M)

50% GG, 50% Moatize

90 minutes
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