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ABSTRACT

Coal combustion for energy has not only wasted the hydrogen-rich volatile
matters but also results in CO, emission causing serious environmental issues.
An integrated coal pyrolysis and solvent extraction process under elevated
temperatures in an inert atmosphere is implemented to convert as-mined coal
from Wyoming Powder River Basin to functional carbon elements such as
pyrolysis char (PC). This paper presents the development and fabrication of new
carbon-based structural unit (CSU) using pulverized PC and two coal-derived
pitches (mesophase pitch and tar pitch) to attain high compressive strength
greater than 30 MPa, low thermal conductivity less than 0.30 W/m K, and low
density less than 1.25 g/cm®. CSUs have the potential to overcome the current
challenges with cement and concrete through pressurized fabrication followed
by carbonization. This study aims to develop CSU with nearly 100% coal-
derived carbon material for structural application in buildings. The effects of
pressing pressures, carbonization temperatures, and binder contents on the
density and mechanical and thermal properties of CSU samples are investi-
gated. The study concludes that mesophase pitch produces a better performance
of CSU samples, a combination of 100 MPa pressing pressure and carbonization
temperature of 900 °C yields the highest compressive strength, and a 25% MP
content is recommended for low-cost CSU fabrication. CSU has a much lower
density, lower thermal conductivity, higher compressive strength, and higher
strength-to-density ratio than normal concrete.
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Introduction

Coal is a limited and non-renewable carbonaceous
fossil fuel containing mostly carbon with variable
amounts of other elements, chiefly hydrogen, sul-
fur, oxygen, and nitrogen [1]. Coal, as a carbon-rich
resource, is considered the “dirtiest” of fossil fuels in
terms of carbon dioxide production from direct coal
combustion. Direct combustion of coal for energy
supply not only wastes hydrogen-rich volatile matter
but also results in serious pollution. Therefore, the
alternative conversion of coals into carbon-based
materials for building construction instead of direct
combustion has attracted increasing attention [2, 3].
Coal can be pyrolyzed to produce volatile and pyr-
olyzed char (PC), followed by the separation of
volatile for pyrolyzed gas and tar Zhang et al. [4]. An
integrated coal pyrolysis and solvent extraction pro-
cess under elevated temperatures in an inert atmo-
sphere has been invented at the University of

Wyoming (UW) under the patent (WO 2019/0055529)
to convert as-mined coal to functional carbon ele-
ments, such as PC. Figure 1 illustrates the technical
process of manufacturing the PC as well as other
extracts and residues from the Wyoming Powder
River Basin (PRB) coal. Comprehensive use of coal
and coal-derived materials has been extensively
investigated for a wide range of innovative applica-
tions such as activated carbon [5-7], carbon fiber
[8-10], carbon foam [11-13], graphene/carbon dots
[14-16], ceramics [17, 18], and construction materials
[2, 19]. The PC, obtained at low temperatures, has
different applications, such as combustion for heat
[20, 21], gasification of char solids for organics, and
soil amendment [22, 23]. A large proportion of fixed
carbon will be retained in solid residue after the
gasification process. The conventional approaches of
utilizing PCs would not be environmentally friendly
or cost-effectively. For example, direct combustion of
PC will release carbon dioxide and other air pollu-
tants, resulting in severe environmental issues [2].

Figure 1 Coal pyrolysis and
solvent extraction process to
convert coal as PC for CSU
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However, a promising application is to utilize the PC
as a building material for structural elements like a
beam, column, and foundation. Very limited studies
[3, 24] have been conducted to use coal-char to pro-
duce carbon-based construction materials that are
comparable to building materials, such as normal
concrete and concrete masonry. These researchers
fabricated disks of 12 mm diameter by 6 mm thick
from pulverized metallurgical coke bonded with coal
tar pitch (CTP), followed by carbonization. They
reported tensile strengths ranging from 10 to 60 MPa
and densities ranging from 1.01 to 1.4 g/cm®
depending on the composition which is stronger and
lighter than normal concrete. In the previous studies,
only split tensile strength and densities have been
investigated for disk samples prepared with coke and
CTP and compared with OPC. But it is more impor-
tant to investigate compressive strength, which is
emphasized in this research, along with the other
properties of the carbon building materials to com-
pare with concrete as concrete is used mostly to resist
compression.

Carbon-based building materials can be fabricated
from PC and coal-derived mesophase pitch (MP) or
coal tar pitch. PC is a solid filler material, and coal-
derived MP or CTP works as the binder material.
Because of the unique properties of PC, such as
considerable specific surface area (~ 275 m*/g) and
porous channel of PC [2], coal-derived MP or CTP
can flow into the PC bed and bond with PC during
the carbonization process. In addition, coal-derived
MP or CTP can be carbonized to form carbon-based
building material. The carbon-based material should
provide better insulation properties than concrete
with relatively lower thermal conductivity due to low
density as well as better mechanical strength from
carbonization. In addition, concrete has durability
problems due to bleeding [25], honeycombing [26],
alkali-silica reaction [27], steel corrosion [28], efflo-
rescence [29], and heterogeneity of the materials [30]
that cause real challenges for concrete constructions.
Concrete is also a major CO, emitter causing global
warming because it uses cement as a binder and for
every ton of cement production almost a ton of CO; is
emitted [31]. The higher density of concrete added
higher dead loads on the structural elements that
demand larger cross sections. Carbon-based struc-
tural units (CSU) have the potential to overcome the
current challenges with concrete constructions
through pressurized fabrication followed by

carbonization. In addition, at the end of its serving
life, the carbon-based building material could be
recycled for soil amendment rather than landfilling.
In this way, the environmental issues caused by
carbon dioxide emissions could be eliminated
through the deposition of carbons in buildings.

In this study, CSUs are developed using pulverized
PC and coal-derived mesophase pitch to attain high
compressive strength, low thermal conductivity, and
low density. The PC powder and pulverized meso-
phase pitch are mixed by a ball mill and then made
into a cylindrical shape with a pressing steel mold
followed by carbonization. Regarding serving as a
building material, purity is not important for ambient
temperature construction, and graphitization is not
required. Therefore, the carbonization process can be
carried out at relatively low temperatures [3]. This
study aims to develop CSU with nearly 100% coal-
derived carbon material for structural application in
buildings such as load-bearing structural elements.
The CSU should have high mechanical strength
(compressive strength > 30 MPa), lightweight (den-
sity < 1.25 g/ cm®), and high thermal-insulating
property (thermal conductivity < 0.30 W/m.K).

Materials and methods
Pyrolyzed char

The PCs produced from the Wyoming PRB coal are
obtained after pyrolyzed at a temperature of 850 °C,
and the yield rate of PCs from coals is 46.3%. The
chemical composition of the PC is given in Table 1
where the major components are determined by
proximate analysis and the metal contents are
determined by X-ray fluorescence (XRF). It shows the
dominant material is fixed carbon while a small
amount of few metals (chromium, copper, and lead)
are detected. Maximum values for surface coatings
and substrates—other than modeling clay—included
as a part of a toy are recommended for arsenic < 25
ppm, cadmium <75 ppm, chromium < 60 ppm,
lead <90 ppm, mercury <60 ppm, and sele-
nium < 500 ppm [32]. In addition, heavy metal con-
tents in electrical and electronic equipment are
regulated to restrict lead < 0.1 wt%, mercury < 0.1
wt%, hexavalent chromium < 0.1 wt%, and cad-
mium < 0.01 wt% [33]. Accordingly, the PCs from
Wyoming PRB coals present extremely low metal
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Table 1 Chemical composition of the pyrolyzed char

Category Material Content
Major components Ash (%) 15.96
Volatile Matter (%) 1.2
Fixed Carbon (%) 79.87
Moisture (%) 297
Metal components Arsenic (mg/kg) 3
Cadmium (mg/kg) Not detected
Chromium (mg/kg) 9
Copper (mg/kg) 14
Lead (mg/kg) 1

Not detected
Not detected

Mercury (mg/kg)
Selenium (mg/kg)
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Figure 2 XRD patterns of the char samples pyrolyzed at five
different temperatures.

contents and meet the requirements of heavy metal
content limits specified in the ASTM F963-17 and EU
RoHS 2013.

Figure 2 shows the X-ray diffraction (XRD) test
results of PC samples pyrolyzed at five temperatures
from 600 to 900 °C. The intensive broad peak (0 0 2),
which corresponds with the graphitic basal plane, is
observed at 20 values of 20° to 30°. The broad peak (1
0 0) at about 43° corresponds with the graphitic
crystalline features of the PC sample [34]. The slight
increase in these peak values with increasing pyrol-
ysis temperature from 600 to 900 °C is attributed to
the stable aromatic form of the carbon species. The
two sharp peaks are observed at 21-26° and a few
moderate peaks are observed at 50°, 60° and 68°,
which are attributed to the presence of a low per-
centage of inorganic silica in all the PC samples.
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Figure 3 FTIR analysis of the char samples pyrolyzed at five
different temperatures.

The Fourier transform infrared (FTIR) testing
results of the PC samples pyrolyzed at five different
temperatures of 600 °C, 700 °C, 800 °C, 850 °C, and
900 °C are compared in Fig. 3. The FTIR results show
valuable surface information about the PCs. The
decomposition and evaporation of the organic matter
during the pyrolysis of coal cause the disappearance
of the vibrational bonds and a reduction in the
intensity of the bands. The wavenumbers around
2910-1430 cm ™" correspond to the stretching alipha-
tic CH and bending aliphatic CH, respectively [35].
Although the shapes of the FTIR characteristic curves
demonstrate similar peak locations, the weakening
and disappearance of the stretching aliphatic and
bending aliphatic CH groups for the PC from pyrol-
ysis temperatures of 600-900 °C are attributed to the
decomposition of the organic matter, which turns
into the graphitic-like carbon. The PC samples
obtained from pyrolysis temperatures of 600-900 °C
still maintain a significant amount of stretching C-O.
The peaks of the stretching C-O bond weaken with
the increase in pyrolysis temperature. This could be
attributed to the conversion of the C-O bond to
possibly carbon monoxide and carbon dioxide
escaped during the pyrolysis process involving the
decomposition of organic matters at temperatures
ranging between 700 and 850 °C. On the other hand,
the melting but no decomposition of organic matter
at 600 °C yield a slightly different FTIR spectrum and
higher stretching C-O bond and other functional
groups [2]. A relatively higher stretching C-O bond
detected in PC-850 could be attributed to the
decomposition of lower organic matter content
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Figure 4 SEM image of the char sample pyrolyzed at 850 °C.

remained in the PC (only 1.2% volatile matter
remained in PC-850 as shown in Table 1) and lesser
reactions occurred during the pyrolysis at 850 °C. The
increasing degree of graphitization above 900 °C
continues to weaken the C-O bond.

This C-O functional group can provide a unique
advantage for decomposing unstable hydrocarbons
(-CH,) during oxidation of CSU. The reaction of —
CHjy and the oxygen-containing groups produces the
—CH,OO0H, which further forms the free radicals of —
CH,O: and OH.. The OH- participates to form the
H,O through hydrogen abstraction, and the -CH,O-
gets stabilized to form hard carbon-carbon bond [36].
Finally, the carbonization process removes heteroa-
toms from the molecules and forms stable structures
in the CSU, which gives rise to excellent mechanical
properties.

The scanning electron microscope (SEM) image of
the PC pyrolyzed at 850 °C is shown in Fig. 4. The PC
presents as a smooth material with conchoidal frac-
tures and rare bubbles that are generated from mel-
ted organic matter during the pyrolysis process.
These fractures and bubbles leave a cavity in PC and
create a considerably high Brunauer-Emmett-Teller
(BET) surface area determined from nitrogen
porosimetry analysis in accordance with ASTM
D6556-21. The BET surface areas of PC are deter-
mined as 98 m*/g, 272 m*/g, 270 m>/g, 262 m*/g
and 233 m’/g for the corresponding pyrolysis tem-
peratures of 600 °C, 700 °C, 800 °C, 850 °C and
900 °C, respectively [2]. The average pore size of PC
is reported as 1.4 nm. High surface area and those
cavities increase the contact surface for binding the
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MP with PC, which increases the mechanical prop-
erties of CSU.

The proximate analysis shows that the volatile
matters decrease with the increase in pyrolysis tem-
perature from 20.9% at 600 °C [2] to 1.2% at 850 °C
(Table 1). The ultimate analysis shows that the fixed
carbon contents increase with the increase in pyrol-
ysis temperature from 69.55% at 600 °C [2] to 79.87%
at 850 °C (Table 1). Comparing PC-600, PC-700 and
PC-800, PC-850 and PC-900 are better choices as the
feedstock for CSU fabrication considering higher
fixed carbon, more stable bonds with fewer func-
tional groups, and lower volatile organic matters. On
the other hand, PC-850 has a higher BET surface area,
a higher sample yield from pyrolysis, and requires
lesser energy input than that of PC-900. In addition,
the higher C-O functional group in the PC-850 will
facilitate the decomposition of unstable hydrocarbons
during oxidation stabilization. Thus, PC-850 is
selected as the precursor for developing the CSU as a
potential building material.

Mesophase pitch (coal) and coal tar pitch

A commercially available coal-derived mesophase
pitch (MP) and a coal tar pitch (CTP) is investigated
as a binder in the development of the carbon struc-
tural unit (CSU). The softening point is located
between 220 and 280 °C for MP and between 140 to
300 °C for CTP. Figure 5 shows the thermogravi-
metric analysis (TGA) curve of the coal-derived MP
sample, and no significant weight loss is observed up
to 260 °C. The first relatively large weight loss of
about 3% is observed at around 347 °C, which is due
to volatilization or decomposition of low molecular
weight pitch components. The major weight loss of
about 15% is observed at around 650 °C, possibly due
to the decomposition of the heavy pitch molecular
weight component. Finally, the residual weight at
950 °C is about 66%. Figure 6 shows the TGA curve
of the CTP sample, and no significant weight loss is
observed up to 120 °C. The first relatively large
weight loss of about 2% is observed at around 127 °C,
which is due to volatilization or decomposition of
low molecular weight pitch components. The major
weight loss of about 25% is observed at around
335-435 °C, possibly due to the decomposition of the
heavy pitch molecular weight component. Finally,
the residual weight at 950 °C is about 50%.
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Figure 7 XRD patterns of MP (coal) and CTP samples.

The XRD spectra of MP and CTP are compared in
Fig. 7. The broad diffraction peaks at 20 of 25.4-43°
correspond to (002) crystal planes due to the stacking
of aromatic layers and (100) crystal face reflection
demonstrating the graphitic crystalline feature of the
sample, respectively. It is found that the intensity of
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Figure 8 FTIR spectra of MP and CTP samples.

the peak at 25.4° is higher for MP, indicating a higher
stable aromatic form of carbon species in the MP than
that in the CTP.

FTIR spectra shown in Fig. 8 indicate valuable
information on the surface properties of MP and CTP.
The major peaks and corresponding functional
groups are indicated in the figure. The peaks around
3050 cm ™" are related to the aromatic C-H stretching.
FTIR bands ranging from 2800 to 3000 cm ™' are due
to CH stretching alkanes such as aliphatic and ali-
cyclic CH;, CH, and CH. The peaks around
1600 cm™! are from C=C stretching cyclic alkane.
Peaks observed in the range of 700-900 cm™' are
related to aromatic, out-of-plane, and C-H bending
[37]. The MP has a slightly higher peak than CTP at
1200 cm ™" for the C-O functional group, which
facilitates the decomposition of unstable hydrocar-
bons [36]. FTIR can be a useful technique to estimate
the aromaticity index. The aromaticity indices (I,;) of
MP and CTP can be calculated using absorbance
values at 3050 cm ™' and 2920 cm™' given by Eq. (1)
[38]. In Eq. (1), h3psp is the peak height of aromatic C—
H stretching mode at near 3050 cm ™}, and ho9og is the
peak height of aliphatic C-H stretching mode at near
2920 cm ™. The calculated aromaticity index of MP at
49.97% is slightly higher than 47.91% of the CTP.

Loe = h3050/ (h3050 + H2920) (1)

The shape and shift of the Raman peak of organic
materials reveal the atomic and molecular level
vibration information of aromatic ring structure [39].
Figure 9 shows the Raman shift of MP and CTP with
the major peaks and corresponding functional groups
[40]. The MP has higher peak intensity than CTP for



J Mater Sci (2023) 58:757-772 763

Aromatic azo

=CH2

—— MP(coal) X
——CTP P-H r;’-\rtomatlic/ : c=s
etero r:|ng iAromaticring
b oo f
L s
i ]

Intensity

_._‘E___.Mw.ml..nw*w.-nuJi ad ;ll_..ug_y ill‘u Taral

. T T T T .
3000 2500 2000 1500 1000 500
Wavenumber (cm-)

Figure 9 Raman spectra of MP and CTP samples.

the functional groups of C-S, C-O, aromatic azo and
P-H at 770 ecm™', 805cm™', 1365cm™', and
2330 cm ™', respectively. CTP has higher peak inten-
sity than MP for the functional groups of C=S, alkyne
and =CH, at 575 cm !, 2100 cm™}, and 3050 cm™},
respectively. The higher major aromatic peaks of MP
between 800 to 1100 cm™ "' and at 1590 cm™" indicate
that MP has a higher aromaticity than CTP. This
Raman result agrees with that from the FTIR analysis.
Hence, MP is expected to be a better binder than CTP
in the manufacturing and performance of CSU
samples.

CSU sample fabrication

A new building material known as carbon-based
structural units (CSU) is developed by mixing coal-
derived MP or CTP with PC from PRB coal in various
content ratios, pressing pressures, and carbonization
temperatures. In addition, samples made with pure
coal-derived MP are also prepared for comparison.
Here, the coal-derived MP and CTP work as the
binders whereas PC is the solid filler. The procedure
for making carbon-based building material samples
is illustrated in Fig. 10. The mixture is ball milled in
water at 300 rpm for 12 h, dehydrated in an oven at
150 °C for 24 h, and then compacted into a steel mold
to form cylindrical samples under pressing pressure.
An oxidation stabilization process is conducted by
firstly heating the compacted sample to 245 °C in an
air environment at a rate of 0.5 °C/min and holding
the sample at this temperature for 12 h before natu-
rally cooling it down to room temperature of 25 °C at
a rate of about 2 °C/min to avoid potential thermal

shock in the CSU sample. Next, a carbonization
process is conducted by heating the different samples
to 700, 800, 900, 1000, 1200, and 1600 °C, respectively,
under nitrogen flow at a heating rate of 1 °C/min.
The specific temperature is held for 1 h and cooled
down at a cooling rate of 2 °C/min. The fabrication of
these carbonized cylindrical CSU samples is com-
pleted for laboratory testing to determine their
properties and performances. A total of 18 batches of
CSU samples and at least 3 samples for each batch are
fabricated with different binders, mixing ratios,
pressing pressures, and carbonization temperatures
as presented in Table 2.

Laboratory tests for CSU samples

FTIR is used to identify the compliment functionality
between binder pitch and PC, as well as to compare
the chemical functionality of different pitches. The
FTIR spectra are recorded on a Nicolet iS50 FTIR
spectrometer (Thermo Scientific) using the attenuated
total reflectance (ATR) technique. FTIR spectra are
obtained by collecting 32 scans at a resolution of
4cm™' in the measuring range of 4000-400 cm '
wavenumbers. XRD is widely used in the determi-
nation of the crystallinity of carbonaceous material.
XRD is conducted using a Rigaku Smartlab diffrac-
tometer with a Cu Ka radiation source, operated at
40 kV and 40 mA with an angle of reflection, 20,
varied between 10 and 90°. One carbonized CSU
sample from a batch is ground into powder, and this
powder is characterized using the FTIR and the XRD
tests. Thermal conductivity is measured on each CSU
sample using a heat flow meter-Hot Disk TPS 1500
according to ISO 22007-2 [41]. The Hot Disk sensors
are designed to be placed between the plane surfaces
of two sample pieces of the material to be tested.
Power input is maintained at 200 mW for a mea-
surement time of 20 s. Hot Disk Thermal Analyzer-
7.3 software is used to run the test and calculate the
thermal conductivity. Two CSU samples are used for
the thermal conductivity test, and each test is run
three times by flipping the samples each time to
determine the average thermal conductivity. After
each test, probing depth is checked against the sam-
ple thickness to ensure the heat flow does not reach
the outside sample surface. The compressive strength
of the carbonized CSU samples is measured using
Zwick/Roell Z020 compression testing machine
through a force-controlled test. A 20-kN load cell
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Table 2 CSU samples are fabricated with different parameters

Compaction
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Oxidation &
Carbonization

Green CSU

—
NN

groups

Batch number Testing parameters

CSU components

Pressing pressure (MPa) Carbonization temperature (°C)

1 CTP and MP as a binder CTP: PC=1:2
2

3 MP: PC = 1:2
4

5 Pressing pressure MP: PC = 1:2
6

7

8 Carbonization temperature MP: PC = 1:2
9

10

11

12

13

14 Binder content MP: PC = 1:4
15 MP: PC =13
16 MP: PC = 1:2
17 MP: PC = 1:1
18 MP: PC = 1:0

100 1200
1600

100 1200
1600

100 700

200

400

100 700
800
900
1000
1200
1600

100 900

with an extensometer is used with a loading rate of
200 kPa/s. The cylindrical CSU samples are placed
between steel plates, and the axial load is applied
until the axial stress passes the peak and reduces
with increasing axial strain. A 5-N seating-load with a
loading rate of 5 mm/min is applied to the sample to
secure the sample position. TestXpert III-V1.2 soft-
ware is used to operate the testing procedure, collect
the stress—strain data, and calculate the maximum

@ Springer

compressive strength. Two to three CSU samples are
tested in compression to get the average compressive
strength. The types of equipment used at UW for
FTIR analysis, XRD patterns, compression test and
thermal conductivity test are shown in Fig. 11. The
bulk density of the sample is calculated from the
measured sample geometry and mass after
carbonization.
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(c) Zwick/Roell-Z020 machine

_— .

(d) Hot disk TPS for thermal test

Figure 11 UW equipment used for a FTIR, b XRD, ¢ compression and d thermal tests.

Results and discussions
Performances of CTP and MP as binders

The performances of CTP and MP as binders are
compared using test results of CSU samples with a
mixing ratio of binder (CTP or MP): PC = 1:2. Those
samples are prepared with a pressing pressure of
100 MPa and at two different carbonization temper-
atures of 1200-1600 °C. The density, compressive
strength and thermal conductivity comparison are
presented in Figs. 12, 13 and 14, respectively. The
density of CSU samples after carbonization is close to
1 g/cm® for both the samples fabricated with CTP
and MP. The density of CSU samples with MP has
slightly higher densities than the densities of CSU
samples with CTP for both carbonization tempera-
tures. The thermal conductivities of 0.34-0.52 W/m.K
are measured for the CSU samples with MP at
1200 °C and 1600 °C, respectively, whereas the CSU
samples with CTP have a higher thermal conductiv-
ity of 0.46-0.69 W/m.K, at 1200 °C and 1600 °C,

1.10

BCTP:PC=1:2 BMP:PC=1:2

1.05

1.00 -

Density (g/cm?)

0.95 A

0.90 -

1200 1600
Carbonization Temperature (°C)

Figure 12 Density comparison for the CSU samples with CTP
and MP.

respectively. The compressive strengths of 61.7 MPa
and 47.1 MPa are determined for CSU samples with
MP at 1200 °C and 1600 °C, respectively. The
decrease in compressive strength of CSU with MP at
1600 °C is most probably due to 1) the higher degree
of graphitization that exceeds the optimal degree of
graphitization at about 900 °C, and 2) the collapse
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Figure 14 Thermal conductivity comparison for the CSU
samples with CTP and MP.

and/or shrinkage of carbon structure under such
high temperature. The optimal degree of graphitiza-
tion is referenced to the maximum compressive
strength of the CSU samples carbonized at 900 °C
(Fig. 19).

On the other hand, the CSU samples with CTP
have lower compressive strengths of 21-24.3 MPa at
1200 °C and 1600 °C, respectively. The slight increase
in compressive strength at 1600 °C could be attrib-
uted to a lower degree of graphitization than that
experienced in MP, a much higher optimal degree of
graphitization, and the continuous decomposition of
organic matters. The different degrees of graphitiza-
tion between MP and CTP at temperatures greater
than 900 °C can be differentiated using the TGA
results shown in Fig. 5 indicating faster weight loss
(or higher degree of graphitization) in MP and in
Fig. 6 indicating slower weight loss (or lower degree
of graphitization) in CTP. This suggests that the
optimal degree of graphitization in the CTP occurs at
a higher temperature possibly greater than 1600 °C.

@ Springer

The higher compressive strength of CSU samples
fabricated with MP at both carbonization tempera-
tures is attributed to 1) the higher peak for the C-O
functional group, which facilitates the decomposition
of unstable hydrocarbons and induces stronger car-
bon-carbon bonds [36], and 2) a higher aromatic
index that indicates a stronger carbon—carbon bond
matrix. These characteristics are confirmed by both
FTIR and Raman spectra as discussed in Sect. “Me-
sophase pitch (coal) and coal tar pitch”. Considering
the higher compressive strength and lower thermal
conductivity, MP works better as a binder than CTP
in the development of CSU samples. Hence, a com-
prehensive study is conducted on CSU samples with
MP to optimize the properties based on different
pressing pressures, carbonization temperatures, and
percent MP contents.

Effect of pressing pressures

To investigate the effect of pressing pressure, CSU
samples are fabricated at an MP to PC mass ratio of
1:2 with three different pressing pressures of
100 MPa, 200 MPa and 400 MPa, and then car-
bonized at 700 °C. The density, compressive strength
and thermal conductivity comparison are presented
in Figs. 15, 16, and 17, respectively. The density of the
carbonized CSU samples increases from 0.97 g/cm’
at 100 MPa to 1.09 g/cm’ or 12% at 200 MPa and
1.53 g/cm’ or 40% at 400 MPa. Increasing the pres-
suring pressure from 100 to 200 MPa significantly
increases the compressive strength from 42.7 to
85.6 MPa or by about 100%. With the increase in
pressing pressure, the CSU samples are more com-
pacted, the particles are packed closer together, and
the voids between the particles reduce. All these
factors contribute to the increase in the compressive
strength. However, the increase in the pressing
pressure does not necessarily yield the same
improvement in thermal conductivity. In fact, the
thermal conductivity increases slightly from 0.175 to
0.185 W/m.K with the increase in pressing pressures
from 100 to 200 MPa. Further increasing the pressing
pressure to 400 MPa only increases the compressive
strength from 85.6 to 91.5 MPa (i.e., 6.4% improve-
ment) and does not result in the same 100% increases
in mechanical properties as observed from 100 to
200 MPa. In addition, the thermal conductivity
increases from 0.185 to 0.282 W/m.K or 52.4% when
the pressing pressure increases from 200 to 400 MPa.
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Figure 16 Effect of pressing pressures on compressive strength
of CSU carbonized at 700 °C.
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Figure 17 Effect of pressing pressures on thermal conductivity of
CSU carbonized at 700 °C.

Therefore, to attain a relatively high compressive
strength and low thermal conductivity, the pressing
pressures of 100-200 MPa are further investigated to
determine the optimum carbonization temperature.

0O PP=100MPa PP=200MPa

Densities (g/cm3)

700 800 900 1000 1200 1600

Carbonization Temperature (°C)

Figure 18 Densities of CSU samples (MP: PC = 1:2) at six
different carbonization temperatures.

Effect of carbonization temperatures

To understand the effects of carbonization tempera-
tures on the mechanical and thermal properties of
CSU samples, a more comprehensive study is carried
out  considering two  pressing  pressures
(100-200 MPa) and six carbonization temperatures
(700 °C, 800 °C, 900 °C, 1000 °C, 1200 °C, and 1600
°C). The density comparison for the two pressures at
different carbonization temperatures is shown in
Fig. 18. For the pressing pressure of 100 MPa, the
density of the carbonized CSU samples increases
from 0.97 g/cm® at 700 °C, 1.06 g/cm? at both 800 °C
and 900 °C and to the highest of 1.10 g/cm?® at 1000
°C due to the carbonization. The density reduces to
1.04 g/cm® at both 1200 °C and 1600 °C due to the
combination of continuous weight loss, expansion of
pore volume, reappearance of pores, and the collapse
of carbon structure. For the pressing pressure of
200 MPa, the density increases from 1.09 g/cm® at
700 °C to 1.16 g/cm” at 1000 °C with a slight decrease
to 1.14 g/cm® at 1200 °C which further increases to
1.17 g/cm® at 1600 °C. In general, the density
increases with the increase in carbonization temper-
atures up to 1000 °C.

Figure 19 confirms that a higher pressing pressure
results in a higher compressive strength for all car-
bonization temperatures. The compressive strength
firstly increases when the carbonization temperatures
increase from 700 to 900 °C and decreases thereafter
when the temperature increases from 900 to 1600 °C.
The increase in the compressive strength is due to the
increase in the degree of carbonization as confirmed
by the FTIR spectra in Fig. 20. When the temperature
increases from 700 to 900 °C, the peaks of the alkyne
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Figure 20 FTIR analysis of the CSU samples carbonized at three
different temperatures. CSU-700, CSU-900 and CSU-1200
represent the CSU samples carbonized at 700 °C, 900 °C, and
1200 °C, respectively.
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Figure 21 XRD patterns of CSU carbonized at four different
temperatures. CSU-700, CSU-900, CSU-1200 and CSU-1600
represent the CSU samples carbonized at 700 °C, 900 °C,
1200 °C, and 1600 °C, respectively.

@ Springer

0.6

O PP=100MPa PP=200MPa

0.5

0.4

0.3

0.2

01] I
o .

700 800 900 1000

Thermal Conductivity (W/m.K)

]

1200 1600

Carbonization Temperature (°C)

Figure 22 Thermal conductivity of CSU samples (MP: PC = 1:2)
at different carbonized temperatures.

(C=Q) stretching at 2100-2250 cm™' wavenumber
[42] increase but the increase is minimal at a higher
temperature of 1200 °C. The C=C bond is the
shortest and strongest carbon—carbon bond, and it
has the highest bond energy compared to C-C and
C=C bonds. Thus, the conversion of carbon bonds
into C=C bond helps to create a strong bond inside
the CSU and provide higher compressive strength.
Furthermore, a higher temperature than 900 °C
increases the degree of graphitization, which makes
the CSU sample weaker. This increase in the degree
of graphitization reduces the dipole polarization [43]
and decreases the compressive strength of CSU. The
increase in the degree of graphitization is observed
from the XDR pattern of CSU samples in Fig. 21
where the peak (002) at 26 degrees corresponding
with the graphitic basal plane increases significantly
at temperatures higher than 900 °C (i.e., 1200 and
1600 °C). Furthermore, the collapse of carbon struc-
ture at these elevated temperatures reduces the
compressive strength. The CSU samples pressed at
200 MPa and carbonized at 900 °C exhibit the highest
compressive strength of 109 MPa. Meanwhile, the
CSU sample carbonized at 900 °C and pressed at
100 MPa exhibits a relatively high compressive
strength of 88.1 MPa. The thermal conductivity
increases as the carbonization temperature increases
due to the increasing graphitization levels [44] for
both 100-200 MPa as depicted in Fig. 22. The thermal
conductivity increases from 0.18 to 0.52 W/m K for
100 MPa pressing pressure and it increases from 0.19
to 0.57 W/m K for 200 MPa when the carbonization
temperature increases from 700 to 1600 °C. For both
of the pressing pressures, thermal conductivity is
lower than 03 W/m K up to a carbonization
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Figure 23 Effect of MP contents on the compressive strength of
CSU at 900 °C.

temperature of 1000 °C. It can be concluded that the
carbonization temperature for CSU samples made
from MP and PC can be optimized at 900 °C at
100 MPa pressing pressure, to reduce the energy
associated with manufacturing the CSU, with a
compressive strength of 88.1 MPa and thermal con-
ductivity of 0.22 W/m K (Fig. 23).

Effect of binder contents

Selecting 100 MPa as the pressing pressure, 900 °C as
the carbonization temperature and MP as the binder
(described in Sects. “Performances of CTP and MP as
binders” to “Effect of carbonization temperatures”),
CSU samples are prepared to investigate the effect of
binder contents on the compressive strength. For this
purpose, CSU samples are prepared at five MP con-
tents of 20%, 25%, 33%, 50%, and 100% with respect
to the PC. The compressive strength increases from
35 MPa at 20% MP to 113.3 MPa at 50% MP but
decreases to 73.6 MPa at 100% MP content as shown
in Fig. 23. The results reveal that the MP content
increases the compressive strength of CSU with PC as
a solid filler due to increased binding between them.
A weaker CSU sample is produced using 100% MP
without PC because the PC is stable at a carboniza-
tion temperature of 900 °C, due to pyrolysis at
850 °C, which provides structural stability. A 20%
MP (i.e., MP: PC = 1:4) can produce CSU samples
with a compressive strength of 35 MPa which is
greater than the target strength of 30 MPa. CSU at
25% MP (i.e., MP: PC =1:3) is much stronger
(53.8 MPa) than normal concrete with a compressive
strength ranging from 11 to 27 MPa [45]. Comparing
the average density of CSU of ~1.00 g/cm’ with
concrete of 2.8 g/cm?’ [3], the optimized CSU shows

much a higher, over 5 times, strength-to-density ratio
(53.8 MPa cm’/g) than that of concrete (< 10 MPa
cm®/g). Although 33% MP (i.e., MP: PC = 1:2) and
50% MP (i.e., MP: PC = 1:1) can produce CSU sam-
ples with even higher compressive strengths of
88.1-113.3 MPa, respectively, it will increase the
material cost as MP is much costlier compared to PC.
Hence, a mass ratio of MP to PC = 1:3 is suggested as
an optimum mixing ratio for the CSU as a potential
building material with higher compressive strength
and strength-to-density ratio than concrete. In addi-
tion, the thermal conductivity of CSU is lower than
0.3 W/m.K when carbonized at a temperature of
900 °C is lower than that of normal-weight concrete
ranging from 0.6 to 3.3 W/m K [46].

Conclusions

The research was conducted to develop a new
building material known as CSU using coal-derived
pitches and PC from the PRB coal, WY. Coal tar pitch
and coal-derived mesophase pitch are selected along
with the PC in a series of experiments to produce
CSU samples for laboratory testing and characteri-
zation. The effects of pressing pressures, carboniza-
tion temperatures, and binder contents on the
mechanical and thermal properties of CSU samples
are investigated. Compared with normal concrete,
optimized CSU samples with a better engineering
performance in terms of lower density, higher com-
pressive strength, and lower thermal conductivity are
recommended. Based on the experimental results, the
following conclusions are drawn:

1. Coal-derived MP has a better binding capacity
than CTP to produce CSU samples with higher
compressive strengths and lower thermal
conductivities.

2. To attain a relatively high compressive strength

and low thermal conductivity, a 100 MPa press-
ing pressure of 100 MPa can be selected to reduce
the energy associated with manufacturing CSU.

3. The carbonization temperature of 900 °C pro-

duced the CSU samples with the highest com-
pressive strength for the pressing pressure of
100 MPa and this 900 °C can be considered as the
optimized carbonization temperature for samples
made from MP and PC.

@ Springer



770

4. A 25% MP content (MP:PC = 1:3) can be consid-
ered as an optimized MP content for low-cost
CSU fabrication, which has a much lower density,
lower thermal conductivity, higher compressive
strength, and higher strength-to-density ratio
than normal concrete.
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