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ARTICLE INFO ABSTRACT

Keywords: Amidst global resource depletion and population growth, repurposing carbon-containing waste as raw materials
Binder into products offers promise for a more resource-efficient, circular economy. This research examines the efficacy
Coal fines

of using coal tar modified through air-blowing as a binder for producing coal composite, alongside exploring
dimethylpolysiloxane as an alternative binder. The effects of the binder type, mixing ratios, and coal fine
composition on the properties of the composites were systematically studied. Microscopic analysis revealed
anisotropic spherules in pitch formed at 400 °C/9 h and 450 °C/6 h possess favorable chemical properties like
low H/C ratios (0.24-0.25) and high carbon content (96-97 %). Pyrolyzed coal fines and modified pitch-based
composites exhibited moderate weight loss (11-17 %), notable compressive strength (106.58-344.71 MPa), and
flexural strength (49-160 MPa). However, composites produced from coal tar pitch (400 °C/9 h) blended with
50 % GG1 and further pyrolyzed at 600 °C for 5 h exhibited a high water absorption (19 %). Also, composites
with inferior flexural strength were produced using dimethylpolysiloxane as a binder, rendering them unsuitable
for structural applications. This straightforward approach offers a viable means to repurpose significant quan-
tities of coal fines and coal tar destined for landfills. This research is intended as a reference for researchers
seeking to tranform coal waste into structural composites, thereby promoting circularity, and mitigating asso-

Coal tar pitch
Circular economy
Mechanical property
Resource efficiency
Sustainability

ciated environmental risks.

1. Introduction

Coal fine residues are produced during automated mining and
beneficiation of coal and their composition varies depending on the
mineralogy of the coal deposit and how it was processed. Over 30 billion
metric tons of coal fines or tailings are spread over the top ten coal-
producing countries [8]. This highlights the enormity of this problem.
An estimated 58 gigatons of these resources were left behind in tailings
dumps, slurry impoundments, and surface dams worldwide as of 2011
[24]. In South Africa, mining companies report that roughly 4-6 % of
the coal mined annually falls within the —0.20 mm (-200 pm) fraction,
amounting to over 8 million tons being discarded in dams or dumps [3,
29]. These low-market-value coal fines are difficult to handle, store, or
utilize, and are expensive to treat. Untreated and unused coal fines
present serious environmental risks such as acid mine drainage, dust
emissions, carbon and sulfur dioxide releases, and the possibility of
spontaneous combustion-related fires [28,30]. Diverse techniques have
been employed to extract value and beneficiate coal fines as low-smoke
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fuel, for power generation, methane production, and polymer
manufacturing [24,29,38]. However, these approaches are not without
difficulties. It is insufficient to rely only on these applications to reduce
the amount of coal fines and their associated environmental effects.
On the other hand, the carbonization of coking coal, a crucial process
in producing coke as a "reductant” for the metallurgical industry, gen-
erates coal tar as a by-product ([40]; X. [27]). In 2013, ArcelorMittal
South Africa alone produced an estimated 109,000 tonnes of tar, raising
environmental concerns [2]. The disposal and hazardous nature of this
waste, which is also a resource, has led to numerous investigations into
how it can be utilized. Coal tar has found applications in road con-
struction in China and India, which is expected to continue to grow [17].
The same is true in the automobile industry, where coal tar is used to
obtain coal tar pitch, for producing carbon-based products [9]. Liu et al.
[27] and Yuan et al. [40] investigated the alternative uses of coal tar as
feedstock for carbon fibers and the hydrogenation of coal tar to produce
different chemical substances for various applications. However, coal tar
necessitates pretreatment before utilization to remove impurities and
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Fig. 1. Chemical structure of pure DMPS.

achieve a uniform composition [32]. This process also adjusts its plastic
properties and transforms it into mesophase pitch, a precursor for
high-performance carbon materials [5]. Various methods, including
toluene extraction, vacuum distillation, cross-linking, and air blowing
are employed to modify or pretreat coal tar to produce coal tar pitch
(CTP). Among these, air blowing stands out as a simple, cost-effective,
and versatile method that yields CTP with a wide range of properties
[16,34,39]. The air-blowing method can yield CTPs with a desirable
softening point by subjecting coal tar to temperatures between 250 °C
and 300 °C, [7,16,39]. Prauchner et al. [35] demonstrated using Fourier
transform infrared (FTIR) spectra that the air blowing reduces the
aliphatic stretching absorbance in the resultant pitch.

The building and construction sector stands out as a major consumer
of natural resources, contributing significantly to greenhouse gas emis-
sions [31]. Developing strategies to harness waste materials in these
sectors reduces reliance on conventional raw materials and natural re-
sources while conserving energy. In addition, minimizing greenhouse
gas emissions. The building sector is a natural vehicle for recycling waste
and has great potential to absorb coal or carbon-containing waste. Some
studies have explored coal and coal-derived wastes to produce coal
composites with properties similar to architectural parts (ceramic bricks
and tiles) [12,14,15,19,20,37]. In a study by Eterigho-Ikelegbe et al.
[14], high-ash coals were blended with a laboratory-formulated poly-
siloxane preceramic polymer resin and then pyrolyzed to produce
coal/ceramic composites. The composites demonstrated flexural
strength up to 36.46 MPa and water absorption as low as 1.94 %.
Another investigation was undertaken by Eterigho-Ikelegbe et al. [13]
using commercial polysiloxane polymer (SPR-212) as a binder for coal
wastes. Composites of low water absorption at 8.9 % were obtained. In
addition, the composites showed good thermal stability, comparable to
ceramic and structural clay building materials. Although these prom-
ising results suggest the potential of using coal waste as raw materials for
coal composite production for these applications, ceramic-forming
binders are quite expensive.

The abundant reserves of economic raw materials such as coal tar
present a persistent challenge, yet also represent economic opportunities
if efficiently utilized. Despite the reported methods to modify pitch, the
conditions used to produce a coal tar pitch with low volatile matter, high
aromaticity, and excellent thermal and fusibility properties vary for
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different coal tar sources. The primary aim of this research was to
modify coal tar by thermal pretreatment under various conditions to
ensure adequate polymerization of the tars, leading to large molecules
composed of mesophase formation. The second objective of the study
was to investigate the derived CTP as a binder for high ash coal fines to
produce structural composites. In parallel, dimethylpolysiloxane
(DMPS) was investigated as an alternative binder for the coal fines to
produce coal composites. The prepared composites were subsequently
subjected to surface imaging, functional group analysis (Fourier-trans-
form infrared spectroscopy) and mineral phase analysis (X-ray diffrac-
tion). Finally, the physico-mechanical properties of the composites
(pyrolysis shrinkage, density, porosity, water absorption tests, flexural
strength, and compressive strength) were evaluated.

2. Materials and method
2.1. Preparation and analysis of coal fines, coal tar, and coal tar pitch

The coal fines designated GG1 and GS were used for this investiga-
tion while coal tar, coal tar pitch, and dimethylpolysiloxane are denoted
as CT, CTP, and DMPS, respectively. Characterized by its low cost and
excellent chemical and thermal stability, DMPS is a silicone polymer
which features a chemical structure depicted in Fig. 1. It comprises
repeating units of dimethylsiloxane (-[-Si(CH3)20-]-) and -Si-O- back-
bone, expressed as CH3[Si (CH3)2 Ol;, Si (CH3)s. CT was subjected to air-
blowing pre-treatment at varying temperatures and residence times to
produce CTP, the binder for the composites. Initially, the coal fines
underwent sun-drying to eliminate excess moisture. Subsequently, they
were milled, screened, and divided using a rotary divider to obtain
representative samples with particle sizes of —212 and —53 micrometers
(pm). The coal samples (-212 pm), tar and pitches were analyzed for
physicochemical properties, functional groups, and mineralogical com-
positions. Proximate analysis was carried out on coal fines, CT, and CTP
using a thermogravimetric analyzer (TGA 701, LECO Corp. USA)
following the ASTM D-5142 standard. The ultimate analysis (C, H, O,
and N) was conducted using the Leco CHN 628 with a 0.25 g sample,
adhering to ASTM D 5373-14:2015 standards. Total sulfur was deter-
mined according to ISO 19579:2006. The Spectrum Two™ FTIR spec-
trometer (Perkin Elmer Corp., USA) equipped with an attenuated total
reflectance accessory was used to probe spectra information (functional
groups and chemical bond configuration) present in the coal fines, coal
tar, CTP, DMPS, and coal composites. The pulverised samples were
scanned from 450 to 4000 cm™'. A Bruker D2 phaser diffractometer
(Bruker Corp., USA) equipped with Cu-Ka radiation (A = 1.54184 A),
operating at 50 kV and 23 mA in the 2-theta scanning range of 10-90 °C
was used to obtain diffraction patterns of the samples. Data obtained
from XRD analysis were processed using X Pert HighScore Plus software

Coal tar
(2009)
Coal tar
pitch Particle size distribution
(binder) Mesophase content
Air HI/C ratio
blowing - —| Proximate
2 Ultimate
Coal tar 1L reactor Optical image
FTIR
+ Heat the reactor at 3°C/min XRD

+ Constant pressure of 10bars

+ Vary temperature at 350°C,
400°C, 450°C for 3h, 6h, 9h

+ Cool down the reactor

Fig. 2. Coal tar air-blowing method.
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Table 1
The proposed blending ratio of coal fines to CTP and DMPS.
Coal fines (%) CTP (%) DMPS (%)
80 - 20
90 10 -
70 30
50 50

for mineral phase identification.
2.2. Modification of the coal tar by air-blowing

The coal tar underwent modification in a 1 L cylindrical stainless-
steel reactor using the air-blowing method. The reactor is equipped
with inlet and outlet valves, a heating jacket, and a pressure gauge for
monitoring vessel pressure, ensuring controlled conditions. An air-
blowing pretreatment process was used to pretreat the coal tar in a
temperature window of 350-500 °C, following the temperature range
used by Banerjee et al. [4]. In each experiment, 200 g of coal tar was
charged into the vessel and heated at a constant rate of 3 °C/min to
predetermined temperatures of 350 °C, 400 °C, and 450 °C. Upon
reaching the target temperature, air was steadily blown into the reactor
at 16 ml/s for residence times of 6 h, 3 h, and 9 h. The pressure inside
the vessel was maintained at a constant pressure of 10 bars. During
air-blowing, the inlet and outlet valves were opened to allow air into the
reactor and discharge volatile matter. The reactor vessel was then
removed from the heating jacket at the end of the experiment and
allowed to cool to room temperature. Once cooled, the product was
chipped from the reactor, weighed to determine weight loss, and
transferred to a clean container. Fig. 2 provides an overview of the coal
tar air-blowing method employed to produce coal tar pitch (CTP). The
CTPs obtained were characterised to identify the conditions that would
enhance the bonding and fusibility of the coal fines. The CTP sample of
superior chemical properties was selected as the binder for producing
coal composites.

All modified CTP samples were characterized using polarised light
optical microscopy to determine the growth and content of the bulk
liquid crystalline mesophase following ASTM D4616-95. Coal tar pitch
samples were first reduced to —1.0 mm fine size, then placed in epoxy
resin in 30 mm silicon molds and vacuum-cured for 24 hours. The sur-
face of the hardened blocks was subsequently polished, as per ISO 7404,
using a Struers Tegraforce polisher. The polished blocks were assessed
petrographically using a Zeiss Axiolmager M2M petrographic micro-
scope fitted with a Fossil Hilgers system at a magnification of 100 X
using an air lens and 500 X under oil immersion. Microphotographs
were captured to illustrate the optical textures observed in each sample,

Coal tar pitch
binder)
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employing white light and polarised light with crossed nicols (crossed
polars, with lambda plate) rotated by 45 °C to visualise anisotropy.

2.3. Fabrication of the composite specimens

The second objective of the research was to investigate the properties
of the coal composites formed through the thermal conversion of the
blend of varying ratios of coal fines and CTP/DPMS (Table 1). An 80 %
and 20 % weight ratio of coal fines and dimethylpolysiloxane (DMPS)
was used. A DMPS weight percentage exceeding 20 % in the mixture
turns into a slurry, posing difficulties in molding and shaping. The ob-
tained pitch particles were crushed into smaller particles to facilitate
effective blending with the coal fines. A total blend of 2.0 g of coal fines
(-53 ym) and coal tar pitch (-53 pm) was molded and compacted into
square and circular green composites using a hydraulic press (cold
compression) at 25 MPa pressure. Subsequently, the green composites
underwent thermal stability testing to ascertain the pyrolysis tempera-
ture of the composites. The test indicated that the residual mass of all the
composites at 600 °C was more than 75 %. Hence, 600 °C was chosen as
the pyrolysis temperature. The DMPS mixture was cured in an oven at
150 °C for 1 h to crosslink or stabilize the green composites before py-
rolysis. Pyrolysis process transforms the green body into an organic/
inorganic composite. Pyrolysis was conducted in an airtight furnace
under an argon atmosphere, with a heating rate of 5 °C/min from 25 °C
to 600 °C, maintained for 5 hours. Fig. 3 displays an overview of the coal
composites manufacturing process.

2.4. Assessment of the composites

The composites were rigorously assessed to check if they met
essential standard properties of construction or building materials. To
guarantee result accuracy, all analyses were conducted in triplicate. The
weight loss and the linear shrinkage of the coal composites after py-
rolysis were determined according to the following equations.

Mg — Mp

G

% Weight loss = x 100 2-1)

LG *Lp

G

%Linear Shrinakge = x 100 (2-2)

where Mg is the mass (g) of the green composite, Mp is the mass (g) of the
pyrolyzed composites, L is the length (mm) of the green composite, and
Lp is the length (mm) of the pyrolyzed composite.

The relative density, apparent porosity, apparent specific gravity,
bulk density, and water absorption were measured following the ASTM
C373 standard test method for ceramic tiles. Composite specimens, sized

CTP blend

Coal fines

v

Green

Pyrolysis
bodies oy

furnace

Composite

‘. products

Dimethylpolysiloxane
(polymer binder)

Linear shrinkage, weight loss,
apparent specific density,
water absorption, apparent
porosity, compression
strength, flexural strength

FTIR, XRD, SEM

Fig. 3. Fabrication procedure for the coal composites.
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Table 2
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Proximate and ultimate analysis of coal fines, coal tar, and the produced coal tar pitch samples.

Sample Proximate analysis Elemental compositions (%)

Dry basis (%)

VM (%) Ash (%) FC (%) N C H S (o] H/C C/H fa (R/C)y
GG1 10.34 84.02 5.62 0.18 8.79 1.44 0.21 4.84 1.95 0.51 0.60 -
GS 20.72 62.73 16.55 0.63 23.77 1.744 2.48 8.02 0.87 1.15 0.66 0.23
CT 64.50 0.28 35.23 - - - - - - - - -
CTP 350°C/3 h 28.80 0.28 70.92 0.91 77.42 3.54 0.00 18.13 0.54 1.85 0.88 0.29
CTP 350°C/6 h 26.10 0.24 73.66 1.18 88.05 3.48 0.00 7.30 0.47 2.13 0.81 0.36
CTP 350°C/9 h 22.74 0.33 76.93 1.00 89.78 3.33 1.02 4.87 0.44 2.27 0.83 0.37
CTP 400°C/3 h 22.34 0.29 77.36 0.83 95.06 3.51 0.50 0.11 0.44 2.27 0.79 0.39
CTP 400°C/6 h 16.74 0.84 82.42 0.88 73.74 3.11 1.03 1.26 0.50 2.00 1.07 0.21
CTP 400°C/9 h 11.33 0.49 88.17 0.94 96.01 2.05 0.00 1.00 0.25 4.00 0.88 0.43
CTP 450°C/3 h 12.11 0.55 87.33 0.90 88.58 3.01 0.96 6.56 0.40 2.50 0.95 0.32
CTP 450°C/6 h 11.19 0.49 88.31 1.05 96.92 2.02 0.00 0.01 0.24 4.17 0.88 0.44

CT: as received coal tar; CTP: coal tar pitch; f,: aromatic ratio; FC: fixed carbon; (R/C),: Kasttners’ equation to represent the number of rings of atomic C in the
monomer; H/C: hydrogen to total carbon ratio; N: nitrogen; S: total Sulphur; VM: volatile matter

¢ 20 x 4 mm, were subjected to compressive strength testing to evaluate
their resistance to crushing loads. A constant load was applied at the rate
of 1.0 mm/min until the composite fractured. The compression strength
was calculated using equation (2—3) and following the ASTM C67
standard test method.

C=W/A (2-3)
where C is the compression strength in MPa; W is the maximum
compression load; A is the average of the lower and upper bearing
surface in mm.

Flexural strength was assessed using a flexural test machine,
applying a constant load at 1.0 mm/min to the composite specimens (30
x 30 x 4mm) in a 3-point loading configuration until failure. The
flexural strength was calculated using equation (2—4) based on the
ASTM C67 standard.

_PxL
" b

(@200

where F(MPa) is the flexural strength, P(N) is the maximum breaking

load, L(mm) is the distance between the supports, b(mm) and d(mm) is
the breadth and thickness of the composite specimen.

The microstructure and surface morphology of coal composite
specimens were visualized using a ZEISS Sigma 300 VP scanning elec-
tron microscope. Before scanning, specimens were coated with at least
two layers of gold to enhance conductivity and achieve high-resolution
images.

3. Results and discussions
3.1. Evaluation of the raw materials

The particle size distributions (PSD) for the pulverized CTP, GG1,
and GS coal fines contained 49.73 %, 92.73 %, and 76.67 % passing —75
um. Table 2 summarizes the results of the physiochemical analysis,
including proximate and ultimate analyses, for the coal fines, coal tar,
and CTP produced at various temperatures. Equations (3—1) and (3—2)
were used to obtain f, and (R/C), recorded in Table 2

Fig. 4. Optical microscopy images of CTPs produced at (a) 350 °C/9 h, (b) 400 °C/6 h, (c) 400 °C/9 h coarse circular, (d) 450 °C/6 h.
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Fig. 5. Comparison of FTIR spectra of GG1, GS, DMPS, CT, and CTP produced at different conditions.

fa= (100 — Vgqp) x 0'9377 (3-1)
H
L\ 3-2)
R/C)y=1-%5 -5 G-

where f, is the aromatic ratio, C is the total carbon content, V. isthe
volatile matters (dry ash-free basis), (R/C), is Kasttners’ equation
representing the number of rings of atomic C in the monomer, H/C:
hydrogen-total carbon ratio.

Notably, GG1 and GS coal fines exhibited higher ash content
(84.02 % and 62.27 %) than coal tar and CTP samples (0.28-0.84 %).
Air-blowing of the coal tar at 450 °C for a residence time of 6 hours
reduced the volatile matter content from 64.50 % to 11.19 %. Whereas
the fixed carbon content of the CTP increased as the temperature and
residence time of pretreatment increased. This signifies the conversion
of short-chain hydrocarbons into long-chain hydrocarbons [5]. The
pitches produced at 400 °C/9 h and 450 °C/6 h displayed the highest
total carbon content due to increased aromaticity and polymerization
[16,36]. The H/C atomic ratio of the produced CTP (ranging from
0.24-0.54) in this study was lower than the typical value for fossil
pitches (0.5-0.9) [35]. Specifically, the CTPs produced at 400 °C/9 h
and 450 °C/6 h had the lowest H/C ratio (0.25 and 0.24) and the highest
rings of atomic C (R/C), value (Table 2). A low H/C ratio CTP suggests
loss of aliphatic hydrogen or hydrogen atoms from the structure and
formation of large condensed aromatic rings through dehydrogenative
polymerization of the tar components [5,34].

3.2. Optical image analysis of the produced coal tar pitch

The optical image analysis was crucial for understanding the devel-
opment of anisotropic (mesophase) spherules in the coal tar pitches,
arising from pretreatment. High anisotropic phase content in pitch,
composed of more aromatic compounds and carbon atoms might make it
suitable as a binder [6,10] for coal fines. Fig. 4 illustrates mesophase
development in CTPs produced at various temperatures and durations
(350 °C/9 h, 400 °C/6 h, 400 °C/9 h, and 450 °C/6 h). At 350 °C/9 h,
CTP exhibits an incipient anisotropic binder phase with filler fragments.
Coarse circular anisotropic phases are observed at 400 °C/6 h, while
coarser circular anisotropic textures develop at 400 °C/9 h. CTP

Table 3

Bond assignment and the corresponding wavenumber observed from FTIR
spectra of GG1, GS, DMPS, CT, and CTP produced at different conditions [23,
25].

Band no. Wavenumber  Bond assignment
(em™)
#1, #2 3688, 3619 O-H stretch, free hydroxyl
#3 3418 O-H stretch
#4 3047 C-H stretching vibration on the aromatic ring
#5 2963 Methyl C-H
(DMPS)
#6 2907 Aliphatic C-H stretch
#7 1916 C-C=C-CH (aromatic rings)
#8 1697, 1597 C=0O stretching vibration of aromatic COOH
(shoulder), C=C aromatic ring stretching structure
#9 1443 CH,, CH; bending vibrations
#10 1412 CH3 asymmetric deform
(DMPS)
#11 1259 CHj; symmetric deform
(DMPS)
#12 1005 Si-O-Si
(DMPS)
#12 1005 C-0O-C stretch
#13 906 Si-O-Si and Al-O-Al vibrations associated with
aluminates and silicates such as kaolinite and quartz
#14 866 Si-C
(DMPS)
#15 780 Si-(CHz)2
(DMPS)
#15, #16 797, 741 Bending vibrations associated with quartz, calcite,
dolomite, kaolinite
#17, #18 529, 463 Si-O and Si-O-Si deformation associated with

kaolinite and quartz

produced at 450 °C/6 h displays variable textures with evidence of
circular anisotropic phases. These findings align with Liu et al. [26]
observations, indicating spherule merging or compacting with increased
temperature and residence time. CTP with more anisotropic spherules
(produced at 400 °C/9 h and 450 °C /6 h) correlates with the lowest H/C
ratio (0.25 and 0.24) and highest carbon content. The mesophase in
these pitches appears more uniform than those produced at lower
temperatures and shorter reaction times.

According to the findings from optical microscopy, proximate anal-
ysis and elemental composition, the pretreatment conducted at 400 °C/
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9 h was identified as the optimal condition for obtaining a suitable pitch
binder from coal tar for composite production. This condition was
chosen because the CTP had low volatile matter, high total carbon, low
H/C atomic ratio, and high aromaticity. Although CTP obtained at 450
°C/6 h had identical properties as those obtained at 400 °C/9 h. The
trend suggests that air-blowing of coal tar at temperatures higher than
400 °C did not significantly change the properties of the resultant pitch.

3.3. Fourier transform infrared spectroscopy (FTIR)

Coal and coal-related materials possess a complex structure with
diverse functional groups, analyzed using Fourier transform infrared
(FTIR) spectroscopy [11,40]. FTIR results of GG1, GS, DMPS, CT, and
CTPs produced at various temperatures and reaction times are shown in
Fig. 5. The bond assignment and the corresponding wavenumber
observed from FTIR spectra are listed in Table 3. The absence of the O-H
(hydroxyl) group in the modified CTPs, observed between 3500 and
4000 cm ! in coal tar (band no. #1, #2 and #3), indicates moisture loss.
Pretreatment of CT at various heat treatment conditions led to the
disappearance of the aliphatic C-H stretch at 2895 cm™! (band no. #6)
with the rise in reaction temperature. This observation is in agreement
with the low H/C atomic ratios recorded for CTPs in Table 2 and could
be ascribed to the dehydrogenative polymerization and crossing-linking
of oligomers [39]. It was also observed that the peak intensity at
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Fig. 8. SEM micrographs of (a) GS/CTP (90/10), (b) GS/CTP (70/30), (c) GG1/CTP (90/10), (d) GG1/CTP (70/30), (e) GS/DMPS (80/20), (f) GG1/DMPS (80/20).

1600 cm ™! (band no. #8) decreased significantly in the CTP. This in-
dicates that the thermal modification reduced the relative content of
aromatic rings in the CTP as pyrolysis temperature increased. On the
other hand, DMPS is characterized by predominant C-H stretching peaks
attributed to methyl (CH3) groups (band no. #5, #10 and #11). Alkyl
(C-H) and ether groups (C-O-C) were observed in the ATR-FTIR spectra
of coal/CTP and coal/DMPS composites (Fig. 6). Their presence and
changes in band intensities may be due to the breakdown of volatiles,
unreacted small molecule mixtures, and macromolecular aromatic
compounds during composite pyrolysis.

3.4. X-ray diffraction analysis

XRD analysis was conducted to assess crystallinity and identify
mineral phases in the coal fines, coal tar, CTP, and produced coal
composites as shown in Fig. 7(a), (b) and (c). Identified minerals in the
coal samples include kaolinite, quartz, muscovite, feldspar, pyrite, and
calcite (Fig. 8a). All the peaks could not be matched because of the high
number of peaks and/or the presence of multiple minerals with over-
lapping peaks. GG1 fines exhibited higher intensity peaks when
compared to GS fines, indicating a higher inorganic mineral content,
consistent with GG1’s higher ash content (Table 2). Heat treatment of
coal tar led to a more graphitic structure or graphite-like carbon mate-
rial, evident in peaks around 2 theta = 24° and 45°, resulting from poly-
condensation in the binder pitch. The air-blowing treatment produced
CTP mainly composed of organic compounds (amorphous carbons),
evidenced by a low crystallinity peak at 43°. Regarding the coal com-
posite mineral compositions, mixture blends containing up to 30 % CTP

yielded composites with fewer mineral phases or impurities. This sug-
gests the blend of coal fines with up to 30 % CTP shows a high degree of
vitrification, causing features of kaolinite and quartz to nearly disap-
pear. This further indicates that intimate consolidation between the
different crystalline phases in the mixture had occurred.

3.5. Scanning electron microscopy analysis

The morphologies of fractured composites produced from coal fines,
CTP, and DMPS blends at different ratios are depicted in Fig. 8(a)-(f).
Comparing GS composites of 10 % and 30 % CTP (Fig. 8(a) and (b)),
surface undulations and cracks were observed, with crack sizes
decreasing as the CTP percentage increased. This trend was similarly
observed in GG1 composites with 10 % and 30 % CTP (Fig. 8(c) and (d)),
indicating crack filling with increased CTP content. The results show
that increasing the amount of CTP in the composite materials enhances
their fusibility, compaction, and homogeneity. In contrast, composites
produced using DMPS as a binder (Fig. 8(e) and (f)) exhibited smoother,
crack-free surfaces. This can be attributed to DMPS’s solubility and
fluidity, which facilitated homogeneous wetting and fusion of the coal
surface. Additionally, GG1 composites displayed a more uniform and
smoother surface when compared to composites produced using GS coal
fines. Surface irregularities and lack of fusibility observed in GS com-
posites suggest poor compatibility between the coal fines and binder.

3.6. Linear shrinkage and weight loss of the composites

Pyrolysis is a pivotal step in converting green bodies into stabilized



M. Vatsha et al.

2% Weight loss

Journal of Analytical and Applied Pyrolysis 181 (2024) 106625

& %Linear shrinkage

Linear shrinkage and weight loss (%)

Fig. 9. Weight loss and linear shrinkage of the composites (CTP obtained at 400 °C).

Table 4

Bulk density, apparent specific density and apparent porosity of the composites (CTP obtained at 400 °C).

Composites Bulk density (g/cm?) Apparent specific gravity Apparent porosity (%)
5-h cold 24-h cold 5-h boil 5-h cold 24-h cold 5-h boil 5-h cold 24-h cold 5-h boil

GS/CTP (90/10) 1.637 1.681 1.675 1.898 2.046 2.047 13.724 17.341 18.176
GS/CTP (70/30) 1.588 1.628 1.619 1.715 1.846 1.874 7.428 11.532 13.620
GS/CTP (50/50) 1.456 1.449 1.460 1.493 1.527 1.709 2.482 5.188 14.570
GG1/CTP (90/10) 2.013 1.900 1.890 2.354 2.241 2.296 14.467 16.311 17.678
GG1/CTP (70/30) 1.778 1.812 1.775 1.857 1.989 2.049 4.258 8.697 13.399
GG1/CTP (50/50) 1.343 1.365 1.322 1.365 1.430 1.744 1.590 4.507 24.236
GS/DMPS (80/20) 1.568 1.556 1.557 2.116 2.115 2.151 25.902 26.634 27.643
GG1/DMPS (80/20) 2.044 2.062 2.038 2.090 2.150 2.127 2.228 4.050 4.200

CTP: coal tar pitch; DMPS: dimethylpolysiloxane

coal composites and is crucial for establishing the final ordering struc-
ture. During pyrolysis, the particles in the mixture rearrange and stick
tightly, leading to weight loss and shrinkage of the composites. It can be
deduced from Fig. 9 that the linear shrinkage of CTP-produced com-
posites decreased with increasing binder content. As seen from the
graph, composites containing 50 % CTP underwent a process of
expansion, hence the negative values of linear shrinkage. The expansion
might be due to the release of a considerable amount of gaseous products
during pyrolysis. Furthermore, GS composites with 10 %, 30 %, and
50 % CTP exhibited decreasing weight loss trends (16.61 %, 13.92 %,
and 10.96 %, respectively). Conversely, GS composites of 20 % DMPS

recorded the highest weight loss at 17.43 %, potentially attributed to
DMPS’s high C-H/aliphatic side chain content released during pyrolysis.
Polymer network degradation and release of unreacted monomers dur-
ing pyrolysis could also be responsible for the high weight loss [22].
High shrinkage loss during pyrolysis is detrimental in that it can lead to
cracking, deformation, or warping of composites [12,13].

3.7. Water absorption, bulk density, apparent specific density, and
porosity of the composites

Physical properties such as apparent porosity, apparent specific
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Fig. 10. Comparison of water absorption of the composites (CTP obtained at 400 °C).
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Fig. 12. Procedure used to test flexural strength.

gravity, bulk density, and water absorption were conducted to evaluate
the quality and durability of the composites. The composite mixture
pyrolyzed in an inert atmosphere to temperatures higher than 500 °C,
evolves gases resulting in weight loss. Table 4 presents results for
apparent porosity, apparent specific gravity, and bulk density under
various water immersion conditions (5-h and 24-h cold water tests, and
a 5-h boil water test). As anticipated, GG1 composites exhibited higher
bulk and apparent densities when compared to GS composites due to
higher inorganic mineral and ash content. Increasing CTP proportion
yielded decreased bulk density across immersion tests, with values
ranging from 1.32 to 2.044 g/cm> - lower than standard ceramic con-
struction materials (2.05-2.17 g/cm3) [33]. Elevated CTP ratios corre-
lated with reduced composite porosity, indicating enhanced binding
during pyrolysis and decreased pore size.

The water absorption test (Fig. 10) provided insights into composite
water resistance crucial for composite building materials. All composites
exhibited water absorption below 20 %, falling within the typical range
for building materials (0-25 %) [12,13]. Notably, increasing the CTP
content correlated with reduced water absorption and showed a direct
relationship with porosity. Overall, composites utilizing coal fines
(GG1/CTP (70/30)) with low volatile matter content and high H/C ratio
showcased superior performance. The result aligns with findings from
Eterigho-Ikelegbe et al. [14], where coal waste with a higher H/C atomic
ratio yielded lower water absorption composites.

3.8. Compressive and flexural strength of the composites

Compressive strength is an essential parameter for structural com-
posites as it determines the ability of the composites to withstand
crushing loads. The composites’ compressive strength ranged from
106.58 to 344.71 MPa (Fig. 11). Notably, the GG1/CTP (70/30) com-
posite exhibits superior compressive resistance compared to the DMPS
binder composites such as GG1/DMPS (80/20). Flexural strength testing

Table 5
Flexural strength of the coal composites (CTP obtained at 400 °C).

Composites FS (MPa) FM Yield Force Yield stress
(GPa) (N) (MPa)
GS/CTP (90/10) 48.75 + 1030 + 97.5 £ 0.721 85.2 + 0.681
0.361 0.5
GS/CTP (70/30) 159.3 + 1270 + 318.7 + 284.3 + 6.429
0.764 0.26 1.528
GG1/CTP (90/ - -
10)
GG1/CTP (70/30 63.8 £0.25 1408 + 127.5 4+ 0.5 113 +£ 2
0.29
GS/DMPS (80/ -
20)
GG1/DMPS (80/
20)

CTP: coal tar pitch; DMPS: dimethylpolysiloxane; FS: flexural strength; FM:
flexural modulus; MPa: Megapascals; N: Newtons; -: unavailable data

(Fig. 12) revealed GS/CTP (90/10), GS/CTP (70/30), and GG1/CTP
(70/30) composites were able to withstand bending loads, with flexural
strengths of 48.75, 159.30, and 63.80 MPa, respectively (Table 5). These
values surpassed typical concrete roof tile flexural strengths
(14-41 MPa) [1]. GG1/CTP (70/30) also exhibited the highest flexural
modulus at 1408 GPa, indicating exceptional resistance to deformation
under bending loads. This is attributed to the improved interfacial
bonding between the mixture compositions [18,21]. These results sug-
gest the potential of GS/CTP (90/10), GS/CTP (70/30), and GG1/CTP
(70/30) composites in applications that require high mechanical
performance.

4. Conclusion

The efficacy of using coal tar modified through air-blowing as a
binder for coal fines composite production, alongside exploring the
feasibility of dimethylpolysiloxane as an alternative binder was studied.
The effects of binder quantity and coal fine quality on the phys-
icomechanical properties and chemical structure of the composites were
evaluated. Heat treatment of coal tar at 400 °C/9 h using the air-blowing
method yielded a high-quality binder pitch composed of mesophase.
Increasing the amount of CTP enhances the fusibility, compaction, and
homogeneity of the CTP and coal fines during pyrolysis. GS-based
composites recorded the worst weight loss (17.43 %) during pyrolysis.
The produced composites possess acceptable water absorption levels
(0-25 %) and most exceeded the minimum compressive strength
requirement of 35 MPa for typical building materials. Notably, certain
mixture ratios (GG1/CTP (90/10), GS/CTP (70/30), and GG1/CTP (70/
30)) yielded composites of excellent flexural strength of up to 150 MPa.



M. Vatsha et al.

These promising findings suggest the feasibility of modifying coal tar as
a binder for coal fines via the pyrolysis technique to achieve cost-
effective and desirable architectural composites. Continuous evalua-
tions such as flammability assessment, environmental impact, and
thermal stability are being conducted to verify further the suitability of
these composites.
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