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Abstract

The concept of recycling carb@ontaining waste into secondary raw materials is highly
promising for fostering a resouredficient and circular economy, given the increasing scarcity

of naturalresources and growing populatiorhe effectiveness of coal tar modified by-air

bl owing techniqgue as a binder Apitcho for <co
is highlighted in this study. In addition, the feasibility of commercial dimethylpolysiloxane as

a binder for coatarbon composite production was assessed and compared to that produced

using coal taipitch.

The two coal fines (GG1 and GS) used in this study have an ash content of 84.02% and 62.27%,
respectively, and can be classified as rock. Their fixed carbon content ranges between 5.44%
and 16.27%, compared to coal tar (35.23%)e coal tar has a volatile matter content of
64.50%, and with the abllowing pretreatment, the tar was converted to pitch with a low
volatile matter content of 11.27%. A pitch with the highie®td carbon conterdf 87.68%and

total carbon content of 96.01%as producedvariousASTM standard test methods were used

in the investigation to characterise and evaluate samples, including mineral phases and

functional groups in the raw and coal composites produced.

The composites were fabricated using a circular mould with a diametenoh3ihd a 40 mm
square mouldin the study, it was found thabmposites with a low H/C atomic ratio had low
water absorption. Additionally, composites with high volatile matter content had high water
absorption. However, the sample with the highest water absorption (19%) was the GG1 50/50
coal tar pitch 40@omposite, which falls within the range 26%) for building materials. The
composites with an intense-l group had high compssive and flexural strengths ranging
from 106.58 to 344.7MPa and 48.75 to 159.30@Pa, respectively. The flammability of all
composites was low. The highest flammability mass ablation rate and linear ablation rate were
found to be 0.008/sec and 0.00988m/sec, respectively. In terms of the corrosion tate,

GS 80%/20% dimethylpolysiloxane coal composite had the highest corrosion rate

(0.081umpy), which is minimal compared to some commercial ceramic tiles.

The compositéenvironmental friendliness was determined by leaching them at various pH
levels. The test was conducted by comparing the concentration of heavy toxic elements in the
solution to the leachable concentration threshold for waste management standards (NEM WA
Act No. 59 of 2008)All composites were environmentally friendly, meeting the moderate risk

leaching concentration threshold. The composites that were produced in this study from South



African discard coal can be used in large quantities in the environment without any danger or
hazards, as demonstrated. Based on this 'sterall results, repurposing South African
discard coal as carbon/ceramic composites for building materials could play a role in the
countrys Just Transition initiatives. In addition to waste reduction, this strategy could reduce

operational emissions, improve circularity, and address associated environmental risks.
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Chapter 1
1.1  Background and motivation
Coal is the most abundant antexpensive natural resource influerg global economic
growth (Magazzin@t al,, 2020).It has numerous global applications, including as a precursor
to produce building materials, feedstock for over 200 chemicals, steam for electricity
generation and a reductant for metallurgical applicatierfLongwell, 1995; Miller, 2005;
Letcher, 2008). According to the Energy Data report publishe@r®rdata(2022), South
Africa produces abouR44Mt of coal and is the world's seventh largest coal producer.
Technological development and the need for cheap carbon sources havedribesakernate
uses of coal beyond power generation (Gagaetral, 2020). As a result, coal is now being
used as a feedstock to produce carbon compositess, fiand foams with excellent
physicochemical properties (Petroghal, 2005;Liu et al, 2018; Sharmat al, 2020). In
addition, coal is also used as a carbon source to prepare activated carbons for adsorbed natural
gas storage (Abdulsalast al, 2020).Some types of coal are also used to produce graphite
electrodes for electric arc furnaces and carbon anodes for theokivalumimum industry
(Banerjee, 2021). More so, some coals are adapted for applications where mechanical
properties such as mickeear, low coefficient of frictionand hightemperature stability are
required (Sharmat al, 2020).

The coal and mining industries face environmental pollution challenges, just like any other
industry, despite their significant contribution to global technological develop@eaituses
generatanillions of tomes of coal waste during coal beneficiation. In addition, metallurgical
coal produces coal tavhich has higly volatile matter ands difficult to manage as it poses
environmental risks. The current method of managing coal discard and other pollutants is
inadequate, aheaccumulation of discard could lead to spontaneous combustion and leaching
of trace elements (Onifaded Gengc2018). The rewashing or beneficiation of the discard coal

to recover the carbon in the dump is a strategy put in place by moistg houses. This
approach has drawbachkecause little or no separation is achieved due to the association of
carbon and inorganic minerals in the coal dissaskk a result, it is critical to identify
alternative and efficient uses of coal waste. Eterigfetegbeet al.(2021a) showed thaSouth
African coal wastes suitablefor producingcoal composites for construction purposes. Also,
Tahaet al (2017) reportethat usingcoal waste to produce higjuality construction materials

can solve theoal industrys environmental contaminatiazhallenges



According to the International Energy Agen@p23) global coal demand reached a new all
time high in 2022, surpassing 8.3 billilmnnes Thus, this would lead to more coal waste and

the need for adequate managemenitibisation of this waste. Many innovative studies have
been conducted in the field of coal wastdisation, including being used as a filler with
conventional polymers to produce ceramic materials and processes sucthdisgramd firing

in ceramic bricks making (Stolboushken al., 2016; Xuet al.,2017; AFMajali et al, 2019;

Bai et al., 2019; Phillipset al.,2 0 1 9 ; et\ab, 80R1)). In the recent stycby Hill et al.

(2022) raw coal from the United States of America and preceramic polywaez used to
produce composites for building materials. These composites are produced through curing and
pyrolysis of the coalpreceramic polymemixture underaninert atmosphere. Thesulting
composites exhibited properties such as lightweight, adequate strength, thermal stability, fire
resistance, chemical resistance, etc. Such properties madestiitaime forroofing tiles,

bricks, panelsand blocksKlill and Easter2021).

In this study, an alternative compositeoal composité, which is less flammable than
polymeric composite&known to be flammable with high levels of toxic gases €tial., 2018)

was produced. Coal discards were used as a precursor for thesenspasites, while coal tar
was used to produce coal tar pif@irP) CTP anddimethylpolysiloxand DMPS)were used

as binders. The fabrication process invdim@ending the materials in suitable proportions
followed bycarbonisatiorunder an inert atmosphere to prevent the combustion of the carbon
in the samples (Banerjeet al, 2019; Sharmaet al, 2020). The fabrication produced
composites with higlguality engineering properties such as tensile strength and modulus (Hill
et al, 2019; Sharmat al, 2020). Some of the composites also exhibited low thermal
conductivity, low coefficient of thermal expansion, hydrophobiatyihigh strength, which
makes thenapplicablein the aerospace industry (Let al, 2018; Sharmat al, 2020).The

coal type or rank, precurstw-binderratio, processing methods, and pretreatment of the binder

influence the compositegroperties

This research wasecessary igen that little information is available on fabriceg coal
composites applicable for construction purpaseiag CTP The properties of the two coals
usedtheCTP, andthecoal compositewere determined along with composites produced from
DMPS. The properties of the resulting composites were determined using the standards for
conventional building/construction composites reported in the literature. This regsonabl

justifies usingmodified CTP asabinderto fabricatecoal composite



1.2  Problem statement

Over 8 billion metric tons of coal was mined globally in 2022, resulting in the generation of
significant amounts of coal fines and waste during mining and beneficiatiaddition, fine

coal processing is challenged when there is no adequate plan for its use while the cost of
maintaining the dumps continues to increase. Most dumps comprise coal characterised by its
diverse qualities and rich in inorganic compounds anddcbe valuable resources for the
construction industry. On the other hand, the rgpaivth of the world population is straining

the sustainable use of Edstmatural resources due to modern sodegxtensive use of
building and construction raw materials. In practice, this industry is threatened by resource
exhaustion, providing a powerful platform for the use of fine coal waste.

Similarenvironmental hazardsperienced by the coal processing industry isetperienced

by the metallurgical industryasabout30 million tons of coal taare producegber annum.
Disposing of the tar is also a major challenge to the metallurgical industry. For every tonne of
tar produced by the coking plant, only 60% is converted to pitch during the distillation process.
This made it difficult to manage thousands of tonnes of tar without causing environmental
contamination, such as acid mine drainages and fire hazards (Roberts, 2014). Coal tar is not
suitable to be used directly in the industry because of its high vorettter. Therefore, it must

be modified before it is used as a suitable precursor with excellent properties for the
carbonisation process (Sharm@al, 2020). In this study, coal tar was modified using air
blowing process to produce pitch, and the {pestluced pitch was used as the binder for the
coal compositesThe modification of the tar plays a crucial role in influencing the mechanical
strength of composite materials produced due to its volatile matter, total carbon, H/C atomic
ratio, and aromatic ratidn addition, the nature of the binder's hydrogen bonding with carbon
carbon covalent bonds, which causes the fusibility of coal composites during pyrolysis, is also

important.

The variability of the coal fine may also influence the quality of stractural composite
produced. The physicemechanical propertiessuch as density, water absorption, and
compression testvereused to evaluate the composites. Furthermore, the corrosion, leaching
and flammability propertiessuch as oxidation induction timé€OIT) which may pose

environmental uncertainties for the application of the composiE=investigated.



1.3  Hypothesis
CTP and coal discards can be blended to produce-lsddstructural composites with
excellent physicochemical, mechanical, and thermal properties with low flammability, low

water absorption, and low porosity.

1.4  Research questions
The research effort on this study seeks to address the following research questions
i.  What optimum prigeatment conditions are required for coal tar to prodd@®
appropriate to produce an inflammable coal composite?
ii.  What process conditions will be undertaken to achieve mesophase pitch?
iii. DoescoatDMPS compositediavebetter quality than coaL TP composites?
iv.  Can a composite with high flexural and compressive strength, low bulk density, and
non-corrosive properties be produced from blended coal discar@&Rel
v. Doesthe composite produced meet the required standards for construction according to

conventional building/construction testing standards?

1.5 Aim and objectives
The aim of this study is to produce coal composite materials for building applications using
South African coal fines and coal tar pitdtine objectives of the studye
i.  To investigate the physicochemical, mineralogical, and textural properties of-the as
received coal fines, coal tar, and the produceée,
ii.  To investigate th@ptimum préreatment conditions for coal tar to produce coal tar
pitch;
iii.  To compare the properties of the ¢@alP composites produced at different ratios and
coatDMPS composites
iv.  To determine the physical properties, mechanical strength, water absorption, corrosion,
andflammability behaviar of the produced coal composites
v. To determine the commercial suitability of the produced coal composites using the

existing commercial building material testing and standard analyses.

1.6  Research benefits
The following benefits could be accomplished from the successful completions of this study:
I.  Repurposing coal fines to produce vaadgded composite materials will reduce the cost

of waste disposal.



ii. Coalbased composites will help to meet the growing demand for construction
materials.
iii. The application of coal fines an@TP to produce composite will protect the

environment, preserve our natural resources, and help conserve energy.

1.7 Research layout
This dissertation is divided into five chapters, each serving a diptingbse in the exploration

of the research topic. The brief descriptioreath chapter is provided below.

Chapter 1 introducesthe researchand providesthe studis background and motivation,

problem statement, hypothesis, research questions, aim and objectiveseamndibenefits.

Chapter 2 reviewsthe uses and properties obal, coal tar, andCTP, particularly in the
building industry.The binding nature of coal tar pitch and the structure of coal, as well as their

implications to coal composite materials, were discussed.

Chapter 3 detaik the research methodologfhe methodologyisedto charactesethe raw
materials,produceCTP from coal tar bythe air-blowing method,and the fabrication and
characterisatiomf the coal composites are outlinefhe standard methods followed in this

researclare also provided

Chapter 4 presentanddiscussetheresultsobtainedo show the significance of this research.
The results of the materials and the produced coal composites are discussed utilizing literature,

engineering, and scientific analysis tools.

Chapter 5 concludeghe study andffersrecommendationfor furtherresearchBased on the
obtained results, it is demonstrated that South African coal fines and coal tar pitch can be

effectively utilised to produce coal composites suitable for building applications.



Chapter 2

Literature review
This chaptereviewsthe extensive literature on coal and its applications that result in the
generation of coal wastdt outlines the use of coal in various industries based on its
characteristics. The widespread use of coal, particularly for energy generation,epsoeiat
wastes that posenvironmentahazards. Alternative methods for using coal waste to reduce
the environmental footprint have been demonstrated in recent studies. However, that does not
appear to be sufficient, given tegnificant amounts of coal waste generated wade. It is
now essential to conduct a studyusingcoal waste for industries that consume a substantial
guantity of this waste. As a result, tsisidyexplores how coal waste can be used to produce
coal composites that can be used in the construction industry. This industry has been identified
asonethat can consume large amounts of materials due to population growth, which leads to
a demand for shelters. The method of producdid® as a suitable bindewith excellent
physicochemical properties for coal composigesliscussed in this chapiefhe literature
review coversertain characteristics of coal waste &iPthat could be attributed to their use
as building materials. In addition, other precursncseasetheir potentialgo producetiles,

bricks, etc,.arediscussed.

2.1  Introduction

The beneficiation of a in the preparation plan¢sulsin a significant amount of coal being

lost to tailings and disposed of for no purpfiseand Wang, 2020)On the other hand, during
thecarbonisatiorof coking coal to produce cokesductaritin the metallurgical industry, coal

tar is produced amby-product. Both coal tar and coal fines are difficult to manage due to their
environmental impact. Repurposing these wastes from the metallurgical and coal processing
industry would enable wastelorisationand management, the circular economy, Hrel
sustanability of the construction industry. In addition, the threat of resource exhaustion
provides a powerful platform for the use of fine coal waste for building comsmagmer than

conventional soil.

Clay and sand are tteonvertional materials usetb manufacturdricks in the construction
industry (AlonseSanturdeet al, 2012).In a study conducted by Manjarekair al. (2017),

plastic waste was mixed in small amounts with sand and cement to make bricks. According to
the author, the increasepiastic content in the mix decredghe brickscompressive strength.

In another studypolyethylene terephthala (PET) waste was also utilisédl manufacture

cementsandbricks (RafikullahDeramaret al, 2021) The author also observed a decrease in
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the concrete's bond and its compressive strength when PET wagwtbdrmore with the
addition of PET, a lowdensity, lowweight brick was produced (Rafikulldberamanet al.,

2021), but the brick did not meet the required properties. Several stubstigated the use
polymer composites in biomedical applications (medical implants) and engineering
applications for construction purposes (Ramakris#tral, 2001; Gao, 200&heikkAhmad,

2009; Rahmaret al, 2011; Galande, 2016; ket al, 2022; Turvg, 2023). These composites

are typically made with thermosets and thermoplastics such as epoxy resins, phenolic,
polycarbonates, polyvinylchloride, nylon, acrylics, glass, carbon and Kevles {ildiouzakis,

2013; Greene, 2021; Lieet al, 2021). In a recent study conducted by Eterithabegbeet al

(2021a), a "preceramic polymé&rwas mixed with discard coal to produce a coal composite
suitable for use in the construction industry. The coal composites produced demonstrated

excellent water absorption, compressive strength, flexural strength, and thermal stability.

Fly ash, which is a bproduct of coalcombustion was also used as a supplementary
cementitious material at 16 25%to produceconcretelRomadhon, 2021). According to the
author,usingfly ash increas#the bond strength of concrete compared to normal conésete.
similar approach was also used by Mandghl (2017)to produceconstruction bricksvith
excellent compressive strengtind durablity that werechemicaly inert. Guoet al. (2019)
likewise used biomass fly ash and coal fines to replace clay in the production of bricks, and the
bricks made from coal fines wemorethermally stable than those produced from biomass ash.
The use ofcoal slagto produce tileswhich is another waste, was investigated by Iimad

Pandy (2019). The tiles produced from the mixture of this waste, clay and a binder proved to
be durable, hargnd resistant to abrasiofhe use otoal waste to produce building materials
would lead to a decline in these of conventional raw materials or natural resources, saving

energy andedudng greenhouse gas emissiqikauimaret al, 2020).

In the currenstudy, coal tafmetallurgical coke oven wasteas used as a precursor to make
an appropriate pitch that acts as a binder @nohixed with coal fines to produceoal
composite. The coal tar was modified to produce pitch with a high total carbon content, a
highly aromatic and anisotropic liquid with uniform pores and low voids. With a modified tar
"pitch" blended with coal, coal composites with excellent physicocheraiwimechanical
properties such as high compressivand flexural strength, low flammability, and high
corrosion resistangevere producedSpecifically, different shapes of these compositese

producedwhich couldbe used in applications requiring mien@ar resistance.



2.2 Coal overview

Coal is a heterogeneous sedimentary rock composed mainly of molecular organic and inorganic
matter from dead plants buried millions of years ago (Wong, 2009; Jetisth2012).Most

coal deposits began in peat bogs, where water was stagnant, and plant remains accumulated.
Depending on the region, the deposit and the environmental conditions prevailing during the
formation, each deposit has its own vegetal raw material (Vassilev asdeva, 2009; Wong,

2009). The first phase of coal maturity is lignitvhich has a low carbon content, followed by
subbituminous and bituminous coals, which are intermediates. The last of the coal ranks is
anthracite, which maliavea total carbon content of about 90% and is the purest and hardest
coal (Tishmack and Burn2004). The organic matters of coal are known as macerals and are
composed of nowrystalline constituents such as lithotypes and ritnotypes groups
(petrographic ingredients) (Whitehurst, 1978; Bil, 1992; Vassilev and Vassileva, 2009).

The minerals and mineraloids within the coal consist of inorganic matter (mineral matter).
According to Wuet al (2020), the inorganic matter in coal is brittle, whereas its organic matter

is flexible and exhibits properties such as plasticity, toughness, atititgluThe plasticity of

coal is one of the characteristics required for coal composite applicéioalganiandMatin,

2018; Fragat al, 2020).

Coal is the most inexpensive fossil fuel in the w@HgA, 2021) According to Mazumdest

al. (2020), the use of coal to provide energy for the world's 9.49 billion peopld be
increased by 17.6% iR040. This will further increase coal discard generated wwaulle] as

only 60to 70% of the total run of mine washed is recovered. As coal discard ipreodhyct

of both mining and processing plants, its low calorific value limits its application for power
generation (Sdtoholaand Cowan, 2017). It contains unrecoverable carbon that inteviattk
inorganic minerals and rocks, which is difficult to separate. Consequently, this resource,
normally stockpiled in South Africa for no economic use, was ts@doducestructural coal

composites in this study.

2.3 Overview of coal tar as a byproduct

Coal tar is a byproduct of the coke (industrial coal) manufacturing procass is a mixture

of aliphatic, aromatic, alicyclicand heterocyclic compounds (Yuahal, 2016; Liuet al,

2018; Sinag&t al, 2021). Coal tar is produced from the coke oven, which produces about 22
metric tomes of coke per day from 30 toes of coking coa(DoESA, 202]). According to
SteelMint(2023), about 819 million tons of coking coal was used in the production of coke as

a reductant in the global production of over 1.8 billion tons of crude steel. During coke
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production, he gas released from the coke oven, which may represent a quarter of the coal
once cooled, produces aboutk&yof coal tar per tame of coking coal charged into the oven
(Zhang and Zhang, 2020; Britannic&ids, 2022. Therefore, it is estimated that coal tar
produced globally in 2023 should be around 30.3 million tGsl tar is characterised by its
molecular structurewhich containsan aromatic corego which methyl groups are attached
(Huanget al, 2023%). As a resultCTP has superior amatic propertiesresulting in a lower
degree of substitution than petroleum pitch (Das eak., 2018). Aromatic compounds have
delocalisece | ect rons ombitthalis, "whi ch i(Fapetab 208% st r u.
Yanget al, 2022). The distillation of coal tar produces numerous products such as carbolic oil,
anthracene oil, naphthalene oil, creosoteamtiCTPas a residue (nevolatile at 450°C) (Das

Lala et al, 2018;Ispatgurucom 2018). Coal tar is used in various industriéscluding
chemical, medicine, and engineering. The primary use of coal tar is the production of electrodes
for the alumimum and steel industryF(ture Market Insights2022, as wellas a carbon
precursor for carbon materials due to its high carbon content of abeut%3Liu et al,

2018). The following sections provide information on selected sectors and commodities

derived from coal tar.

2.3.1 Chemical and crude oil industry

During World War Il, the Germans relied completely on the productiegrthetic fuels from

tar oils and gasoline produced from creosote oil (coal tar product) by hydrogenation (Clough,
1957). As more crude oil was discovered, there was a shift to use crude oil for producing
premium petroleum products rather than tars. Howesgal tar contains contaminants in the
form of heteroatoms like sulphur, nitrogen, and metals (Anchetysh, 2005; Marafiet al.,

2006). To produce transportation fuels from coal tar, the heteroatom content of the tar must be
removed. Ac g5 oetd (2@10),tacleatfmdl can be produced fromuting a
hydrotreating proces€lean liquid oil was produced bydirotreating coal tar at 600°C in a
trickle bed reactor system filled witcommercial catalygt.i et al, 2013).Using adistillation
process, the same author also prodgasoline and diesel from the liquid fuel oil, as shown

in Figure 2.1.
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Figure 21: Hydrotreating products after distillatighi et al, 2013)

The polycyclic aromatic hydrocarbon structures in coal tar also influence its use in the
petroleum industry (Mat al, 2021). With thesstructurevariations, different productsuch

as BTX(comprisingbenzenetoluene,and xyleng, can be produced®dther highly demanded
products are carbolic oil (phenols, cresasd xylenols), resins, herbicides, fungicides,
disinfectants, anglasticisersOther products include carbolic fractiomghich are used in the

production of polymers and flux oils for bitumproduction(Grandaet al., 2013).

The agricultural, construction, photography, rubber, tanning,aha polymer industries also

rely on naphthalene oil produced from coal tar. Wash oil is another nitcaygaining
product i.e., it contairs quinolone, isoquinoline, carbozol, and acridine. These are aromatic
chemicals with very low freezing pos#nd good solvent characteristics. As a result, wash oil

is commonly used in coke battery ovens to remove impurities from pipelines and valves.
Anthracene oil is another coal tar product, characterised as the heaviest oil and composed of
two to five aromat rings. These rings include acenaphthene, fluoranthene, fluorine,
phenanthrene, anthracemaad pyrene. The major use of anthracene is to produce carbon black
that is used to producegres and rubbers. The residue of this ofCiEP, which is left aftetthe
distillation process, and it is widely used as a binder and impregnating agent in theustumin
and steel industries for manufacturing carbon anodes and graphite electrodes éEanda
2013).

2.3.2 Carbon fibres

Carbon fibes are materials comprised of more tham@26 carbon, and filas with 99wt.%
carbon are referred to as graphite (Huang, 2009). Graphite is-pdrigmhmance material with
athreaded structure and a carbon backbone (Baredrgde2021). The history of carbon fibres
can be traced back to 1860 when Sir Joseph Wilson Swan first producduytheating cotton
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fibres in an inert environment for lighting incandescent light bulbs (Begs, 2022). As of

1961, Akio Shindo (1961) pioneered the use of polyacrylonitrile as a precursor for carbon
fibres, and other sources lIKETP and rayon are now being us&ilP, as a precursphas a
couple of advantages ovperoxyacetyl nitrateRAN). It is an inexpensive materialith a
higher degree of orientation and a higher char yesh polyacrylonitrile (Berruecoet al,

2012). The graphic structure of pitch provides a caftiwe with higher elastic moduluand
higher thermal and electric conductivity. The modification of the pitch could lead to either
isotropic or anisotropic (mesophasand these two pitches are used depsman the field of
application(Kim et al, 2016). According to Yangt al. (2014) carbonfibres produced from
CTPare most applicable in the automotive industry as brakes or insulators faehigarature

performance.

2.3.3 Carbon porous materials for supercapacitors

Coal tar pitchhas also found applicatisras a carbon source in the making of an electrode
material for supercapacito(8Vei et al, 2020) A supercapacitor is aslectric doublelayer
capacitorthatstores electrical energy apsorbing theharge on the electrodesurface (Wei

et al, 2020; Biet al, 2021). Lowcost carbon material with excellent electrical conductivity
andphysical or chemical stability is appropriate for making a porous electrode material. The
same material must have a high specific surface area to provide &lecttedeelectrolyte
interface and good conductivity to ensure quick electron transgsovtell aghe appropriate
distribution of pore size toptimiseion transport for high power and energy density output
(Fanget al, 2016; Yacet al, 2017; Cheret al., 2018).

According to Wanget al (2020) CTP can be carboséd (activated carbon) and used as a
porous electrode material for supercapacitor applications. Figure 2.2 shows the process
involved insynthessing activated carbon fror@ TPfor supercapacitor applicatisnn another
investigation, graphene nanocapsulgsre also synthessed from CTP, which showed
properties such as interconnected porangdthin shells with weHbalanced micropores and
mesoporegHe et al, 2017). According to the author, a porous material with exceptional
electron conductivity, high ion transport in small pores, and an abundance of pores for ion
storage was achieved. Jiagigpl (2021) also manufactured porous carsbeet microsperes

as an electrode material. This was achieved by covering the basic zinc carbonate microspheres
with CTP, carbonisinghem, and then activating them with KOH. The prodys@mdus carbon

sheet microspherdsad template morphology and large surface area of about 1359188
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2059.43m?/g. Yanget al. (202®) also produce nanosheets fror@ TP doped with MnQ for

improved asymmetric supercapacitors.

Zn5(OH)((COy),
Supercapacitor

PCSMs-0.2a

T~

-l <e©
Carbonization Assembly e
¢

+

Coal tar pitch PCSMs-0.2a PCSMs-0.2a

Figure 22: Producing supercapacitor frazoal tar pitch(Jianget al.,, 2020)

2.3.4 Coal tar pitch as kbinder for engineering applications

Over the pst decade, carbararbon (CGC) composites have become the material of interest
because of their ease of manufacture anddost carbon precurs¢®hirvanimoghaddarat

al.,, 2017; Mehmandousgt al, 2022). GC composites have demonstrated exceptional
reliability in engineering applications where low friction coefficient and téghperature
stability are required (Patet al, 2016). As a result, it has found an application in aerospace
as a thermal barrier for+entry spacecraft (Sorgf al, 2012; Gaeet al, 2016; Chowdhurgt

al., 2018). CC composites can be formed by thermally treating modified pitch and through
fibre reinforcement. & composites made fro@TP aresuperor in mechanical and thermal
propertiescompared to €C composites made from petroleum pitch (Shaetral, 2020). The
mesophase constituent inCAP is responsible for the binding nature of the pitch produced.
Incorporatingmesophase pitch abinder in eboronphenolic resinmprovesthe compression
strength and ablation rate of phenolic &fiHuanget al, 2022). Huangt al (2023) reported

that usingCTP with high mesophase constituent led to the conversion of compeosite

thermoplastic properties to thermoset properties.

As justified above CTP improves mechanical and thermal qualities for kpghformance
applications. However, there is minimal research on 83w can be blended with coal fines
to produce construction matesalGiven the different attributes @ TP provided in the
literature, thecurrent studyaimedto produce coabased composited coal fines mixed with

CTPto produce construction materials.
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2.4  Global market of coal tar pitch

The global market of coal tar is growirgs reported by GlaNewswire in 2022. Lowlevel
coaltar manufacturers account for 8070% of total market revenuesSlpbe Newswire 2022).
On the other hand, t&TPmarket is also growing at a rate of 5.5% per annum and was valued
at 3.75 billion dollars by the end of 202&10be Newswire 2022). The global business also
projects a compound annual growth rate of 5.4% between 2022 and R@R8 (Market
Insights 2022). The world's major leaders in tB€P ecosystem are China, India, Russiad
Western EuropéChai et al, 2021). China alonéorecasts annual sales growth af%,
reflecting numerous growth opportunities 80 P manufacturersGlobe Newswire 2022).
The growth rate in developing countries is also expected to reachFubdte( Market Insights
2022). The industry is expected to grow further by the end @& 8@ihg to the increased use
of CTPin road construction in China and Indiauure Market Insight2022.). In addition,
the increase in demand for automobiles worldwide also leads to the use ofiatHgriade
CTP, thusinfluencing the growth of the industriFture Market Insight2022).

The major challenge to the glol@l'P market is the hazardous potential@FP. As a result,
various studies are being conducted to improve the quali§Téf as an environmentally
friendly raw material. Litet al (2018)developed method for modifyin@€ TPfor construction
purposes. In another study, Patehl (2020) suggested th@TP must be predreated prior to
use to reduce the impurise@ssociated with it. Pitch greatment is carried out to modifige
plastic properties of the pitch and conviekt raw pitch to mesophase pitch that is suitable to
be used as a precursor to produce Hgiformance carbon materia@H{et al, 1991; Banerjee

et al, 2019). Inthe currenstudy, the pitch used abinder was prepared from coal tar using
one of the methods for the modification@TP (Section 2.5). In other words, the coal tar was
converted tacCTP bythermal treatment and modified using thetdowing method.

2.5 Pretreatment and modification of CTP

The modification or prieeatment ofCTP can be achieved byarious methods, including
toluene extraction, vacuum distillation, and crbsking with bifunctional group chemicals
(Banerjeeet al, 2019). The préreatment ofCTP influences subsequent stagssich as
pyrolysis, carbonisationgraphitisation and the structural performance of the final product
(Prauchneet al, 20QL). Hence, the main goal of preatment is to control the softening point
of the pitch and to control the viscos#tyflowability at high temperatures. This is often

achievedoy heating theCTP molecules to increagbeir molecular weight through process
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known as polymerisatiofi (Prauchneet al, 2003). Pitchpolymerisationmpliesthe release

of side chains to form radicals, resulting in large molecules and an increase in tar aromaticity
(Prauchneret al, 2001). Prareaing CTP at moderate temperatgralso reduces volatile
content, increases carbon content, and converts-chairt hydrocarbons to longehain
hydrocarbons (Banerjest al, 2019). According to Banerjest al. (2019) and Sharmet al.

(2020), when the total carbon contenG¥P is > 60 wt.%, a quality carbonisegroduct with

a high modulus and durability can benewved. To produce carbon materials using pitch, the
pitch "matrix' liquid's viscosity must be high enough to prevent bubbles from escaping the
liquid pool (Banerjeet al, 2019).The relevance of viscosity control is thhe pitch may be
regulated and shaped to a desired form during-tagitperature treatment.

Chemicaly modifying thepitch with nitric acid increaseits softening point. This process is
conducted to ensure that raw pitches perform well during the pyrolysis &@atel 2020).
According to Banerjeet al.(2019), the process must be conducted at a low pressure to release
volatile matters and prevent further swelling that could result in low bulk density. With
swelling, highly porous composites can be formed, leading to a negative impact on the physical
properties of the coal composite. Acid mixcktion in CTP converts aromatic compounds
containing fewer aromatic nuclei to higher aromatic compounds. This raisgsit¢hs
softening point and viscosity, allowing mesophase to form quickly duringatimnisation

process (Banerjest al, 2019).

Another technique that can be used to produce-tgtiity pitch is aiblowing coal tar. This

is a simple, lowcost, higly effective, and versatile method of producing pitch with a wide
range of properties and applications (Fernaretes., 1995;Pradaet al, 1999;Wanget al,

2019). According to Fernandet al (1995), aifblowing at temperatures ranging from 250 to
300°C carlead to ncrease@romaticity. Table 2.1 shows the data from the test carried out on
two distinct pitchesbinder pitch and impregnating pitch. Both pitches were subjected to air
and nitrogen blowingAs the temperature increases, so does the quality of the pitch in terms of

carbon yield, softening point, C/H ratio, eftable 2.1)
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Table 21: Studied properties of coal tar pitphoducedusing the aiblowing method
(Fernandeet al, 1995)

Pitch Treatment C/Hratio SP (°C) CY (%) TI (%) Ql (%)
CTPA - 19 72 48.4 35.7 13.0
CTPAO 250°C/N 2.0 92 54.3 42.9 15.8
CTPA1 250°C/Air 2.2 151 70.8 59.8 39.3
CTPA2 275°C/Air 2.2 171 72.1 62.6 49.2
CTPA3 300°C/Air 2.3 223 79.4 70.0 53.2
CTPB - - 54 35.2 20.8 3.0
CTPBO 250°C/N 1.7 70 37.8 23.7 4.2
CTPB1 250°C/Air 1.7 148 62.4 52.7 39.2
CTPB2 275°C/Air 19 164 64.4 53.8 42.9
CTPB3 300°C/Air 19 219 67.9 60.5 45.9

C: total carbonCY: carbon yield; CTPA: binder pitch; CTPB: impregnating pitehtotal hydrogen;

N2: nitrogen;SP:softening point; Tltoluene insoluble; Qlguinoline insoluble

The results in Table 2.1 are congruent with those reported by Rtadla (199), who
investigatedCTPair-blowing at three different temperatures (275, 300, and 325°C). Fernandez
et al. (1995) and Pradat al. (199) varied the reaction time (8, 12, and 20 hours) for each
temperature (275, 300, and 325°C), and the results show that there were significant changes in
the characteristics of the modified pitch fght hours at 300°C, but no significant changes
after this period. This illustrates that temperature and reaction time are critical parameters in
modifying the pitch qualities during amowing modification. In addition, the author reported

that at 275°C of iich air-blowing, the C/O ratio reachesmaximum forthe coal tautilised

This can be caused by oxidatipnlymerisation, which has considerably increased the
softening point of the treated t&urthermoreFernandezt al (1995) and Pradet al (1999)
indicatedthat thermal treatment coutdducethe aromatic and orthsubstitution index due to

the distillation of smaller components. Ailowing only reduces the ortksubstitution index

and dehydrogenativpolymerisationof the pitch molecules without the formation of any
oxygenated compounds (Blanebal., 2000). The increadearomaticity index and C/H ratio
demonstrate thgiolymerisatiorreduces aliphatic hydrogen (Fernaneééal, 1995; Sharma

et al, 2020).Using Fourier transform infrared=TIR) spectra, Prauchnet al. (2001) also

showthat the aiblowing technique reduces the aliphatic stretching absorbance of the pitch
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produced. Therefore, ithe currentstudy, coal tar was converted to pitch thermally and
modifiedusing theair-blowing method to produce the binder for the cmahposite.

Alcafiz-Mongeet al (1997) investigated the effect of temperature on the H/C ratio cZ o
samples hedreated in the presence of air and nitrogen. The samples$réetsd in air had a
much lower H/C ratio thathe samples treated in nitrogen at comparable temperatures, owing
to the oxidative impact of air. From the aromatliphatic hydrogen ratio ({#/Hai) of the two
samples, a modest {dHai) ratio for samples hedteated in nitrogen arallarge variance for

samples hedteated in air was obtained (Figure 2.3).
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Figure 23: Hard/Hai (aromaticaliphatic hydrogenpatio for coal tar pitch samples treated in air

andnitrogen at different temperatwor different period (Alcafiz-Mongeet al., 1997)

In an investigation byPrauchneet al (2003) it was reported that the loss of alkoxyl carbons
occurred during the modification of pitch @mperatures lower than 300°C. In addition, at
temperatures around 200°%@e O Caiph bond breaks in thETP, resulting in the formation of
heterolytichydrolytic cleavages (hydrolysis), which is important in the breakdown of
hydrocarbons to form radicals. These results are favoured by the formation of plikeoxy
anionsstabilisedby negative chargdelocalisatioralong the aromatic rin{Prauchneet al,
2003. Modification can producean appropriate and suitable pitch for a certain application.

According to Ohet al (1991) isotropic raw pitch can be modified to produce quality
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mesophase pitch with high anisotropy liquid crystallinity, spherutdeation and coalescence,

as well asmosaic form mesophase pitch. Figure @epics the micrographs obtained frotme
modified pitchby Liu et al. (2014).Figure 2.4(a) and (Wave typical anisotropic mesophase
spherules, with Figure 2.4(lhaving more spherules due to the incrdasienamaldehyde
additive content in the pitch during preatment processAdditionally, Figure 2.4(c}o (e)

shows the merged spherules and flow domains. This is probably due to the reaction between

cinnamaldehyde and small pitch molecules, which enhances the degiteb jpdlymerisation.
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Figure 24: Optical results of the modified coal tar pitshowing mesophase spherules and
flow domains (a) CTP1,(b) CTP2,(c) CTP3,(d) CTP4 ande) CTP5 (Liuet al, 2014) CTP1
to CTP5:resultedcoal tarpitch from the additive 00 wt%, 3 wt%, 7 wt%, 10 wt% and 13

wt% cinnamaldehydeagspectively

2.5.1 Structure of coal tar pitch

Pitch is derived from the distillation of tar at relatively low temperatures (400°C) (Savage,
2016).The two different types ofCTP areisotropic and anisotropid-hey are used to make

low- and highmodulus carbonaceous materials, respectively (Féteal, 1987).CTP is
constituted by the system in which the aromatic units (edigts) are attached by-C single

bonds. Phenols and aromatic amines also occur in pitch but at relatively low concentrations.
The structure ofCTP is camprised of benzologues of pyrrole, furan, thiophene, and
cyclohexane polycyclic aromatic hydrocarbons with few aliphatic chains and heteroatoms
(Figure 2.5) (Yanget al, 2022). However, other chemicals may exist despite tow
concentrations (Zandet987).
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With advancements in technology and the requirement for various carbon ma@riis,

now used in various industries. This is possible because of its more dominant aromatic nature
than petroleum pitch (Faet al, 2017 DasLalaet al, 2018; Yanget al, 2022). Itis less soluble

in solution than petroleum pitches arahtainshydrophobigolycyclic aromatic hydrocarbons
compared to other forms of pitches (KersrawdBlack, 1993; Yangpt al, 2022).According

to Alcafiz-Mongeet al (2001), aromatic hydrogen is assignedm@romatic ring with a low
degree of substitution in tHeTP structure. Whi¢ in the petroleum pitch, aromatic hydrogen

is bound to the aromatic ring with a high degree of substitution. The structure and aromatic
content of CTP are important parametsrto consider when selectinQTP for a variety of
applications (Faret al, 2017; Yanget al, 2022). Toanalysethe chemical and structural
properties of coal tar or pitch, techniques such as FTIR spectroscopigar magnetic
resonanceandX-ray diffraction XRD) are employedCTP samples that have been modified
from the same parent pitch but under different conditions often contain the same functional
groups but differ in transmittance/absorbance intensities. Figure 2.6 shows the common
structure ofCTP sampleswhich were modified at different temperatures in the experiment
carried out by Cheat al (2018).
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Figure 25: Schematic diagram for coal tar chemistlicture (Yanget al, 2022)
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Figure 26: Fourier transform infrarednalysis of coal tar pitc{Chenet al, 2018)

2.5.1.1Mesophase pitch

Raw pitch is generally isotropic, but when heatited, it develops anisotropic liquid crystal
phases called "mesophase"”. Mesophase is a complex mixture of many aromatic hydrocarbons
that contains anisotropic liquid crystalline particles (carbonaceous mesophase) when observed
underanoptical microscope (Soei al, 2013). These liquid crystals represent a state of matter
defined by a combination of order and mobility (Tschierske, 2002). The removal of volatile
matter led to the formation of mesophasehpiiThis is accomplished by modifying parameters
such as heat treatment, soaking time, heating rate, and a variety of others. Lamellar molecules
are formed during heat treatment of isotropic pitch at temperatures ranging from 350 to 500°C
in an inert atmgshere. This leads to the formation of nematic discotic liquid crystals. As a
result of these developments, a liquid crystal system (mesophase) is formed, which is the final
carbon structure that controls its flowability (Sebal., 2013). Furthermore, 8oet al (2013)

found that the nucleation of spheres followed by the coalescence of spheres and mosaic
formation is the structure that leads to the formation of mesophase spheres. Mesophase pitch
has a higlstabilisationreactivity and a highly oriented structure, as well as low viscosity and
high purity (Mochidaet al, 1990). These characteristics are required for the pitch used as a
binder in the manufacture of higierformance carbon composites. The aromatic planes of the
mesophase pitch are composédliayl and bulk mesophase in an isotropic matrix of coal and
coal tar naphthenic groups. Furthermore, pitch heat treatment poldeisedlight favours

these groups in terms of miesolubility and fusibility (Mochidaet al, 2000).
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Mesophase pitches are used in a variety of applicatguth as mesoarbon microbeads,
carbon spheres, bindeand anode materials for lithiuron batteriesdue to their purity and

high aromaticity (Soret al,, 2013). It does produce materials appropriate for-pgyfiormance
applications due to its high degree of graphtton after carbosation. As Zhaiet al (2019)
reported producing composites from mesophase pitch enhances the mechanical properties of
the compositesand the material's chemical resistance. Sehial (2013) conducted a
prereatment study on pitch in an inert atmosphere at temperatures between 350°C and 500°C.
The results (Table 2.2) show that the mesophase content increases with tempEnature.
temperature affects properties such casnoline and toluene insolubilitycoking value
softening point weight loss, C/H ratioand sulphur and mesophase content of the pitches
(Table 2.2) Pretreatment at low temperature inhibits mesophaseluction but an isotropic

pitch with exceptional characteristissproducedIn cases where mes@se was not produced
during préreatment ofthe pitch, adding polymer additives tte pitch may improve the

formation of mesophase pit¢(BardajiLunaandCocoCeg 2022).

Table 22: Properties of modified pitch (Soet al, 2013)
Samples QI TI CVC Mesophase Softening Weight loss by C/H  Sulphur
(%) (%) (%) content (%) point (°C) TGA up to 900°C ratio (%)

(%)
PP 09 14 43 0 88 72 1.71 0.66
MPa 6 33 55 4 118 58 1.91 0.59
MPy 43 55 60 24 125 42 2.44 0.56
MPc 67 70 79 52 279 32 2.70 0.52
MPq 83 86 91 90 >350 17 3.03 0.47

C/H: carbon/hydrogenCVC: coking value;MP. mesophase pitch (350°C); MPmesophase pitch
(400°C); MR: mesophase pitch (450°C); MPmesophase pitch (500°CRP: precursor pitchQI:
quinoline insoluble; Titoluene insolubleTGA: thermogravimetric analysis

2.5.1.2lIsotropic pitch
Isotropic pitch is routinely produced at low temperatures using thersathed as mesophase
pitch(Yuanet al, 2020). It can also be obtained by filtering it out of an incomplete mesophase

pitch. Isotropic pitches are used in the manufacturing process of gpuograke fibes
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(Bermudezt al, 2018). However, mesophase pitches are used for applications requiring high
strength and thermal stability because of their molecular orientation (Arai, 2016etGiloi

2019; Daulbayeet d., 2021). The sole difference between these two pitches is their chemical
structure. According to Maedat al (1993), isotropic pitch is produced along with the
mesophase pitch during the modification process of coal tar. The proportion of each phase in
the mixture depends on the peatment tempetare at which the tar is exposed. Even though
isotropic pitches, like mesophase pitches, can be made Vfasious precursors such as
naphtha split oil, anthracene @k, CTP, the pitches had to be separatedking it possible for

the pitchego be usedor various highvalue applications.

According to Moraet al. (2003), one of the methods for separating mesophase them
isotropic phase is through hot filtration, but yhalso indicate that the two phases may
contaminate each other. Another proven process is solvent extractioarf@Boerson, 1999).

With solvent extraction, the mixture of pitch and solvestsch as quinoline, toluene, and
pyridine, are heated prior to separation. This led to the isotropic pitch being dissolved while
the mesophase pitch remadhinsoluble. The macromatelar structure and higher C/H ratio

of the mesophase prevent it from dissolving in the solution, and it is recovered as a filter cake
(residue)Banerjeeet al,, 2021).

The thermal treatment of both isotropic and mesophase pitches thecadgbnisationor
pyrolysis influence the final product. In an isotropic pitch, mosaic structures are produced
through carbonisation whereas pyrolysis produces morphological forms that change
depending on the pyrolysis conditions. Changes in pyrolysis temperature have a significant
influence on composite structure, with small aromatic structures clustering up to 400°C. At this
temperatue, crystalline propertiegensile strengthand malulus increase due to the removal

of C=0 functional group At 400to 800°C, gases evolve, and the3aC, O-C-O, and GH

bonds are removed, resulting in a 2D carbon structure. Figure 2.7 shows the relationship
between the tensile strength of isotropic and mesophasebaisegul structuseat different
pyrolysis temperatuee This temperaturduced structural change provides information on

the optimalcarbonisationemperature that would give acceptable characteristics for a desired
product (Pengpt al, 2@0; Daulbaye\et al, 2021). It is evidenfrom the plot that pyrolysis

must occur between 8Qthd 1200°C for isotropic pitclibased materials but at substantially
higher temperatures for mesophase pliaBed materials, which may become@phitised
(Banerjeeet al, 2021).
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Figure 27: The tensile strength of isotropic and mesophase-pasied fibes (CF) at different
pyrolysis temperaturg8anerjeeet al, 2021)

2.5.1.3Rheological properties of coal tar pitches

The rheological properties o€TP, such as yield stress, relaxing time, viscosity, and
compliance, are important in identifying t8& Ps non-Newtonian behaviour. The rheological
behaviarr of CTPs reported by Fitzeet al (1987) demonstrates thafarious anisotropic
spheres are formdxy heatingCTPunder various conditionkadng to nucleating an isotropic
phase, growh, coalesce, and forimg a material that is still plastic (bulk mesophase pitch)
(Otaniet al, 1970; Fitzeret al, 1987). According t&ollet and Rand1978) the degree of
coalescence in he#reated pitch can be large at 450°C, leading to the interconnected
mesophasic microstructure network. The mesoplthseefore evolved into a continuous

phase inwvhich isotropic liquid pocketaeredispersed (Georget al, 1977).

The rheological behaviour @& TP demonstrates that the solidification of pitch is affected by
factors such as heat treatment, mean molecular weight, molecular weight distrianoton,
aromatic and heteroatomic content. In general, the melting behaviour of pitch is related to the
solidification of pitch, which means that pitch that melts at low temperatures solidifies at high

temperatures (Otaet al, 1970).
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2.6  Different types of composites

Composites are categorised depending on the type of reinforcement and matrix phases used in
their productionMatrix composites are classified into three categories: polymeric, ceramic
and metal(Swain, 2014; Rajaket al, 2019; Hunt, 2000; Hsissoet al, 2021). These
composites can be reinforcedviariousways, including fibre, particland sheet reinforcement

(De Araujo, 2011). File-reinforced composite materials offer better material qualgigsh as

high strength, stiffness, and resistance to chemicals, wears, and high temperatures. This is
because they are composed of a dispersed phase of synthedistiti as glass, carbon, basalt,

and Kevlar in a composite structure (Hust al, 2005; De Araujo, 2011particlereinforced
composites have a lower strengthweight ratio and are oftentilised in wearresistant
applications such as road surfa¢@spalakrishnamndMurugan, 2012). For example, using
gravel as a reinforcing filler ingredient in cement greatly enhances its hardness. The key
advantages of particleinforced composites are their low cost and simplicity of manufacture
and shaping (Gaet al, 2010; GopalakrishnaeandMurugan, 2012). Shediased composites,
commonly known as sheet nilding composites, are thermosebulding materials with glass
reinforcement that are typically compressionutded. In contrast, shebased composites use

long glass fibe with unsaturated resins to produce a hsgfength malding composite. Due

to their excellent strengito-weight ratio,sheet moulding compositase appropriate for large

structural com ponents.

Nanocomposites are another class of composites, but they are produced by mixing two or more
components on a nanoscale to obtain the required material charactétistessz, 2022). In
general, nanocomposites a&tearacteriseds unintercalated, intercalated or exfoliated and are
produced by template symtis, polymer intercalation, isitu polymerisation or melt
compoundingThakuret al, 2022). Biomedical nanocomposites are designed for biomedical
purposes such as dental treatments, bone tissue engineering, cancer medicationatelivery
dressingg{Sharmaet al,, 2021). Biocomposites reinforced with sugar palmegbn a sago

starch matrix enhance thermal stabilityinimise water absorptionandincrease tensile and
tearing strength and material durability. Nanoscale bionanocomposites have shown promise in
a range of applications, including tissue engineering scaffolds and biopackagiag.
antibacterial property of ginger flhas been used effectively in biocomposites to maintain
food packaging quality. Figure 2.8 depicts tiagegorisatiorof composites, and the following

section discusses some of the fibre reinforcement materials and matrix materials.
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Figure 28: The overview of the composiseclassificatior(Rajaket al, 2019)

2.6.1 Reinforcement materials

Reinforcement materials are always stiffer, toughed harder, while matrix materials are
used tooptimisethe compositesqualities. The composites reinforcement phase is important
because it provides the composites with the necessary characteristics to withstand heavy
applied loads (Rajaét al., 2019). Coal has been used as a filler material in the manufacturing
of polymeric composites that outperform polymers in terms of physicochemical qualities
(Eterighclkelegbeet al, 202D). The use oftoal to produce composites is environmentally
friendly sinceit emits no carbon dioxide or other pollutants into the atmospBe@ has been
identified as a suitable filler because of its inherent antifungal properties and lower water
absorption. Furthermorehy-products of coal like fly ash and cenospheres have been
investigated as thermoplastic composite fillers, yielding composites with unique properties.
The fly ash composites are environmentally benign, lightweight, and have minimal water
absorption. As a resulthe use ofcoal as a filler in composites elindtes the need for
additional additives to minireé water absorption and flammability. Additionalthe use of

coal in this sector may raise coal demand and identify new coal applications, thus growing the
coal market (Phillipgt al, 2017).
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2.6.2 Metal matrix composites

The main function of the matrix is to keep the reinforcements together so that the force applied
can be passed to the reinforcement. Other functions of the matrix inmtatketing and
preventing composite fibe damage such as fracture propagation within the material
(Muangwaenget al, 2013). Metal matrix composites are made up of metal matrices such as
aluminum, zinc, copper, titanium, and carbide. The reinforcement may include ceramics and
carbides or metallic reinforcement such as tungstemalybdenum. For these types of
composites, reinforcement accounts for at least half of the total composite weigh2Qdnt
Aluminium is used as a matrix because of its low weight and ductility. Aluminium is usually
reinforced withsilicon carbidebecausaluminabinds easily with it and increasigs qualities,
including strength, stiffness, densiand thermal expansioAluminium-based composites are

well suited for the automobile industry due tosaproperties (Mallick, 2012). Metal matrix
compoges, on the other hand, have considerable drawbacks because of their exceptionally
high stiffness and abrasive structure, resulting in a high wear rate during machining
(Haghshenas, 2016).

2.6.3 Ceramic composites

Ceramic composite materials have been used for thousands of years in the construction industry
due to their durability, fire resistant, thermal insulation, and chemical resistance ¢Baigh

2018; Santat al, 2023). Building componentsuch as roof tiles, bricks, floor tiles, pipes, and
cladding are produced from ceramic composite (Kuetzal, 2019; Zhangt al, 2019). Some

of the various ceramic materials that are used for construction include silicon carbide, alumina,
and zirconia (Liet al, 2012; Wanget al, 2019). In the construction industry, a cbaked
ceramic composite can be created by blending coal with matrices like alumina, silica, and
zirconia. According to Kworet al (2005), coal mixed with alumina and silica matrices can
produce acomposite with high thermal conductivity and minimal thermal expandiba.
authorsalso reportedisingfly ashto produceceramic building componesntith composites

with excellent mechanical propes The advantages of these cbaked composites are that
coal and its ash are cheap and abundant @iat, 2004; Wanget al, 2013; Xieet al, 2014;
Roychowdhuryet al, 2015).

Furthermore, Eterightkelegbeet al (2022)comparedcoatbased composites and concrete
based materials fahebuilding industry. Both materials were subjected to different chemical
conditions to assess their degradation in a hahgmical atmosphere. According to the

authos, coatbased composites have superior chemical resistance compared to conventional
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feedstock materials for building materials. In another stidyyaet al (2019)investigated

the influence of coal mixed with polyethylene to form coal plastic composites for construction
materials. Thereported that increayy the coal composition irhe mix resulted in an increase

in the coal plastic compositefiexural strengthwhich means coal enhances the mechanical
properties of the ceramic composites. In the same sthdyburning rate otoal plastic
compositesvas examined, and it was repattéat the rate of burning decreased when the coal
content was increased. The findings on dmded ceramic composites are opening the way for
coal to continue being used to manufacture ceramic composites with excellent mechanical
properties for a wide range of applications. As a rethtcurrenstudy utilised coal wastes

(coal fines ancCTP) to produce ceramic composite materials that coulatibsedin building

applications.

2.6.4 Polymer matrix composites

Polymeric composites are made of thermosetting plastic or thermoset matrix and carbon
reinforcement (Rajakt al, 2019).Polyester resin, vinyl ester resin, epoxy repoiyethylene
imine/polyphenylenesulphide and polyamide are the polymer matrix typéised to produce
polymer composites. Thermosets are commonly used in the preparation of composite materials
because of their high thermal resistance. The role of thermosets in the manufacture of polymer
composites is critical because they absorb misthroughplasticisationand swelling.
Plasticisatiorcauses plastic deformation and swelling due to differential stresses caused by the
expansion forces applied by the liquid during stretching of the polymeric chain. Polymeric
composites are affordable due to their ease of fabrication (Bbgk 2019).

Thelower price of fibre-reinforced polymer compositésisled totheiruse in the construction
industry as a substitute for steel in reinforced concrete constructions (PestohiarR008
BartolomeiandWiebeck, 2019). The cohesion and direction of the load in the composite are
guaranteed by the matrix of the composite material. The continuous and discontinuous phases
that make up the composite are referred to as the matrix and the reinforcementyedgpect
Compared to metal composites, composites made using polymer matrix mayltdedioto

intricate formsHigh-performance composites are often constructed from epoxy resin with long
fibres of glass, carbon or aramid for reinforcing. Tdexospace and space industries often
employ this type of composite due to its high performance (Hsissal, 2021). Table 2.3

shows different matrices that are noripaisedto manufactue polymer composites.
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Table 23: Different matrices usetb manufactur@olymer composites (Hsisseti al, 2021)

Types of polymer matrices
Thermosetting Thermoplastic
Polyamides Polypropylene
Polycarbonates Polyoxymethylene
Polyesters Polyesters
Phenolic Polyether sulfone
Polyimides Polyether ether
Silicones Polyether ketone
Polyurethanes Polyether ether ketone
Polyepoxides Polyether imide

2.6.5 Carbon-carbon composites

There are currently three methods for manufacturinG@ €Composites: chemical vapour
deposition, pyrolysis of thermoset and thermoplastic resins, and pyrolysis of hydrocarbon
pitches generated from petroleum, coal tar, and synthetic mesophase produdtst(Abal
2003). These processes include the treatment of carbon materials during their fabrication and
thus influence the mechanical properties of the finished pro@uCtcomposites come in a
variety of forms, including restimpregnated €C compositesThese types of composites are
made by impregnating carbon fésrwith a matrix resin (Jayaseelanhal, 2013). There are

also pitchbased G@C composites made from carbon &anda CTPmatrix. These composites

are commonly used in higlemperature applicationsncluding furnace lining and power
generation heat exchangers (Hegdeal, 2013; Cheret al, 2017; Liuet al, 2019).C-C
composites have also seen widespread usage in aircraft applicationsas rocket nozzles,
braking disks, and missile guidance systems (Jayasee#n2012; Krenkel, 2018). Another

way of making GC composite is through chemical vapo infiltration. This involves the
deposition of carbon atoms in a carbondibratrix followed by chemical vapo infiltration.

These composites are used in the aerospace industry in a similar manner as-©ther C
composites (Krenkel, 2@). In addition, coal waste cam lpeinforced withCTPto produce €

C composites. This method involves grinding coal waste to fine particle sizes and mixing it

with CTP, followed by pyrolysis orcarbonsation With this approach, composites with
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excellentmechanical properties, high strength, stiffness, and thermal conductivity suitable for
the construction industry can be produced (Hegjdd, 2013; Zhangt al, 2015).

Pyrolysis is one of the important steps in carbon composite manufacturing, as well as the
carbonisatiomprocess. Pyrolysis involves heating greerulted bodiedead to a compacted
andlightweight composite materigBanerjeeet al, 2021). Thdinal product's attributes are
governed by the pyrolysis parameters (timetangperature). The challenge withisapproach

is that at high temperatures (90200°C), nitrogen and sahiur-containing components are
liberated from the material, disrupting the ordered structure by forming pores in the material
matrix. This temperature window is not suitable for producing composites with low perosity
such as those used in construction materials, but it is suitable for producing caréarfibr
carbon hollow spheres (materials with high porosity). Figure 2.9 shows the pyrolysibehavi

of carbon compounds at different temperatures and the type of structure that could be formed

by changing the pyrolysis temperature.
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Figure 29: The behaviour of carbon material at different pyrolysimperature¢Banerjeeet
al., 2021)
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2.6.5.1Thermal stability of carbon composites

It is vital to determine the thermal stability of carbon composites at the time of production.
From the thermal stability test of the composite, information on the mass loss with respect to
the degradation temperature of the composite can be achieved:estigatiorof the thermal,
physical, and chemical properties of carbon composites produced @bt (CPCC),
petroleum pitch (PPCC), and a CPCC and PPCC mixture (MXCC) was conducted by Sharma
et al. (2020). Thermogravimetric analysis (TGA) and thermomechanical analysis were used to
investigate weight loss relative to temperature for all composites produced. Figure 2.10 shows
that the CPCC had the best stable thermal betavidis is due to the higher aromatic content

of the CTP compared to petroleum pitch, which is more aliphatic. The radicals produced by
the breakdown of shedhain hydrocarbons causeeight loss (Liuet al, 2014). The three
samples (CPCC, MXCC, and PPCC) were also flame ablated in the same experimimt, and
CPCC showedewer microstructurechanges than the other samples, suggestingGhBt
composites had great thermal stability (Shaenal, 2020). In addition, the influence of the
pitch's chemical composition on the properties of theCCcomposites producewvas
investigated Table 2.4 shows that the density of the CPCC is higher than the other two
composites. More so, the meclaaliproperties of th€TP composite are much high#ran

those of the petteum pitch and their mixture.
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Figure 210: (a) Thermogravimetric analysand (b)thermomechanical analyg#ot of various
composite sample€PCC: cobtar pitchcarbon compositdMXCC: CPCC and PPCC mixture
PPCC: petroleum pitcbarbon compositéSharmeet al, 2020)
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Table 24: Various properties afarboncompositegSharmaet al, 2020)

Samplecode Density Porosity Hardness Impact Compressive
(g/cny) (%) (HRC) energy strength
(J/lcm?) (MPa)
CPCC 1.72 7.6 71 36.14 138.42
MXCC 1.68 8.0 68 31.02 129.67
PPCC 1.66 8.1 62 27.76 122.98

CPCC: coal tar pitch carbon composite; MXCC: CPCC and PPCC miB@C: petroleum pitch
carbon composite

In another study, Hang et al (2022) used mesophase pitch as a binder and {ptremolic

resin as a precursor to produce mesophase pitch -pbiemolic resin composites. The
composites were examined for thermal stability usiigmogravimetric analysia a nitrogen
atmosphere. The results show that increasing the mesophase pitch content from 5% to 20% by
weight decreased the weight loss from 25.85% to 24.96%, demonstrating that mesophase
content impacts the thermal stability of the compositesiigiat al, 2022). The high aromatic
content ofthe mesophase pitch increases the residual mass as the mesophase pitch content

increases (Liwet al, 2014).

2.6.5.2Advantages of &C composites

The GC materials have some drawbacksch as brittleness and low fracture strength. Despite
these drawbacks,-C composites are nonetheless attractive. This is because they have a high
fracture toughness value and less matrix failure strain than that of tadfiermain properties

of C-C composites include low density, low thermal conductivity and shock resistance, low
thermal expansion, and high modulGampared tdraditional graphite, € composites have
superior mechanical properties and can naanstructural integrity at temperatures beyond
1000°C. Under interlamellar shearingD3C-C composites can survive damaged with little
delamination crackdevelopment With reference to failure, these composites do not
disintegrate catastrophically but go through gradual failure that is described as "graceful
failure"(Chawla, 2012)

In terms of sustainabilityC-C composites are highly recyclable relative to other materials
(WindhorstandBlount, 1997). When used at high temperatu@d® has a minimal reactivity

with air and CQ (Lu et al, 2020). When heated at extremely high temperatures, composite
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materials created from coal tar may form a carbon sheet and graphite (Da@bal,e2021).
Pitch-based compounds are less costly to manufacture than other precursors. Figure 2.11 shows
that the mechanical strength GEC composites increases with increasing temperature as
opposed to metals and ceramics, which decrease with increasing temperature (Manocha, 2003).
Other advantages of -C composites include chemical resistance, outstanding- high
temperature properties, biocompatibility, shape stability, gs@udeplastic fracture
behaviar. In contrast to metals and other homogenous materialS, d@mposites are
anisotropic, which means they may be designed with high directional propertiesdlali

2003).

High performance carbon—carbon composites

1000+ CFRP- Carbon fibre reinforced poly mers
GMC-Glass matrix composites

GCMC- Glass Ceramic matrix composites
CMC- Ceramic matrix composites

MMC- Metal matrix composites

C-C -Carbon/carbon composites

C-C* Advanced carbon/carbon composites
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Figure 211: The variation of mechanical strength of different engineering materials at different

temperatureManocha, 2003)

2.6.6 Carbon/coalbasedcomposites for building applications
The use of coal as a carbbased material fdouilding applications is not as widely used as
fly ash. A few studies are available in the literature. In a study conducted by Jiang et al. (2019)

pyrolysedchar from coal was used to produce insulated low thermal conductivity building
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bricks with low bulk density. As half of the energy consumed by buildings is lost into the
building envelopes, the use of building materials with low thermal conductivity to minimize
energy consumption is paramoy8utcu & Akkurt, 2009Chaet al,, 201). According to Yu

et al. (2023) coal chdvased bricks were found to exhibit a high compressive strength (49.2
52.5 MPa). This surpasses that of normal clay bricks with a compression strength ranging from
10 to 20 MPa (ASTM, 2017)A study in the use of expensive pyrolysed hazelnut shells
containing 98% carbon incorporated into cement has shown that carbon has a role to play in
building applications. According to Restuccia & Ferro (2016), the use of pyrolysed hazelnut
shells improved the blending and camgsion strength of the composite produdednother

study, geopolymer cement was incorporated with graphene oxide (GO) to improve the
mechanical properties of geopolymer composiwsth the addition of 0.5% pure GO
polymers withhigh strength valuesf®7.8and 43.9 MPa after 7 and 28 days of cunveps
produced respectively The polymers also have a strength increase of 79% and 52% when

compared to geopolymer matrix with no G&hamsokt al., 2024).

An investigation into the use of coal ash for brick making was conductaddhya and
Kandasamy (2016)According to the author, all the bricks were found to have a water
absorption of less than 15%, which is within the IS 3495 code for class 12.5(Buickau of
Indian Standards, 1992)In another investigation, ccalastic composite (CPC) building
materials were made using Higfensity Polyethylene (HDPE), bituminous Pittsburgh No. 8
(P8, and sulbituminous Powder River Basin (PRB) as ingrediefiise ultimate tensile
strength of the cogllastic composites decreased with an increase in coal conteng dhe
analysis of their tensile strengthhe flexural strength of these composites increased to its
maximum as the coal content increag@t-Majali et al, 2023).The use of South African
discards coals together with the preceramic polymer resin to produce coal comfoosites
building applications was reported Hterighclkelegbeet al (2021a) The coal composites
produced in this study met the sufficient standard for water absorption, flexural, and
compressive strength of buildimgaterials Even though there are few literatures on the direct
use of coal for building applications, there is evidence that coal can be blended with various
binders or matrices to manufacture cadb@ased materialsuitable for building applications.
Therefore, it is crucial to examine the suitability of South African coal fines and modified coal

tar pitch to determine if they meet the necessary qualities for these purposes.
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2.7  Wettability of binders

The hightemperature binding properties of CTP make it suitable for use in the anode
manufacturing industry (Let al, 2020). Among other things, CTP has great rheological
gualities, good interaction with carbon fillers atahpenetrate the pores of materiglading

to an improved density. The wettability qualities of carbon materials should be considered
during the process of producing carbon materials. During the wettability analysis, the surface
tension, viscosityand angle of contact between the binder and filler particles should be
considered. Wetting can occur becausthetoal and pitch interacti&through adhesive and
cohesion forces (intermolecular interactions). The contact angle and interaction treratithat le
to complete wettability are shown Equation 2.1 and Figure 2.12 (ktial, 2020). According

to Lu et al (2016), the good wettability of the filler and binder improvesdiuyialities. In
addition, decreasg the angle of contact of the binder with the duration of the reaction with
other materials increasthewettability. Both pitch and coal have chemical characteristics that
contribute tahe composités wettability

Yv  [pitch

Vsv S Yis

|
vV \ V

6 > 90° 6 < 90° 4 = e

- sy s

Poor wetting Good wetting Complete wetting

Figure 212: Relationship of contact angle and wettabi(ity et al, 2020)

PG ET 1 (2.1)

Whered is the interfacial tension of the sdliehpor interface, s the interfacial tension
of the solid liquid interface] is the interfacial tension of the liquidapor interface (also

known as the surface tension), and d is the
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2.8 Summary

The literature reviewed showed that carbon composites can be used to produmpaahigh
building materials such as bricks, tiles, dthe carbonbasedmaterialsreported in most of the
articles reviewedor building applications outperform the normal building materigie use

of different carbon materials to produce carbon composites resulted in materials with high
compression, flexural, and tensile strengths greater than 20 MPa, which is normal for
conventional building materialS'he various carbon ompositeshighlighted showed high
chemical resistance, which is attributed to the aromatic nature associated with high carbon
materials.The results of codbased composites also align with those produced from other
carbon materialsHowever, coal composite properties may differ between regions, so it is
important to explore the use of South African coal to produce coal composites for building

applications.
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Chapter 3

Materials and experimental methods

This chapter describes the analytical methods used to determine the physiochemical properties

of coal, coal tar, angitch produced at different temperatures, and the composite produced.

The process (aiblowing préreatment) method used convertcoal tar into pitch at different

temperatureis outlined. In addition, theomposite fabricatioproceduref blending coal with

CTP and DMPS bindsris presented. Lastly, the chapter presetite procedures for

charactesing the physical, mechanical, and chemical properties of the composites produced.

Figure 3.1 presesathestudys process flondiagramto produce coatomposites.

Sample sun dry -

Analysis of coal Purolvsin
composites YIOWySIng

Milling

Screening

Blending

Splitting

Analysis of the as
received samples

Figure 31: Process flow diagrarior production of coal composites

3.1  Sample receipt and

The coal samples Gl and GS) received were fisindried to remove excess moisture. The
samples were then subjected to crushing, followed by milling, screening, and splitting using

rotary divider to obtain representative samples at particle siaedl@f andi 53 micrometres

preparation
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was performed according to

Ultimate analysis: The CHNO

ASTM D5373-15

Total sulphur analysis will be

performed according to ASTM
D 4239-05

Proximate analysis: was
conducted according to
ASTM D-5142
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Figure 32: Physicochemical analysis techniques
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3.2 Analytical methods for the coal and coal tampitch characterisation

3.2.1 Proximate analysis

The proximate analysis for the coal fin@212um), coal tar, andCTP (1 212um) was
conducted using a Ledbermogravimetric analys&01 instrument to determine the sangle
inherent moisture content, volatile matter, ash contamdfixed carbon content. The method
utilisedwasthe American Society for Testing and Materials (ASTPH6142, where D g of

sample was placed in a crucible for analysis. The fixed carbon was expressed as the difference
between thesum of the other parameters (ash content + inherent moisture content + volatile
matter) and 100%.

3.2.2 Ultimate analysis and total sulphur
Ultimate analysis determinesettpercentage mass fractions of carbon, hydrogalphur,
nitrogen, and oxygen in treamples, calculated by difference as in Equation 3.1.

0 pnggr 6 O O Y 0 O (31)

Whered and0 representheashcontentandinherentmoisture contentespectivelyC is total

carbon, H is hydrogers istotal sulphur,O is oxygen, and N is nitrogen

The ultimate analysis of all samples was conductethatBureau Veritas Testing and
Inspections South Africa (Pty) Ltd. A 0.25 g sample was ,uaad analysis for carbon,
hydrogerandnitrogenwas carried out according to the ASTWb37314:2015usingthe Leco
CHN 628. Total sulphur was determined following 1$@579:2006.

3.2.3 X-ray diffraction

The identification of the mineral phases in the samples (coals, coal tar and pitch) was
determined usingKRD according to the ASTND 368213 method. The analysis was done
using a Bruker D2 phaser diffractome¢guipped with C«kK U r a d i=4.54i184 A., Thisk

was operated at 30/ and 23mA in the 2theta range of 10 to 90°C. The outcome provided
informationon the mineral phases in the coal fines, coaldaR and coal composite samples

and the crystallinity of the coal tar before and afteb&wing pretreatment.
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3.2.4 FTIR analysis

FTIR spectroscopy (PerkinElmer Spectrum version 10.5.4) equipped with an attenuated total
reflectance accessory was used to determine the aromaticity, chemical bond configurdtion
functional groups in the coal fines, coal t&TP, and coal composites. All samples were

scanned using FTIR at the range of 469800cm™.

3.2.5 Petrography optical microscope analysis

All modified CTP samples wereharacterisedising crosgpolarisedlight optical microscopy

to determine the growth and content of the bulk liquid crystalline mesophageéTPisamples
were crushed tel.0 mm with fines included. The particles were put in epoxy resin im30
silicon moulds and vacuweured for 24 hours. The surface of the hardened blocks was
subsequently polished, as per 13@4 using a Struers Tegraforce polisher. The polished
blocks were assessed petrographically using a Zeiss Axieim8pPM petrographic
microscope fitted with a Fossil Hilgers system at a magnification oX108ing an air lens
and 500X under oil immersion. Microphotographs wesgpturedasoptical textures observed

in each sample, taken using white light aatarisedight with cross nicolgcross polars with

lambda plate) rotated by 45°C to observe anisotropy.

3.3  Air-blowing pretreatment method

The coal tar was modified inamelitre cylindrical stainlessteel reactousing theair-blowing

method. The reactor was equipped with inlet and outlet valvéa pressure gauge to monitor

the pressure within the vessel. For each experimentg 28Qcoal tar was charged into the
vessel and heated at a constant heating rate of 3°C/min using a heating jackdeterpmae
temperatures of 350°C, 400°C, and 450°C. When the proper temperature was reached, air was
blown into the reactor at a steathte d 0.060 ni/h for three, six and nine hours at each
temperatureThis was iraccordanceith Pradaet al (1999), whichreportedhat a gas flowrate

of 0.060 ni/h is adequate to remove light componentsn tar.

Before reaching the optimal temperature, the pressure inside the vessel was maintained at a
constant pressure of Bars. During aiblowing, the inlet and outletalves were opened to

allow air into the reactor and discharge volatile matter, respectively. The reactor vessel was
removed from the heating jacket at the end of the experiment aretitmobom temperature.

After the reactor had cooled, the product within was chipped out, weighed for masstbss

placed in a clean container. Figure 3.3 gives an overview of the coal-bdowsing process

37



and Figure 3.4 shows the procedure used to modify coal tar in different conditions using the
air-blowing method.

Coal tar (200 g)

|

1-Liter rector
«Heat the reactor at 3°C/min
«Constant pressure of 10 bars
+Vary temperature at 350°C, 400°C and
450°C for 3, 6, and 9h
*Cool down the reactor

Air-blow coal tar at 60 L/hr — Volatile matters

+Chip out the product
*Weigh the product
*Clean the reactor

Characterisation:

* Mesophase content
Meet the required + H/C ratio Does not meet the
Blend with coal discard |'— properties after  #=—— * Carbon content — required properties
characterisation * Proximate after characterisation
+ Ultimate

* Fourier transform infrared spectroscopy analysis

Figure 33: Coal tar aitblowing process
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Figure 34: Coal tampitch (CTP)modification process at different conditions

3.4  Fabrication of coal composites

Coalcomposites were produced with varying ratios of coal discard3 Rby weight perccent
(wt.%) (Table 3.). The blend ratio for composites made fr@WPS and coal fines was
constant at 20 and 80 wt.%, respectivélye ratio was chosen because a blend with more than
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20% DMPS creates a watery paste, which makes it challenging to control the fluidity during
pressingA total blend of 20 g of coal finesi(53 um) andCTP (1 53 um) wasmoulded into

square and circular shapes. After compacting the green composite with a hydraulic press at
10tons, it was tested for its thermal stability. The thermal stability test provides information

regarding the temperatua¢which the sample must be pyredgd.

The green bodies/composites wesgolysedin an airtight furnace under argon at a heating
rate of 5°C/min from 25°C to 600°C ahald time offive hours. Figure 3.5 depicts the coal
composite'sfabrication process.Section 3.6 describes the analytical test conducted on the
composites produceduch as mechanical, physical, chemical, linear shrinkage, weight loss

and thermal stability.

Table 31: Proposed blending ratio of coal discards to coal tar pitch
Coal discard (%)  Coal tar pitch (%) Dimethylpolysiloxane (%)

90 10 -
80 - 20
70 30 -
50 50 -
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Figure 35: Fabrication procedure of coal composites

3.5 Characterisation of coal composites

It was essential teharacterisg¢he coal composites based on their properties to determine
whether the composites met the standard for construction materials. To ensure the accuracy of
the results, all charactsation analyses were repeated at least three times. Figure 3.6 outlines

all the analytical test® whichthe coal composites produced were subjected.
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Figure 36: Charactesation techniques for coal composites

3.5.1 Linear shrinkage and weight loss

The mass loss dhe coal composites after pyrolysis was evaluated by weighing the mass of
coal composite samples before JMand after (M) pyrolysis. This was determined using
equation 3.2. Whereas the linear shrinkage of the coal composite samples was calculated as
shrinkage before pyrolysid.g) and after pyrolysigLp). This was measured usingvarnier

caliper with a precision of £ 0.0him, and the percentage linear shrinkage was determined

from equation 3.3.

PwQ@X i i—— prnm (3.2

b0t DDIQE GQRY- pmmw (3.3)

Where0 is the mass (g) of the green specimen beforebané the masgg) of the green
speimen after pyrolysid) is the length(mm) of the green specimen and is the length

(mm) of thepyrolysedspecimen.

3.5.2 Relative and bulk density, water absorption, apparent porosity and apparent

specific gravity

The relative density, apparent porosity, apparent specific gravity, bulk density, and water
absorption were determined accordingtie ASTM C373 standard test method for ceramic
tiles using equati®3.4, 3.5, 3.6, 3.7 and 3.8, respectiveysTM, 2018)
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Where mis the relative density)) is apparent porosity (%)) is the moisten mass of the
composite (g)O is thedry mass of theomposite (g)“Yis the apparent specific gravityYis
the suspended mass of the composite ¢g)s the bulk density (g/cr#), ando is the water

absorption (%).

To determine the water absorption capacity of the samples, the dry masthécomposites
washeatedo a constant mass in an oven at 110°C. Thereafter, the composites were immersed
in distilled water forfive and 24h at room temperature (Figure 3.7a) and later immersed in
boiled water (Figure 3.7b) at 105°C fsin as described Hyterighelkelegbeet al (2021a).

T '7 c g PR SR i e T T W R e e DA
Figure 37: Water absorption test (a) at room temperaturdiverand24 hours (b) at 105°C
for 5hours

42



3.5.3 Compressive strength

The composite specimens wesgbsequently evaluated for compressive strength to measure
their capacity to resist crushing loads. The test pieces were evaluated using the compression
test machingand the constant load of abouDinm/min was applied to them until they
fractured. The compression strength was calculated using Equation 3.th&&&TM C67
standardASTM, 2003)

6 w7To (39

Where0 is the compression strength in MRa, is the maximuntompression load) is the

average lower and upper bearing surface in mm.

3.5.4 Flexural strength

The flexural strength of the composites was determineakssess tlireability to withstand
bendingload The specimens were evaluated using the flexurairtashine and the constant
load of around D mm/min was applied to them until their failure. The flexural strength was
calculated using Equation 3.1®m the ASTM C67 standard for building materigl8STM,
2003)

0 — (3.10)

Where'Ois the flexural strength (MPa)) is the length of the beam (mmjs the breadth of

the beam (mm), an@is thethickness of the specimen (mm).

3.5.5 Flammability test

The flammability of the composite specimens wdaserminedto investigate their ablation
behaviar. In accordance withhe GJB323A-1996 standard, a butane oxylane torch was
utilisedfor thistest (Huanggt al., 2022). The cengrof the specimens was exposed totdrehs

flames for 10, 20, 30 and 40 seconds. Following flame exposure, the linear ablation rate (LAR,
mm/sg and mass ablation rate (MAR, géswere calculated using Equations 3.11 and 3.12,

respectivelyThree specimen@30x10 mm of the same samples were tested.

00'Y — (311
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Wherep dp and( & ¢ are the thickness (mass) in mm (g), respectj\aaty 7 is the
duration of the flame ablation in seconds.

3.5.6 Corrosion test

To estimate the corrosion rate of the samples, hydrochloric acid was added dropwise to a beaker
containing a mixture of 3.5% concentration sodium chloride solution, hydrochloric acid, and
distilled water, to obtain a pH of 3.7. Subsequently, the composées suspended from a

stick and immersed in the solution, with the beakers securely covered in glad wrap to prevent
evaporation. Allowing ample time for the samples to interact with the solution, they were left
undisturbed in the beakers for a durationsefen days. After which, the coal composite
samples were gently removed from the beakers. The weight of each specimen was recorded
before and after immersion to obtain weight loss and the corrosion rate was calculated using
Equation 3.13

(3.13)

whered is the corrosion ratex(icrometer per year: pmyor pmpy),Yo is the weight loss
(mg),” is the density of the composite (g:ém0 is the surface area (&nand t is the time

(year).

3.5.7 SEM analysis

A ZEISS Sigma 300 VPscanning electron microscopeas used to determine the
microstructure and morphology of the surface and sectioned coal composite specimens. The
specimens were coated with at least two gold coats forEranning to enhance conductivity

and obtain highresolution images. The surface morphology of the coal composite samples was

examined using low magnification at 58CGand 1000X.

3.5.8 Leaching behaviour

The composites were examined for leaching behaviour to assess the potential release of trace
elementsAcetate buffer and glacial acetic acid (leachant) were utilised as leaching reagents
and 1M concentrated sodium hydroxide was used to control the pH of the solution. The test

was conducted according to ERfethod 1311. The leachamtas addedto deionised water
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and the pH used for the solutewere 2.9, 5.0 and 9.2. The pH values of the solutiere
recorded using pH mete (SevenCompaé¥ S220 and S230). The slurry ratio of 1:@dal
composites (1@) and solution (20L)) was prepared ia screwbottlefor each sampleThe
screw bottles were then placed in a roller mixer and rotatedran3@or 18hours(U.S EPA,
1992)

Thereafterthe slurry was filtered using 0.45um syringe filter to separate solids from the
solution. Inductively coupled plasmmass spectrometry was used to determine the
concentration of chromium (Cr), copper (Cu), silver (Ag), barium (Ba), mercury (Hg),
selenium (Se), nickel (Ni), cadmium (Cd), arsenic (As), lead (Pb), and zinc (Zn). The results
obtainel were then compared to the limits for the trace elements in accordance with the
leachable concentratiohreshold (LCT) from NEM: WA ActNo. 59 of 2008 (South Africa)
(Molewa, 2013)

3.5.9 Thermal stability

The weight loss and thermal stabilitgs well as the optimuncarbonisatiofcontinuous
operating temperature and combustion behaviour of the sam@esdetermined using
thermogravimetricanalyser(TGA701, LECO Corp. USA)Approximately 10g of coal
composite sample was placed in a crucible and heated amdogen and air atmosphere
from 20to 950°C at a heating rate of 10°C/nmand held constant for Bours After the test
finished, the data was recorded.

3.6  Summary

The characterisation of coal fines, coal tar, and coal tar pitch provides insights into the nature,
structure, and properties of these materials. Coal tar pitch with a high mesoptase an
aromaticity ratio, charactesd using proximate ad ultimateanalysis, is blendedith coal

fines to produce coal compositdhe composites that are produced are analysed for weight
loss and linear shrinkag€omposites that show cracks and swelling are discaltater
absorption is measured to determine the extent of water intrusion into the composites.
Mechanical strength is also evaluated, with composites surpassing the standard for building
materials considered the most favourable. Additionally, leaching behaviour is assessed to

determine the environmental sigfef the composites.
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Chapter 4
Results andDiscussion

This chapter presente results ofthe testson the coal fines, coal tar, CTP and the coal
composites produced this study including the particle size distribution, physicochemical
analysis, FTIR, and XRD analysis. The optical microscopic results & TRgroduced using
theair-blowing method at 350°C, 400;7@nd 450°C at residence tiswef 3, 6 and9 hoursare
discussed. The physical, chemical and mechanical propefrtteatCTPcompositesand coal
DMPS compositesare also discussed, as welltas influence of the pyrolysis process on the

weight and thickness of the various composites produced.

4.1  Characterisation results for the coalfines, coal tar, coal tar pitch and composites
4.1.1 Particle size distribution, proximate and ultimate analysis

The patrticle size distribution for the pulvad CTP, GGland GS coal fines are shown in
Appendix B.1. At 100% volumeCTP, GG1 and GS coal finasereobserved to pass416,
1181, andi 239um, respectively. The CTP, GG1 and &&d about 49.73%, 92.73% and
76.67% passing 75um. The result illustrates that GG1 preseththe highest proportion of
fines compared to the other samples tested.

The physiochemical analysis results for the coal fines, cqartdCTP producedat different
temperatures are presentadTable 4.1. The GG1 and GS coal fines have the highest ash
content of 84.02% and 62.27%, respectivelgmpared to coal tar (0.28%) atite CTP
samples (0.240 0.84%). In terms of the volatile matter content, theezeived coal tanad

the highest volatile matter content of 64.5@%jch decreaseds the tar was subjected to-air
blowing at high temperatuseThis is similar to the result obtained by Banegéeal (2019)

as well aZzhang and Zhang (2020) during the-laiowing of coal tar. Table 4.1 indicates that
the fixed carbon content of the pitch produced incieéasehe temperature and residence time
for the modification of the tar increakerhis is expectedecause the structure of coal tar
changess the moisture and volatile matter are released, resultmgrieand densearomatic
hydrocarbons. The fixed carbon content@rP produced at 400°Gsix and nine houjsand
450°C ¢hree and six houywaried between 82.42% an88.3% fromthe raw coal taywhich

had afixed carbon content of 35.23%ased on these resultfiet optimal conditions for
producing pitch used as a binder in the production of coalposite were 400°C and a
residence time 09 hours. This decision was based on the microscopic results reported in
section 4.2, where pitch produced at 400°C 9dnourshad a coarser and more circular

anisotropic phasdhe proximate analysis of all the composites produced are shown in Table
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A.3.

The ultimate analysis resulpgesentedn Table 4.1 reveal that the pitch produced at 400°C
and 450°C fo® and6 hours, respectively, had the highest total carbon content. The increase
in the total carbon of both pitches is because of the increase in their aromaticity and
polymerisationwhich lowers their aliphatic hydrogen contdfénandeet al, 1995; Sharma

et al, 2020).The H/C ratio of the samplegasdetermined, including their aromatic rati€
andnumber of rings of atomi€ 'YZ0 ,using Equation 4.1 and 4.2, respectiv@ljeresults
showed thatQis inversely proportional to volatile matteontent inthe coal tar pitch As the
air-blowing residence time increased, volatile matter decreasedandreased. The same
trend was observed with heating temperature. gitod produced at 400°C and 450°C fbr
and6 hours respectivelyhad the lowest H/C ratio of all the samples, as well as the highest
(R/C)u value. A decrease e H/C ratioindicated dehydrogenative polynmetion ofthetar
components with significant loss of aliphatic hydrogen (Peadd, 1999). This also indicates

the degree of the formation of the mesophase in the pitch, which is responsiblepitcttbe
binding nature (Yanet al, 2@22).

Q pT T[(bss (41)

Y16 p — — 4.2

WhereQis thearomatic ratio0 is thetotal carbon contento g 5 is thevolatile matters in dry
ash free basis;Yf0 is Kasttnersequation to represettie numbeof rings of atomicCin

the monomerand’OI0 is thehydrogentotal carbon ratio.
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Table 41: Proximate and ultimate analysis of coal fines, coal tar, and coal tar pitch samples

Proximate analysis Elemental compositions (%)
Sample Dry basis (%)

VM (%Ash FC ( N C H S O HIC fa (RIC)u
GG1 10.3 84.C 5. 6. 018 8.79 144 0.21 484 1.95 0.60 -
GS 20. 7 62.7 16. % 0.63 23.77 1.744 248 8.02 0.87 0.66 0.23
CT 64.5 0.2¢ 35. ¢ - - - - - - - -
CTP 350°C 3h 28.8 0.2¢ 70. ¢ 091 7742 354 0.00 18.13 0.54 0.88 0.29
CTP350°C6h 26.1 0.2. 73.¢€ 118 8805 348 000 7.30 047 0.81 0.36
CTP 350°C 9h 22.7 0.3: 76. ¢ 100 89.78 3.33 1.02 4.87 0.44 0.83 0.37
CTP 400°C 3h 22.3 0.2 77. % 083 95.06 351 050 0.11 0.44 0.79 0.39
CTP 400°C 6h 16.7 0.8. 82.4 088 73.74 3.11 1.03 21.26 0.50 1.07 0.21
CTP400°C%h 11.3 O0.4' 88.1 094 9601 205 000 100 025 0.88 0.43
CTP450°C3h 12.1 O0.5! 87. ¢ 09 8858 301 09 656 040 0.95 0.32
CTP 450°C 6h 11.1 O0.4¢' 88. : 105 96.92 2.02 0.00 0.01 0.24 0.88 0.44

GGlcoal fines; GS: G ra%er eencseidodeet dctoamol a | f Gfingers ;piGTch produgLedramaBCEf eméen
fi xed hcarhlpdRik:CGyKaseé quatrison ttloe rreepmiEsiemgt omi ¢ C i n hy chreotgteomaolmeca g r bHd n
ratimitr Ngetnall ShuvwMal atil e matter
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4.1.2 Optical analysis of coal tar pitch

It is critical to determine the optical properties@FP as this indicates the type, amount, and
development of anisotropic (mesophase) spherules in the pitch. The type of phase formed from
the conversion of coal tar suggests its application area. The presamigio@nisotropic phase

in a pitch enalds it to be used as a binder amisotropic phase momposed of more aromatic
compounds and carbon atoms than the isotropic phase ¢Chbj 2019; Daulbayeet al,

2021). From this study, theTPs produced at 350°C famine hours, 400°C fosix andnine

hours, and 450°C fd hours were evaluated for their mesophase development (Figure 4.1).

Figure 41: Optical observation of CTdproduced afa) 350°C fomine hours (b) 400°C for
six hours (c) 400°C fominehourscoarse circular anisotropic phase textdg 450°C forsix
hours

TheCTPproduced at 350°C f&hours (Figure 4.1a) shows a smooth component that displays
epoxy resin, and the embedded particles reveal an incipient anisotropic binder phase with filler
fragments. Mesophase and cenospheres are not apparent for these parameters. The pitch
produced at @0°C for 6 hours (Figure 4.1b) shoed coarse circular anisotropic phase
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development, wheredlse pitch produced at 400°C f@rhourshadcoarser circular anisotropic

phase texture (Figure 4.1c). At 450°C $ox hours(Figure 4.1d)a pitch with variable texture

was produced with evidence afcircular anisotropic phase. The results are consistent with
thosereportedby Liu et al. (2014), who observed thigiicreasng thetemperatur@ndreaction

time causes the spherules to merge due to a prolonged reaction hbibismtath and airThe

optical microscopic resultare evidence thathe pitch with the lowest H/C ratio and highest
carbon content (pitch produced at 400°C 9onours and 450°C for6 hourg exhibit more
anisotropic spherules. These pitches appear to be more uniform than those produced at lower

temperatureand shorter reaction times, thereby can be used as a binder.

4.1.3 FTIR results

Coal has a complex structure with many functional groups that enhance chemical bonding
(Eterigholkelegbeet al, 202%; Sinagaet al, 202). The structural properties and functional
groups in coal fines, coal taL,TP, and coal composites are either aliphatic or aromatic (Dun

et al, 2013; Yuaret al, 2016). The degree of aromaticity in coal is crucial to the stability of
coal and coatomposits at high temperatures, which is why FTIR spectrosaspgused to
determine these properties (Detnal, 2013). Figure 4.2 shows the FTIR spectroscopic results
of two raw coal fines, coal tar, a@TPs produced at 350, 400, and 450°C308, and9 hour
reaction times. The presence of théi®hydroxyl) group irthecoal fines and coal tar samples
wasdetected at 3690 3622cn?, with the coal finedavingthe highest peak intensity.

The aliphatic GH stretch in CHwas detected between 3054 and 2895 omthe coal tar and

in the DMPS binder at 2962m™* (Figure 4.D). DMPS consists of CHyroups which showa
higheraliphatic levethancoal tar(lgisuet al, 2022). These Ciyroupsweredetected at 2692,

1412, 863 and 746m'. The peak disappeared in eveGTP produced at different
temperatures. According to Prauchregral (2003),the pretreatment temperature causes
polymergation in the pitch, resulting in the release of side chains that form more aromatic
radicals Aromatic hydrocarbaswereobservedat 2995 to 289@m (Figure 4.2djn theCTP

that was produced at 400°C fitwreehours This is due to the coal tar dtowing, which led

to the breakdown of the aliphatic hydrocarbons to form aromatic hydrocarbons. The peak at
2336¢cmitindicates the presencetbeCI C al kyne gr oupCTPSpiodused,appe ar
with the double bonds indicatingw H/C atomic ratio irthe pitchthancoal tar.
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Figure 42: The FTIR results ofa) coal fine samplegb) coal tar and dimethylpolysiloxane,
(c) coal tar pitch produced at 350°C gudgicoal tar pitch produced at 400 and 4505Cthree

differentreaction times

The functional groups of the composites produced from the two binders (pitdD\iIRS)
blended with coal angyrolysedat 600°C foffive hours are presented in Figure 4L8e results
indicate that all composites, except foosemade from GS coal and CTgPoduced a00°C

for nine hours,consist of an €H and aromatic CH stretch group. According to Zhahgl
(2014),the O-H group facilitates the bointy between coal and the bind&he minerals in the
composites are represented in the range of 1®332cm?, which is similar to that observed

by Eterighelkelegbeet al (2021). The bend seen at 74511 is the strongest intense aromatic
out-of-plane bend. The presence of the aromatieobyiane bendindicates that the aromatic
hydrogen is present in the aromatic ring with a relatively low degree of substitution (Alcafiz
Mongeet al, 2001; Papolet al, 2012). Additionally, a C=0 stretch is visible at 1384
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1245cm?; the composites with this peak have a dipole moment that varies with bond length
(Li et al, 2015). The C=0 group is formed during oxidation, replacing hydrogen with oxygen
andgeneratingn aryloxy radical that acts as an active site ippttgmerisatiorof pitch during
air-blowing pitch préreatment (Miyajimeet al, 2000). The composites with C=0 (carbonyl)
groups are aromatic in nature and characterised by strong electronegativityngléadhe

formation of strong bonds in the composites.
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Figure 43: Fourier transform infraregpectroscopyesults for the coatoal tar pitch produced

at400°Cfor ninehoursand coaldimethylpolysiloxane composites

4.1.4 X-ray diffraction results

X-ray diffraction analysis was conducted to assess the crystallinity and identify the mineral
phases in the coal fines, coal tar, CTP, and produced coal composites (Figure 4.4a, b, and c).
Kaolinite, quartz, muscovite, feldspar, pyrite, and calcite (Figure 4.13a) are among the minerals
identified in the coal sampleBue to the high number of peaks and/or the presence of multiple
minerals with overlapping peaks, all the peaks were not mat@@d.fines exhibited higher
intensity peaks, which indicates aher inorganic mineral content compared to GS fines. This

is consistent with the higher ash content of GG1 (Table 4hg heat treatment of coal tar
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resulted in a more graphitike carbon structure, evident in peaks around 2 theta = 24° and

45°, caused by polycondensation in the binder pitotu crystallinity peaks are evidenced by

the CTP produced by anlowing treatment, which is mostly composed of organic compounds

(amorphous carbondRegarding the mineral composition of coal composites, mixture blends

containing up to 30% CTP resulted in composites with fewer mineral phases or impurities.
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Figure 44: Comparisorof the powder XRD patterns (a) coal fines, (b) coal tar and coal tar

pitch, (c) coal composites [K: kaolinfEA (Al>Si2Os(OH)4); Q: quartz (SiQ); M: muscovite

(KSizAlz3012H2); F: feldspar (K,Na)AISOs; P: pyrite (Fed; Ca: calcite (CaCg)]
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4.1.5 Raman analysis

Raman spectroscopy was used to determine thetwteuof the carbon atoms in coal fines,
CTP, and all the coal composites produced. It is important for capband composite
formation, as pyrolysis of the composite may lead to changes in the carbon structure or its
degree ofgraphitisation The carbon atom structure provides the appropriate chemical
orientation of the composite structure, rendering it suitable for building applicalibes.
intensity ratio of the disordered argtaphitised(lp/lc) peak was used to determine the
crystallite size (k) using Equation 4.3 (Dresselhaetsal, 2010). Tle (Ls), which is the size of

the carbon crystallite, is used to quantify the carbon phase disorder, and it is inversely
proportional tothe (Io/lg) ratio. The graph of the Raman fitted spectrum is shown in Figure
4.5,

0 18 — (4.3)

Where0 is thecrystallite size(nm), and (‘'OFO) is the intensity ratio for disordered and

graphitic peaks.

The intensity ratio @/lg) results can be seen in Figure 46e D and G bands for the CTP are
shown at 1366 and 16@3n*, which demonstrate aromatic’dwnded atoms (Rut al., 2016;
Sazaliet al, 2016). For all the coal compositéise D and Gbandrangesfrom 1338 to 1366

and 1588 to 1608, respectively The G band is due to the stretching ofaoms in rings

and chains, whiléhe D band is because tfebreathing modes of $atoms in rings (Ferrari,
2007). The order in which the/lg ratio increases is GG1/30% CTP, GG1/10% CTP, GS/10%
CTP, GS/30% CTP, GS/20% DMP&nd GG1/20% DMPS. The higher concentration of
graphitiseccarbon phases in GG1/30% CTP can be attributed to ff@-6pbonds in the raw

GGL1 coal fines (Figure 4.5a). Although GS has more carbon content than GG1 (Table 4.1), it
is lessgraphitised than th&G1 composites. Figure 4.5a shows that GS coal fines have a
stronger D band than G band, which may be caused by structural defects, edge effects, and
dangling sp carbon bonds (Swapnet al, 2018). As the disordered band decreaties
crystallite size increases (Figure 4.6). The decreatbe s/l ratio results inahigh Ls, which

is evidence of an amorphous carbon structure (disordered carbon ring) (Etkeigiybeet

al., 2023®). The calculated ID/IG ratios show that the addition of CTP in the coal matrix

resulted in a low degree of disordered carbon irctimeposites, compared to coal finéhis
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means that sp2 atoms in rings and chains were stretched during pyrohsistructural
changes of coal composites show that they undergo graphitization during pyrolysis. The
graphitized structure increases resistance to oxidation, reduces reactivity, and stabilizes thermal
behavior of the composites.
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Figure 45: a) Raman spectroscopy f¢a) raw GG1 and GS coal finesd(b) coal tar pitch

and coal composites
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Figure 46: The Ip/lg ratio and crystallite size focoal tar pitch CTP) and allCTP and
dimethylpolysiloxandDMPS) composites

4.2  Thermal, textural, mechanical, and chemicaproperties of the composites

The results from the physicochemical and mechanical properties of the coal composites
produced are present@dthis sectionjncluding the linear shrinkagandweight loss, water
absorption, bulk densitgnd specific gravity, exterior volume, flammability test, corrosion
resistance, compressive strength, flexural strength, SEM anabses environmental
behaviour. A DMP&oal composite with 20% DMPS and 80% coal was preparedraigsed

with other different coal composites. The composites with more than 20% DMPS resulted in a

watery and fluidike coal mix.

4.2.1 Thermal stability of the composites

The thermal stability of the compressed bodies (Figure 4.7) produced was detarsmged
thermogravimetrianalyser TGA of the compressed green bodies was done to identify the
temperature suitable for pyrolysing the composites in an inert atmosplheranalysis was
conducted at a heating rate of 1@Ai@n from 25 to 950°C in nitrogen.
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Figure 47: Compressed and pyrolysed composites

The weight losobservedbetween 40and 150°C is due to the release of moisture in the
samples, as seen in Figure 4.8a. As the temperature increased to around 400°C, the samples
lost a significant amoundf weight. This is due to the degradatiohthe low molecular
compounds in the green composites. Both GG1/10 CTP and GS/1@eComposefirst with

higher weight losthan theother sample#As seen in Figure 4.8a, the residual mass around 600

°C is more than 75%. Hence, 600 °C was selected as the pyrolysis temperature for all the
composites to conserve energjotably, the pure CTP (100%) binder lacks thermal stability
beyond 600 °C based on the rapid decrease in weight loss. Generally, GG1/CTP green
composites exhibit better stability compared to GS/CTP green composites. This suggests a
stronger chemical intaction between GGparticles and the CTP. However, with the DMPS
binder, GS green composites outperform GG1 green composites. Subsequently, the thermal
decomposition of the pyrolyzed coal composites in air atmospheres (thermal oxidation)
employing a heating rate of 10 °C/nminam 25 to 950 °C is depicted in Figure 4.8b.
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Figure 48: Thermal stability of (a) green bodies in nitrogen atmosphere and (b) composites in

air atmosphere

For the pyrolgedcoal composites produced (Figure 4.8b), the stability of the composites in air
atmospheres at a heating rate of 10°C /min from 25 to 950°C was conduatecbmposite

body GG1 50% CTP was the most thermally stable among all the composites in air until around
550°C. This samplkadthe lowest volatile matter content of 3.62% (Appendix A.3) compared

to GG1 10% CTP and GS 10% CTP with volatile matententof 6.79% and 7.35%,
respectively. Both GG1 10% CTP and GS 10% @Eremore reactive in air accordingthe
thermograph (Figure 4.8bl)able 4.2 shows the residual mass for the green bodies and the coal
composites produced after being heated in nitrogen and air atmosphere, respectively.
Accordingto Table 4.2 coal composites were observed with higher masses remaining after
pyrolysis at 950°C, indicating higher thermal stability than green bodies. GG1 coal, regardless
of the binder used, showed superior thermal stability compared to GSke&lIMPS-based
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composite (GG1 20%/DMPS) was the most thermally stable compatit¢he lowest fixed

carbon available for combusti and the highest ash residue.

Table 42: Residual mass after thermogravimetric analysis

Samples Roso°c (%)
Green bodies Composites

100% CTP 4.00 -

GS/10%CTP 53.66 70.06
GS/30%CTP 42.58 84.19
GS/50%CTP 32.26 88.74
GG1/10%CTP 71.39 88.01
GG1/30%CTP 56.66 91.23
GG1/50%CTP 42.57 89.51
GS/20%DMPS 70.42 84.29
GG1/20%DMPS 87.39 92.53

CTP: coal tar pitch; GS: greenside coal; GG1: GG1 coal disDAi&®S: dimethylpolysiloxane

4.2.2 Composites linear shrinkage and weight loss

The linear shrinkage and weight loss of the composites were determinmadbysing the
composites using argon gas at 600°Cfifar hours. The change in thickness and weight of the
samples afterpyrolysing provides insight into the required mould size to produce a
predetermined composite sidzacreasg the CTP content decreagdehe percentage weight
loss for all composites made from two distinct coal fineshasvnin Figure 4.9. For example,

the composite produced from 10, 30, and 50% CTP with G8edsnaweight loss of 16.61,
13.92, and 10.96%, respectivelhe weight and thickness of the composites before and after
pyrolysis are provided in Table A.4 and A.5, respectiv@lge composites made with GS and
20% DMPS experienced the highest weight loss, which was 17.43%. This indicatibe that
composite made witbMPSis not as stable as CTP whegyrolysedat 600°C. Thigouldbe
attributedoecause of the breakdown in the polymer network, as well as the release of unreacted

monomers (Huangt al,, 2022).
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The linear shrinkage for the same samples decreased slightly as the binder concentration (CTP)
increasedFigure 4.9)This is caused by the pyrolysis temperature, which leads to the volume
shrinkage of the compacted composite specimens. During pyrolysis, the coal fines swell if it is
a highrank coal, allowing the binder to fill the pores of the composite. Composites with a high
porosity volume have more volume shrinkage (Xieal, 2007; Eckekt al, 2016). The GS

90% + 10% CTRample hadhe highest hear shrinkage. GBashigher volatile matter than

GG1, which may lead to higher porosity, degradation in sample, sragsncreasgvolume
shrinkage. The findings by Eterighkelegbeet al (2023b) suggest that composites with high
shrinkage may experience cracks, deformation, and warping during pyrolysis and subsequent
cooling.
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Figure 49: Weight loss and linear shrinkage of the composites

4.2.3 Water absorption, bulk density, exterior volume, apparent specific densityand

porosity

Exterior volume, apparent porosity, apparent specific gravity, bulk deresity water
absorption are some of the important propentiethe composites used in the construction
industry (see Table A.A.9). Figure 4.10a and b illustrate the water absorption test, which
shows how much water the composites can absorb at room temperature and when boiling at
105°C.Table 4.3providesthe results of apparent porosity, apparent specific gravity, and bulk
density at different water immersion conditiosaid 24 hour cold water test antive-hour

boiling water testas shown in Figure 4.10).
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Figure 410: Water absorption test (a) at room temperaturéferand24 hours (b) at 105°C

for five hours

In terms of the bulk density for all the composites produtedpercentagef coal in the blend

with the CTP influences theomposite'sbulk density. GG1 90% and GS 70% with Ch&d

higher bulk density thathe GS 90% and GS 70% CTP composifHse high ash content and
mineral functional groups found in GG1 coal can lead to this, as evidenced by the FTIR
spectroscopic datdhe composite decreases in bulk densiith increasing CPTand under

the five-hour cold test, 24hour cold test andive-hour boiling test, theravereno changes in

the bulk density of the inddual composite. This indicates that a lowensity composite can

be produced from the coal and CTP used in this study, which is relatively lower than the
standard ceramic construction materith&it have a bulk density ranging from 2.@6
2.17g.cm?® (Pavlovaet al, 2019). A similar trenavasobserved for theompositesapparent
densityin this study Adding more CTP to the blend causes the composite to become lighter
because it is less dense than the coal fiRegarding porosity, the composites became less
porous with the addition of more binder, and more compacted and fused together during

pyrolysis.

The apparent porosity of the composites is affected by the severity of the pocksas
pyrolysis The composite subjectedfige hoursin boiling water regardless of the percentage
CTP or coal usedhadthe highest porosity. The CTP ratio increase resulted in a decrease in

composite porosity, which enhanced its quality as a construction material.
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Table 43: Bulk density, apparent specific densiyd apparent porosity of the composites

Bul k dendity Apparent spec Apparent por
Compositesn ¢ 24 c(5h bi5h cc24 cc5h b(5h cc24 cc5h b
GS/CTP (9 1.6:¢! 1.68 1.67 1.89 2.04 2.04 13.7 17.3 18.1
GS/CTP (7 1.5¢ 1.62 1.61 1.71 1.84 1.87 7.42 11.5 13.6
GS/CTP (5 1.4% 1.44 1.46 1.49 1.52 1.70 2.48 5.18 14.5
GG1/CTP ( 2.0: 1.90 1.8¢ 2.35 2.24 2.29 14.4 16.3 17.68
GG1/CTP ( 1.77 1.81 1.77 1.85 1.98 2.04 4.25 8.69 13. 3
GG1/CTP ( 1.3¢ 1.36 1.32 1.36 1.43 1.74 1.59 4.50 24. 2
GS/DMPS ( 1.5¢ 1.55 1.55 2.11 2.11 2.15 25.9 26.6 27.6
GG1/DMPS 2.0¢ 2.06 2.03 2.09 2.15 2.12 2.22 4.05 4. 2

CTP: coal tar pitch; GS: greenside coal; GG1: GG1 coal discard; DiRSthylpolysiloxane
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The results for the exterior volume of the composites are shown in Figure Eaih.
composités exterior volume remasd the same regardless of the water immersion test
conditions. However, when the CTP content increased, theaelume of the composites
increased marginally with the severity of the test condition. This might be due to the lower
density of CTP (1.15to 1.4 g/cnf) compared to the higher density of coal, espectaishigh

ash coal used in this study (Daguesteal, 1998). Composites with a higher CTP ratio are
likely to expand more due to the structure of @¥ and its lower viscosity (Dagueretal.,

1998). Composites made from coal fines Hr@DMPS blendhad thdowest exterior volume
because DMPS is denser than Clith a density of around 9.6Hcn? (American Elements,
2023.

Exterior volume of the composites
E 5-h Cold test 24-h Cold test M 5-h Boiling test

=
)]

volume (cm?)
o o =
0

Figure 411: Exterior volume ofhe composites

The resuls from the water absorption test for all the composites can be seen in Figure 4.12.
This test provides insight into the extent to which a building material can resist water ingress
and its quality for building purposeBhe water absorption of all coal composites was less than
20% indicaing that all composites meet the criterion for water absorption in building
materials, which ranges between 0 and 25% (Kelham, 1988; Etdkiglegbeet al, 2023).

From the plot, it can be observed tttz water absorption of the composite decreaseithe

CTP ratio increagkin the composite produced from both coal samples. The results for

apparent porosity agree with these, indicating that increasing the binder content decreased the
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porosity of the composites. In the boiling water test, composites produced with 50% CTP,
especially with GG1 coahad the highest water absorption. VEhBG1 coal composites
produced with 10% and 30% CTP a2@d% DPMS hadlower water absorption thahe GS

coal composites. Overall, composites made from coal wétinosmg intense GH group, low

volatile matter contentand a high H/C ratio (GG1) outperform other composites. This is
similar to the resuftobtained by Eterightkelegbeet al (20213), where oal waste with a

higher H/C atomic ratio produced composites with better or lower water absorption.
Furthermore, a relationship has been observed between apparent porosity and water absorption,
wherein a decrease in porogigsults in a decrease in water absorption for all compo$ies.

trend can be attributed to the fewer interconnected spaces and voids present in the coal

composite material. The result was a material that is less permeable to water and has low water
absorption.

i 5-h Cold test 24-h Cold Test m5-h Boil test

25

Water absorption (%)

Figure 412: Water absorption of the composites

4.2.4 Scanning electron microscopynalysis

The morphology of the composites produced from the blend of the two coal finesa@lP
DMPS at different ratios was determined using a scanning electronic microscope. The
morphologies of the fracture coal composites produced are shown in Figurd.&i@ae

4.13a and b shows the microstructure of GS/IUTP and GS/3% CTP, respectively. It is

evidert from the micrographs of the coal composites that crack sizes decreased when
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increasing theCTP weight percentage. The cracks seen might be a result of thermal stress
resulting from the expansion of the composites as the pyrolysis temperature ohcidase

same results can be seen for GGHIOTP and GG1/3% CTP in Figure 4.13c and d. The

filling of cracks in the composites may have been a result of the CTP percentage increase.
Compared to the composites made from CTP, the surface of the two composites produced from
DMPS (Figurs 4.13e and f) was the smoothest. The smoothness in the surface eof thes
composites might be due to the DMPS being a soluble binder, which wetted the coal surface
and fused it homogeneously. It can also be observed that the composites produced from GG1
coal fines with both binders had the smoothest surface compared tatmgeS coal. Surface
inhomogeneity and lack of fusibility were observed in the composites made from GS coal fines.
The porosity of the GS composites, which is determined by apparent porosity, can be attributed
to this, and it is similar to the findings Bterighclkelegbeet al (20219). The GG1 composites

exhibittdhomogeneous surfagand minimal cracks.
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Figure 413: Scanning electron microscopyalysis at @Q00X magnification of a) GS/10 CTP,
b) GS/30 CTP, c) GG1/10 CTP, d) GG1/20 CTP, e) GS/20 DMdiR¥) GG1/20 DMPS

4.2.5 Compressive strength

Compressive strength is the most important parameter for building materials as it determines
the ability of the material to withstand crushing loads. The compressive strength for all the
composites produced is depicted in Figure {sbé Table A.10)The compositésompressive
strength values raeg from 106.58 to 344.71 Mh, withthe GG1 80/20 DMPS composite
having the lowest strength value and GG1 70/30 CTP having the highest strengtfi value.
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CTP binder composites exhibd superior compressive resistance comparethédDMPS
binder composites. All the composites produced wattdtvery high compressive stress
compared to the data reported BYWAT on their coal core composite roof shingles at 42aM
(X-MAT, 2020;Eterighclkelegbeet al, 202%). It was observed ithe currenstudy that the
coal (GG1) with a higher antioreintense GH group produce better compressive strength
when blended with CTP at 10 and 30% compared to GS (Gdangetal., 2006; Huet al,
2017).
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Figure 414: Compressive strength of thkeal composites produced from CTP and DMPS

4.2.6 Flexural strength
Flexural strength is the ultimate strength of a material to withstsvehdingload (Eliche-
Quesadat al, 2011). Table 4.4 lists the bending properties of the compaaités-igure 4.15

depicts the flexural strength test procedure and samples tested. The table shows that the flexural

modulus, yield force, yieldtressand yield strain for the GS/20% DMPS, GG1/20% DMPS
and GG1/10% CTP compositesuld notbe determined. The composites that were able to
withstand bending loadsereGS/10% CTP, GS/30% CTP, and GG1/30% CTP, with flexural
strengths of 48.75, 159.38Gnd 63.8(MPa, respectively. The flexural strength of these coal
composites is greater than the flexural sttlermg the concrete roof tileg/hich ranges from 14

to 41MPa (Thasneenmand Reddy 2018). Howeverthe GG1/30% CTP compositead a
maximum modulus of 148333MPa, showingthatit has the highest resistance to deformation
under bending loads. The higher concentration of thé gdoup in the coal composite might
be responsibleaccording to Guangienget al (2006) theO-H group leadto ahigh modulus.
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Bending

Composites Tested composites

Figure 415Pr ocedur e used to test flexural strengt

CompositeGS/30% CTP hathe highest yield stress. The yield force, tagishe composites
to fracture, is directly proportional to yield stress. The GS/30% CTP compaisistoodhigh
stress up to 284 I81Pa andwasthe top composite in terms of yield and flexural strengitius,
only GS/10% CTP, GS/30% CTP, and GG1/30% CTP composites arbledde building

applications.

Table 44: Flexural strength of the coal composites
Sample nModul us Yi efbdc Yi el d Yiestdain Fl exur

( Wa) ( N) ( Wa) streng
(_Wa )
GS/ 20% DN/ A N/ A N/ A N/ A -
GG1l/ 20% N/ A N/ A N/ A N/ A -

GS/ 10 % C 1030500+500 97.5+0.721 85.2+0.681 0.00830+0.0005 48.75+0.361

GS/ 30% C 1270000+264.6 318.7+1.528 284.3+6.429 0.0148+0.000306 159.3+0.764

GG1/ 10% N/A N/A N/A N/A N/A

GG1/ 30 % 1408333+288.7 127.5+0.5 113+2 0.00261+0.00045¢& 63.8+0.25

CTP: coal tar pitch; DMPS: dimethylpolysiloxane; GG1: coal discard; GS: greensid&®aal;

megapascals; N: newtons; N/Aotrapplicable
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4.2.7 Flammability test

A flammability test wagsonducted on the composites prodlite determine if theyerefire
resistant. The test was conducted using a butane acetylene torch at various exposa® times
shown in Figure 4.16. THanear ablation ratel{AR), which is the ratio of the heat flug the
enthalpy needed to heat and melt a unit volume of conavere applied to the composites.

This provides information on the change in thickness (mm) of the composites over exposure
time (seondg. The thickness of the composites after different flame exposure times are
provided in Table A.14.

Figure 4.17 demonstrates that the LAR decreased slightly when the CTP content in the
composites increased from 10% to 30% 36 and 40secondsxposure time. For the 30%
CTP-GS composite, the LAR was 0.00367, 0.00983, 0.00311, and 0.6@2%&ec for
exposure times of 10, 20, 30, and 40 seconds, respectively. The 309% @I Bomposites

had LAR values of 0.00400, 0.0286, 0.00811, and 0.0@@%(sec for the same exposure
times, respectivelylhe decline in LAR post 20 s of exposure time suggests the formudta

charlike substance resistant to the butane acetylene torch flame. In general, the GS/CTP
composites exhibited better resistance to substantial volume/thickness changes under intense

heat compared to the GG1/CTP composites.

h Composite sample

Butane blow torc

Before After

Figure 416. Flammability test of coal composites
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Figure 417: Linear ablation rate

Figure 4.18 displays thmass ablation ratdfAR) results for all composites, and there was no
correlation betweehAR and MAR (see Table A.12 for mass residual after different flame
exposure times)-or most composites, the MAR was high within the festsemnds,which
signifies the mass loss for this flame exposure time. As the exposure times mciaase
MAR values, indicating a slower rate of mass change over timenoted.The 10% CTR
GG1 and 10% CTH5S coalbased compositémdsimilar MARs, while theravasa significant
difference between 30% CTBG1 and GS composite§he 30% CTRGS compositdad a
higher MAR than 30% CT#GL The high H/C ratio in GS miglitavemade it less thermally
stable than GG1 samples (Marcovethal, 2001; Rimdusiet al, 2005; Sliweet al, 2012). In
addition, the higher volatile matter content in GS coal might also lead to the corsihiggiter
MAR. The MAR for all composites producaslasless than 0.008§/se¢ which is lower than
the 0.1g/sec flammability criterion for mesophap#ch-phenolic composites applicable as

thermal protection systems for spacecraft, as reportétubgget al (2022).
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Figure 418: Mass ablation rate of coal composites

4.2.8 Corrosion resistance

Corrosion is one of the factors that contribute to composite failure, either directly or indirectly.
The corrosion rates gauge the corrosion resistance of the composite and hence the durability of
the composite. These rates reflect how swiftly composiggadi@ation could occur due to
chemical reactions upon exposure to corrosive environments, particularly in extreme or low
pH levels. For this study, the composites were subjected to-tehartlaboratory tests by
exposing them to an alkaline solution for @ewdays. As depicted in Figure 4.19,-G&sed
composites corroded faster than those of (d&3ed composited he corrosion rate increased

as theCTPcontent of the composites increased. The high corrosion rate achieved from GS coal
composites may be due to the high carbon content of GS. The highest corrosion rate of 0.081
pmpy achieved fothe GS 80%/20% DMPS composites is minimal compared to commercial
glaze ceramic floor tiles at 0.2427 ummported byAli et al (2019). The full analysisis
provided in Table A.11.
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Corrosion rate of coal composites
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Figure 419: Corrosion resistance of coal composites

4.2.9 Environmental friendliness

Coal is known to contain a diverse array of heavy and trace metal elements, which have the
potential to react with the surrounding environméuditionally, composites derived from

coal may release soluble constituents upon interaction with various substances, which may
pose potential environmental hazards during their Isenitigate any adverse environmental
impacts associated with the use of coal composites, it is essential to carefully consider and
manage these factorslnderstanding the risks and properties of disposing and using coal
composites in the environment is cruclaaching tes were conducted on the composites at

pH 2.9, 4.9, and 9.2 to assess the release of trace elerAdditonally, the solution's
concentrations of heavy and toxic elements were examined against the leachable concentration
threshold (LCT) established by waste management standards (NEM WA, 2008).

The compositésconcentrates were evaluated and compared with three types of waste
management risk assessment daéa LCT O, LCT 1, LCT 2, and LCB as shown in Table

4.5. From the standard, greémdicates lowrisk (LCT 0), blue indicates moderate risk (LCT

1), yellow indicates high risk (LCT 2), and red indicates extreme high risk (LCT 3). As, Cr,
Cu, Zn, Hg, Se, Cd, and Plmm the compositearelow and moderate risk, mostly in pH 2.9
(acidic environment). Min GG1/30 CTP and GS/20 DMPS exhéahigh risk at pH 2.9 and
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4.9, respectivelyThe low risk posed by the trace elements in the eluate can be attributed to the
stable phase obtained by the composite during pyrolysisations in the pH level do not
affect the release of these trace elements into the solution, as shown in Talktearding to

the results, the composites produced in this study are unlikely to pose any environmental risks,
which makes them suitable for building applicatidtewever, further environmental analyses

are necessary to fully assess #emfriendliness of these composites when used in large

guantities.
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Table 45: Leaching behaviour of the coal composites

Met al i Concentration (mg/ L)

R $ $Z0909090909090900 LR Ph= 8

GG1/ GG1/ GS/ GS/ GG1/ GG1/ GS/ GS/
30 CDMPS DMPS 30 C130 CITDMPS DMPS 30 C

As
Cr
Cu
Hg
Se
Ccd
Zn
Pb
Mn

GG1: GG coal discard; GS: greenside coal fines; CTP: coal tar pitch; DMPS: dimethylpolysiloxane; LCT: leaching contergshinddy As: arsenic; Cr: chromium; Cu: copper; Hg: mercury; Se: selenium;
Cd: caladium; Zn: zincPb: lead; Mn: manganese

Color codesfor risk management
Low risk
Moderaterisk

High risk

0000

Extremerisk
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Chapter 5
Conclusion andRecommendatiors
This chapter provides the comprehensive conclusions drawn from the results ofstam#uds
research. It shows the relationship betwdes physicochemical, mechanical, structyrahd
thermal properties of coal, coal taLTP, and coal composites produced. It also provides

recommendations for futuresearch

5.1 Conclusion

This studyanalysedine coal and coal tar samples,-bBiowing coal tar to produc€TP, as well
asthe fabrication and characteation of coal composites produced from the blen€®P and
DMPS with fine coals. From theharacterisatiof the raw samples, coal composjtasd both

binders, the followingonclusions have been drawn

I.  Increasg the air-blowing residence time and temperatumereased thdotal carbon
content and low volatile matter the CTP produced a#00°Cfor nine hoursaandat450°C
for six hours respectivelyThe CTP produced exhibited low H/C atomic ratio and high
aromatic ratio'Q , which shows that increasirige air-blowing pretreatment temperature
and time increasetthe aromaticity of theCTP. In addition, with an increasing ditowing
temperature, anisotropic spherules in the resufifB become coarser.

ll.  The FTIR results shosd that DMPSwasmore aliphatic (2962m™* wave numberjhan
coal tar The aliphatic CH stretch that appeared at 32845cm™ for coal tarwas not
visible in the CTP produced (alésidence times and temperatuyes)d more aromatic
groups were formed as the-alowing time and temperature increased.

lll.  The XRD analysis results revedlthat the coal finekad more inorganic minerals than
organic components, which is consistent with the presence of more than 60% ash in both
coals.Coal tarand CTP are organic substances with little or no mineral content, as they
both have over 80% total carbon content. The resulting composites made from CTP and
coal fineshadamorphous humps due to the carbon from CTP present in the composites.

IV.  The Raman spectroscopic data revedheddecrease in tHe/lg ratio results in a high 4,
which is evidence of an amorphous carbon structure in the composites wiiiltoratio.
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VI.

VILI.

VIII.

The thermal stability of composites containing high CTP content was superior, with all
exhibiting low mass degradation at 60070e thermal stability of the GS composites was
lower than that of the GG1 compositdhe fusibility and surface homogeneity of the
GS/CTP composites in micrographs are the reason for this difference.

The water absorption behaviour of the composites had an inverse relationship with the
concentration of CTP, due to the lower H/C atomic ratio of Clltits characteristic
contributed to the high aromaticity and densification of the composites, which reduced
their porosity Conversely, DMP$ased composites showed high water absorption due to
their relatively higher aliphatic nature compared to CAeditionally, microscopic
examination revealed a decrease in surface cracks as the CTP content indieiased.
phenomenon was attributed to the enhanced fusibility and compaction of composites rich
in aromatic constituents.

As the binder proportion increased, the compressive strength of the composite increased.
GG1 coal with a more intense- group produced higher compressive strength
composites when mixed with CTP at 10 and 30% compared40a6&1 composites.

The only composites that exhibit flexural streng#treGS/10% CTP, GS/30% CTP, and
GG1/30% CTPR with strengths of 48.75, 159.30, and 63.80 MPa, respectively. The
composite with the highest modulus was GG1/30% CTP due to itsQughgroup
concentration.

This study confirmed thatomposites with high CTP contehavelower flammability.
Furthermore, the CTB&S composites are more aromatic and could sustain high
temperatures without significant volume changes than the®&&P composites.

All composites had leachable concentrations below the moderate risk threshold, as shown
in the context of managing heavy and trace element wlisése composites showed low
risks across a wide pH range, including acidic, neutral, and alkaline condifibes.
findings indicate that the coal composites that were produced are environmentally friendly
and can be used safely in typical conditidghathermore, their ability to maintain low risk
levels in harsh environmental conditions shows their potentiabwithout causing harm

to the environment.
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5.2  Recommendations

This study has unequivocally demonstrated that €irFbe used as a binder to produce composites
suitable for construction applicatiorBased on the finding in this study,istnecessary to make
composite materials that are similar in size to standard building materials like bricks and tiles and
then subject them to the same standards as these building matariatiition, this study

recommendsanoptimisationstudy for coal compositée determine the following:

I. A pilot scale of coal composite manufacturing should be conducted.
[I. Tank leachingexperiments on coal composites should be conducted to assess the
concentration of heavy metal elements leached over a long period.
lll.  Assessing the economic viability of the composites is necessary to determine the feasibility

of using coal composites in comparison to conventional building materials.
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Appendices

Appendix A: Tables of physicochemical and mechanical properties of the composites

Table Al: Proximate analysis results as obtained

Sample

GG1

GS

CT

PP

CTP 350°C 3h
CTP 350°C 6h
CTP 350°C 9h
CTP 400°C 3h
CTP 400°C 6h
CTP 400°C 9h
CTP 450°C 3h
CTP 450°C 6h

GG1:coal fines; GS: Greenside coal fines; GEreceivedcoal tar; CTPcoal tar pitch produced at different

conditions

Inherent moisture (%)
3.280
1.710

25.300
1.470
0.400
0.240
0.330
0.330
1.070
0.560
0.720
0.580

Volatile matter (%)

10.000
20.370
48.180
55.280
28.680
26.040
22.660
22.270
16.560
11.270
12.020
11.130

Table A2: Coal tar air blowing results for initial and final weight

Temperature (°C) Time (h) Initial mass (g)

350

400

450

DD W O OO W O o Ww

250
250
250
250
100
250
100
100

Table A3: Proximate analysis of the composites

Sample
GG1/10 CTP
GG1/30 CTP
GG1/50 CTP
GG1/DMPS
GS/10 CTP
GS/30 CTP
GS/50 CTP
GS/DMPS

Inherent moisture (%)

1.2
1.57
0.52
2.64
2.92
3.16
2.12
1.73

Final mass ()

125
85
75
90
40
85
40
40

Volatile matter (%)

6.97

6.8
3.62
7.46
7.35
8.91
9.32
3.92

Ash (%)
81.260
61.650

0.210
0.450
0.280
0.240
0.330
0.290
0.830
0.490
0.550
0.490

Ash (%)
78.46
56.51
49.76
85.23
51.24
40.38
34.84
88.32

Fixed carbon (%)

5.440
16.270
26.320
42.800
70.640
73.480
76.680
77.100
81.540
87.680
86.710
87.800

Fixed carbon (%)

13.36
35.11
46.09

4.68
38.49
47.55
53.71

6.03
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Table A4: Weight loss of the composites after pyrolysis

Sample Mg (g) Mp(g) Weightloss (%)
GS 10 CTP 400 1.990 1.670 16.080
GS 30 CTP 400 1970 1.710 13.198
GS 50 CTP 400 1.990 1.760 11.558
GG110CTP 400 1.990 1.670 16.080
GG130CTP 400 2.000 1.670 16.500
GG150CTP 400 1.970 1.690 14.213
GS 20 DMPS 1.439 1.178 18.109
GG1 20 DMPS 1.407 1.256 10.716

Mg: mass of the green bodies; Mpass of the composites afigyrolysis

Table Ab: Linear shrinkage of the composites after pyrolysis

Sample Le (mm) Le(mm) Linear shrinkage (%)

GS 10 CTP 400 3.52 3.33 5.397727
GS 30 CTP 400 3.64 3.53 3.021978
GS 50 CTP 400 3.85 4.47 -16.1039
GG1 10CTP 400 3.08 2.96 3.896104
GG1 30 CTP 400 3.35 3.22 3.880597
GG1 50 CTP 400 35 5.28 -50.8571
GS 20 DMPS 2.58 2.54 1.550388
GG1 20 DMPS 2.09 2.04 2.392344

Le: thickness of the green bodidss: thickness of the pyroged composites

Table A6: 5-hourcold water absorption test of the composites

Five-hour cold water test

Sample D@ M(@ S(@ VEemd Vopemd) P(%) WA() T B (g/cmd)

GS10CTP 400 1.670 1.810 0.790 1.021 0.153 15.062 9.292 1.912 1.622
GS 30CTP 400 1.710 1.790 0.713 1.074 0.080 7.451 4,678 1.721 1.593
GS50CTP 400 1.760 1.790 0.582 1.202 0.027 2.211 1.518 1.497 1.464
GG110CTP 400 1.670 1.790 0.961 0.830 0.140 16.873 8.456 2.403 1.997
GG130CTP 400 1.670 1.710 0.771 0.933 0.027 2.854 1.594 1.850 1.798
GG150CTP 400 1.690 1.800 0.536 1.270 0.127 9.969 7.543 1.469 1.323
GS 20 DMPS 1.178 1.373 0.621 0.766 0.205 26.694 17.292 2.106 1.544
GG1 20 DMPS 1.256 1.270 0.655 0.640 0.016 2.505 1.260 2.029 1.978

D: mass of dry composites; Nhass of wet composites after immersion in watem&ss of suspended composites
in water; V:exterior volume of the composites; Vopolume of pores; Roorosity; WA: water absorption; T:
apparent specific gravity; Boulk density
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Table A7: 24-hourcold water absorption test of the composites

24-hour cold test

Sample D@ M@ S@@ V(Eem) Vopm) P(%) WA(%) T B (g/cn®)
GS10CTP 400 1.670 1.847 0.854 0.995 0.686 18.783 11.409 2.056 1.666
GS30CTP 400 1.710 1.834 0.784 1.049 0.651 11.567 7.161 1.845 1.630
GS50CTP 400 1.760 1.823 0.608 1.212 0.629 5.247 3.615 1.533 1.453
GG110CTP 400 1.670 1.805 0.925 0.881 0.660 17.135 8.944 2.262 1.881
GG130CTP 400 1.670 1.752 0.830 0.922 0.607 8.398 4.650 1.986 1.818
GG150CTP 400 1.690 1.747 0.509 1.238 0.612 5.451 4.040 1.436 1.357
GS 20 DMPS 1.178 1.378 0.621 0.735 0.508 24.902 15.429 2.146 1.613
GG1 20 DMPS 1.256 1.281 0.672 0.622 0.437 4.240 2.088 2.123 2.033

D: mass of dry composites; M: mass of wet composites after immersion in water; S: mass of suspended composites
in water; V: exterior volume of the composites; Vop: volume of pores; P: porosity; WA: water absorption; T:
apparent specific gravity; B: bulk dsity

Table A8: Five-hourboiling water absorption test of the composites

Five-hour boiling test

Sample D@ M(@) S(@ V(emd Vop(cmd) P (%) WA(@®) T B (g/cm?)

GS 10 CTP 400 1.670 1.851 0.854 0.985 0.194 19.642 11.741 2.095 1.683
GS 30 CTP 400 1.710 1.854 0.797 1.064 0.152 14.275 8.887 1.875 1.607
GS 50 CTP 400 1.760 1936 0.730 1.193 0.170 14.235 9.655 1.720 1.475
GG110CTP 400 1.670 1.826 0.943 0.880 0.172 19.518 10.373 2.339 1.882
GG130CTP 400 1.670 1.796 0.855 0.932 0.126 13.503 7.511 2.079 1.798
GG150CTP 400 1.690 2.000 0.721 1.282 0.320 24.922 19.023 1.745 1.310
GS 20 DMPS 1.178 1.387 0.630 0.763 0.210 27.676 17.801 2.150 1.553
GG1 20 DMPS 1.256 1.282 0.666 0.630 0.030 4.666 2.369 2.107 2.008

D: mass of dry composites; Mhass of wet composites after immersion in watem&ss of suspended composites
in water; V:exterior volume of the composites; Vopolume of pores; Poorosity; WA: water absorption; T:
apparent specific gravity; Boulk density

Table A9: Exterior volume ¢m?) results of the composites

Five-hour 24-hour cold  Five-hour

Samples cold test test boiling test

GS 90/10 CTP 400 1.021 0.995 0.985
GS 70/30 CTP 400 1.074 1.049 1.064
GS 50/50 CTP 400 1.202 1.212 1.193
GG1 90/10 CTP 400 0.830 0.881 0.880
GG1 70/30 CTP 400 0.933 0.922 0.932
GG1 50/50 CTP 400 1.255 1.238 1.282
GS 80/20 DMPS 0.766 0.735 0.763
GG1 80/20 DMPS 0.640 0.622 0.630
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Table A10: Force anccompressiorstrength of the composites

Samples

GS 90/10 CTP
GS 70/30 CTP
GG1 90/10 CTP
GG1 70/30 CTP
GS80/20 DMPS
GG1 80/20 DMPS

Table Al11: Corrosion rate of the composites

Samples
GS90/10 CTP
GS 70/30 CTP
GG1 90/10 CTP
GG1 70/30 CTP

GS 80/20 DMPS
GG1 80/20 DMPS

Table A12: Residual mass at different exposure times

Samples
GS/10 CTP
GS/30CTP
GG1/10 CTP
GG1/30 CTP
GS/DPMS
GG1/DPMS

Table A13: Massablation rate of the composites

Samples

GS 90/10 CTP
GS 70/30 CTP
GG1 90/10 CTP
GG1 70/30 CTP
GS 80/20 DPMS
GG1 80/20 DPMS

Force (N) Compression strength (MPa)
106885.78 289.76
106755.67 341.22
106809.28 340.52
106868.37 344.71
106848.3 199.64
106830.00 106.58
Initial Final Weight Density
mass (g) mass(g) loss (g) (g/lcmd) Area (cm?)
1.77 1.71 0.0058 1.64 3.14
1.80 1.73 0.0064 1.59 3.14
1.86 1.81 0.0047 2.01 3.14
1.87 1.80 0.0063 1.78 3.14
0.68 0.61 0.0076 1.57 3.14
1.28 1.19 0.0086 2.04 3.14
Residual mass (g)
Original 10s 20s 30s 40s
1.689 1.683 1.670 1.653 1.642
1.771 1.703 1.700 1.700 1.642
1.792 1.775 1.765 1.758 1.737
1.789 1.772 1.761 1.750 1.739
1.130 1.120 1.112 1.108 1.099
1.300 1.224 1.216 1.211 1.119
Mass ablation rate (g/sec)
10s 20s 30s 40s
0.0009 0.0016 0.0014 0.0013
0.0077 0.0040 0.0028 0.0033
0.0018 0.0013 0.0010 0.0012
0.0038 0.0025 0.0019 0.0017
0.0009 0.0009 0.0008 0.0009
0.0076 0.0044  0.0032 0.0046

Time

(h)
168.00
168.00
168.00
168.00

168.00
168.00

Corrosion
rate (Lmpy)
0.58

0.67
0.39
0.59

0.81
0.70
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Table Al4: Change in thickness of the composites at different flame exposure times

Samples
GS/10 CTP
GS/30 CTP
GG1/10 CTP
GG1/30 CTP
GS/DPMS
GG1/DPMS

Table A15: Linear ablation rate of the composites at different flame exposure times

Samples

GS 90/10 CTP
GS 70/30 CTP
GG1 90/10 CTP
GG1 70/30 CTP
GS 80/20 DPMS
GG1 80/20 DPMS

Original
3.42
3.55
2.97
3.36
2.45
2.2

Thickness (mm)

10s
3.39
3.52
2.94
3.33
2.42
2.16

20s
3.36
3.49
2.9
3.14
2.34
2.07

30s
3.33
3.47
2.85
3.13
2.29
1.99

Linear ablation rate (mm/s)

10s
0.00333
0.00367
0.00500
0.00400
0.00433
0.00467

20s
0.00909
0.00983
0.01487
0.02863
0.02069
0.02793

30s
0.00344
0.00311
0.00522
0.00811
0.00544
0.00744

40s
0.00367
0.00275
0.00467
0.00650
0.00467
0.00825

40s

3.29
3.45
2.81
3.12
2.27
1.87
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Appendix B: Figures of the results
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Figure B1: Malvern Mastersizer 2000 particle size distribution(Brcoal tar pitch(b) GG1 coal finesand €) GS

coal fines
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DTA of the composites
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Figure B2: Differential thermal analysidXTA) of the coal composites
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Figure B5: Bending force of the compositda) GS/10% CTPp) GS/30% CTP(c) GS/20% DMPS(d) GG1/10%
CTP,(e) GG1/30% CTPand f) GG1/20% DMPS
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Appendix C: Composites fabrication

Figure C1: As received material¢a) GS coal fineqb) GG1 coal fines(c) dimethylpolysiloxaneand @) coal tar
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Figure C2: Stainless steel thermal reactor used to produce coal tar pitch from coal tar
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Figure C4: Method used to i thecoal and binder
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Figure C5: Hydraulic press used to compact the composites
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Figure C6: Green bodies

Figure C7: The combusted composites that weyeolysedin air
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Figure C8: Composites produced after pyrolyga) circular compositesnd p) square composites

Figure C9: Cracked GG1 50%/50% CTP composite
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Figure C10: Weighing suspended mass after water immersion test to detediraimass of the composites in water

117



Figure C11: Flammability of the composite&) hot compositeand(b) cooled composites
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