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Abstract. This research examines the use of coal-
processing wastes of Shubarkol deposit (Kazakhstan) in
obtaining useful materials such as carbon fibers. For our
experiments, mesophase pitch was obtained by coal tar
heat treatment at 773 K. Spinnable solution was prepared
by crushing mesophase pitch into the pieces with adding
poly(methylmethacrylate) as a fiber-forming material and
1,2-dichloroethane as a solvent. Elemental analysis
revealed that the chemical composition of mesophase
pitch (C —91.48 %; O — 8.52 %; S — 0.00 %) showed that
heat treatment up to 773 K leads to the complete removal
of sulfur-containing components which affect the
mesophase formation. Raman data of the obtained pitch
revealed the appearance of D (1366 cm™) and G (1605 cm™)
peaks, which are responsible for carbon materials; another
peak at 2900 cm™ shows the presence of C—H bonds.
Carbon fibers with the diameter of 0.8-1.75pum
were obtained by electrospinning method in laboratory
settings.

Keywords: coal tar, mesophase pitch, electrospinning,
carbon fiber.

1. Introduction

Coal is one of the important exponents of fossil
raw material and does not lose its value for many years.
Coal coke is a product of coal pyrolysis, which has found
its application in industry, in the production of steel and
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cast iron, in the chemical industry for its excellent
adsorption performance, processability, efc. During coal
coking process, coal gas, aromatics mixture, ammonia
water and coal tar are extracted. Coal tar pitch is a
possible precursor for carbon fiber production [1-3].

Coal tar is always formed during the production of
coke, which is essential for metallurgy. For example,
«ShubarkolKomir» JSC (Kazakhstan) alone produces up to
35.000 tons of coal tar annually as by-product [4]. Being a
thick black liquid with a specific odor, coal tar is a complex
mixture of aromatic hydrocarbons, heterocyclic sulfur-,
oxygen- and nitrogen-containing compounds. By further
coal tar processing, valuable products such as benzene,
toluene, xylenes, etc., as well as sleeper impregnation oil,
plastics, pitched-based electrodes, binding pitch, carbon
fibers, etc. might be produced [5].

According to the British Petroleum Statistical
Review 2020, in terms of proven coal reserves, Kazakhstan
ranked as 10" in the world (2.4 % of global reserves) and
the 9" among countries in terms of coal output (2.08 % of
world production) [6]. The production of this huge amount
of coal requires the development of a waste-free technology
based on its deep processing. Spinnable mesophase pitch
could be converted into target products with high economic
demand such as carbon fibers. The production of carbon
fibers finds a wide application in medicine, biotechnology,
energy, in treatment facilities, and in construction to obtain
composite materials, aerospace, efc. [7].

One of the intermediate products of coal processing
is coal tar. A product of coal tar processing is pitch. The
two basic types of pitch are anisotropic (mesophase) and
isotropic (non-mesophase). There are two commonly used
methods of converting isotropic pitch into mesophase
pitch. The first method is the production of mesophase by
pyrolysis and the second is the production of mesophase
pitch by solvent treatment. Manufacture of mesophase by
pyrolysis involves heating it under an inert gas such as
nitrogen for approximately 40 h. The optically isotropic
material is transformed into an optically anisotropic liquid
stage mesophase by the heat treatment [8].
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The main disadvantage of coal tar pitch is its high
carcinogenic activity because of the specificity of its
chemical composition with high content of polycyclic
aromatic hydrocarbons and phenols. Three types of
polyaromatic hydrocarbons are classified as extremely
hazardous:  benz(a)anthracene, benz(a)pyrene and
dibenz(a,h)anthracene. Benzo(a)pyrene is an indicator of
carcinogenic hazard, the concentration of which in the air
should not exceed 9 g/m’ [9]. Therefore, by contacting
with coal tar, the rules for working with hazardous
substances should be observed, avoiding exceeding the
maximum permissible concentration of coal tar sintering
products in the air under laboratory conditions.

On an industrial scale, coal tar could be processed
into three product groups: 1) aromatic hydrocarbons such
as naphthalene, xylenols, individual cresols, phenols; 2)
various lubricants, coatings, and technical oils; 3) raw
materials for the production of carbon-graphite materials
such as coal tar pitch and pitch coke.

Carbon fibers are promising materials that
outperform other materials in their unique characteristics
such as high chemical resistance, high tensile strength, light
weight, and low coefficient of thermal expansion [10, 11].
These fibers could be obtained by electrospinning method.
The technique of electrospinning is a complex
physicochemical process that depends on many factors and,
primarily, on the choice of the precursor and its preparation
[12, 13]. Polymers are the most widely used fiber-forming
materials. In our research we used
poly(methylmethacrylate) as a fiber-forming material as
common and available polymer. The main goal of this work
was to obtain fibers from coal-processing wastes such as
coal tar using electrospinning method [14].

In our previous work [15], we obtained carbon
fibers by the electrospinning method with the diameter of
2-9 um. To obtain mesophase pitch, coal tar was heated
up to 673 K with heating rate of 15 K/min in argon
atmosphere. Studies have shown that the processing of
coal tar makes it possible to obtain unique materials with
the prospect of obtaining materials of the nanoscale range.

The physic-chemical characteristics of the
feedstock and the temperature regime of its processing
affect the occurrence of mesophase changes. The quality
of the pitch is determined by the presence of sulfur-
containing components and insoluble residues [16].

In this research, carbon fibers were produced with
the thinner diameters of 0.8—1.75 um by electrospinning
method. The transition of carbon pitch into the mesophase
structure occurs through the formation of an intermediate
isotropic-mesophase structure under the influence of
temperature. Coal tar heat treatment up to 773 K led to the
complete removal of sulfur content in mesophase pitch.
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The process of the mesophase formation is influenced by
the initial composition of the original pitch and also by the
presence of heteroatoms in the pitch content. The
heteroatoms in the molecule of the resulting pitch affect
the formation of the mesophase itself. An increase in the
content of oxygen and sulfur in obtained pitch affects the
graphitability of the system, which sharply decreases, for
example, with a sulfur content of 5-9 %, the formed
carbon does not form a graphite structure. This effect of
sulfur is explained by the occurrence of reactions of
dehydrogenation and crosslinking of layers of
macromolecules in crystallites and, as a result, by a
decrease in their mobility [17].

One of the methods for producing fibers is spinning
them from polymer solutions. Electrospinning is a process
that leads to the formation of fibers under the action of
electrostatic forces on an electrically charged solution
flow [18, 19]. This method consists in the fact that an
electric voltage is applied to the solution passing through
the capillary of the dosing device in the range from 1 to
100 kW [14]. Such high voltage values induce similar
electric charges in the solution, leading to the pulling of
the solution into a thin flow due to the Coulomb
electrostatic interaction [20, 21]. Due to the evaporation of
the solvent, the filaments of the solution harden under the
action of electrostatic forces and turn into fibers with a
transition to a grounded substrate (collector) having the
opposite electric potential. The fiber collector should have
an excellent electrical conductivity [15].

Carbon fibers are an extremely important carbon
material, which are mostly used for the production of
composite, heat-shielding, chemically resistant and other
types of carbon fiber reinforced plastics. Fibers based on
poly(acrylonitrile) are relatively expensive. The solution to
the problem is to develop a technology for the production
of mesophase pitch as a raw material for the production of
high-modulus, high-strength carbon fibers based on cheap
raw material as coal tar for producing carbon fibers with
high physical and mechanical properties.

2. Experimental

2.1. Materials

Coal tar formed during the coking of Shubarkol
deposit coals (Kazakhstan) was used. Some characteristics
of coal tar: viscosity at 353 K is 3.0 conventional degrees,
density at 293 K is 1060 kg/m’, coking capacity is 2.0—
3.5%; flash point is 388 K; softening temperature is
338 K; volatile matter is 83.0 %. As a solvent, we used
1,2-dichloroethane (Sigma-Aldrich, Germany). Poly(methyl
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methacrylate) (Sigma-Aldrich, Germany) was used as a
binder.

2.2. Methods of Analysis

To determine the surface structure and morphology
of the obtained carbon fibers we used Quanta 2001 3D
scanning electron microscope (FEI Company, USA);
accelerating voltage 30 kV (provided by the National
Nanotechnology Laboratory at the al-Farabi Kazakh
National University). For registration of Raman spectra,
we used an Integra Spectra probe-scanning microscope by
a laser with a wavelength of 473 nm. The sample was
supported as a thin replica on a glass substrate. The CCD3
spectral detector had the wavelength of 632.8 nm (20 mV)
with the spectral line width of 2.08 cm™. Device
parameters: power 35 mW, solid-state laser, grating
600/600 (provided by the National Nanotechnology
Laboratory at the al-Farabi Kazakh National University).

—

Fig. 1. Schematic diagram of laboratory installation for coal tar
pitch obtaining: 1 - gas cylinder (argon); 2 - laboratory
autotransformer; 3 — thermostat; 4 — quartz reactor; 5 — gas
outlet flask controller; 6 — gas outlet

2.3. Preparation of Mesophase Pitch

Mesophase pitch was obtained by coal tar heat
treatment at 773 K with a heating rate of 15 K/min by
holding at 773 K for 3 h in an argon medium. Argon
consumption was 80 cm’/min. The initial coal tar was
placed in dried and weighed porcelain “boat” (Fig. 2a).
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Fig. 2. Initial coal tar (a) and after heat treatment
at 773 K (b)
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The heat treatment was conducted in a quartz
reactor (Fig. 1) with the diameter of 30 mm. Then the
reactor was cooled and coal tar pitch was removed. After
removal from the reactor, the “boat” was weighed to
determine the mass loss of the final product (Fig. 2b).

Heat treatment of the original coal tar turned it
from a viscous state to a solid one, and the final product
increased in volume. Removal of low-boiling fractions in
the form of vapours led to the formation of mesophase
pitch with a porous structure as a friable spongy material.

2.4. Preparation of Carbon Fibers

The electrospinning method as a complex physic-
chemical process depends on many factors and, largely,
on the choice of the precursor and its preparation.
Polymers are widely used fiber-forming materials. In our
research we used poly(methyl methacrylate) as a binder.

The technological scheme of carbon fibers
production from coal tar consists of the following stages:
preparation of raw materials at 773 K; dissolving of pitch
and poly(methyl methacrylate) in 1,2-dichloroethane;
electrospinning process; stabilization of the obtained
fibers in an oxygen atmosphere, carbonization in an inert
atmosphere.

Electrospinning Jet

Solution

Pump

Collector

Fig. 3. Scheme of electrospinning installation

For the process of electrospinning, the obtained
pitch was crushed and 1,2-dichloroethane was added. For
uniforming, the resulting mixture was placed for 25 min in
an ultrasonic bath. Poly(methyl methacrylate) as a binder
was also mixed with 1,2-dichloroethane and put in an
ultrasonic bath for 25 min. Their common mixture in 1:1
ratio was placed in an ultrasonic bath for 35 min.

Electrospinning (Fig. 3) occurs when the electric
field between the electrodes and the electrostatic forces
between the charges accumulated in the spinning solution
overcome the surface tension of the solution. The action
of the repulsive force between the same charges stretches
the viscoelastic flow of the molding solution. Fig. 6 shows
the obtained fibers with the diameter of 0.8—1.75 pum,
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where the structural elements take the form of filamentary
formations.

3. Results and Discussion

A sample of coal tar before and after the heat
treatment process was weighed to determine the post-
treatment mass loss. It was found that the weight loss
during heat treatment at 773 K was 70 % of the original
weight. This is because heat treatment leads to the
removal of volatile fractions from coal tar.

The results of the elemental analysis showed the
elemental composition of obtained coal tar pitch
composed by weight percentage: C — 91.48%, O —
8.52 %. In our previous research [15], coal tar was heated
up to 673 K and the elemental analysis showed a sulfur
content of 0.73 % in the coal tar pitch, whereas the heat
treatment of the coal tar to 773 K results in complete
sulfur removal. Fig. 4 shows the optical microscopy
image of coal tar pitch after the heat treatment at 773 K.
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Fig. 4. Coal tar pitch after heat treatment at 773 K
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Fig. 5. Raman spectrum of coal tar pitch
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The process of mesophase formation depends not
only on the initial pitch composition, but also on the
presence of heteroatoms in pitch molecules. An increase
in the content of oxygen- and sulfur-containing
compounds in pitch reduces the graphitability of the
system and the resulting carbon does not form a graphite
structure. This effect of the sulfur-containing component
is explained [16] by the occurrence of dehydrogenation
and cross-linking of macromolecule layers in crystallites
and, as a result, by a decrease in their mobility.

Fig. 6. Electron microscopic images of carbon fibers

Raman spectroscopy analysis was carried out under
excitation by unpolarized radiation of a semiconductor
diode laser at the wavelength of .. = 473 nm. Fig. 5
shows a Raman spectrum, which makes it possible to
evaluate the effect of heat treatment on the degree of
graphitization of the initial coal tar, where the peaks D and
G characterize the carbon materials [22]. The peak
position of G (1605 cm™) with the I; intensity of 605
units indicates the formation of nanocrystalline mesophase
centers; the D peak at 1366 cm’™ with the I, intensity of
393. The intensity of G is higher than D indicating less
disorder due to defects. The peak at 2900 cm™ shows the
presence of CH— bonds specifying the inclusion of
polymers in the pitch composition.

SEM image analysis of carbon fibers (Fig. 6)
obtained from coal tar pitch showed that the diameters of
the obtained carbon fibers were 0.8—1.75 pm.

The resulting fibers were subjected to oxidation in
the air stream at 573 K for 1 h to improve their strength
characteristics. The carbonization of the obtained fibers
was carried out in a nitrogen atmosphere. The carbonized
fibers were then graphitized under tension by passing the
electric current through them while electrical heating
occurred.
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The interest in carbon fibers production is caused
by the fact that the mechanical properties of these
materials, such as tensile strength, bending and
compression, and elastic moduli increase with decreasing
fiber diameter and achieve a theoretical limit when
reaching the nanoscale level [23].

4, Conclusions

Our research confirms the possibility of using coal-
processing wastes of Shubarkol deposit (Kazakhstan) for
production of useful materials with high added value such
as carbon fibers. Using electrospinning method, in
laboratory settings, we obtained carbon fibers with the
diameters of 0.8—1.75 pm.

The electrospinning method does not need high
process chemistry specifications and high filamentsolidifi-
cation temperatures, and thus enables the production of
fibers from elongated and complex molecules. This
method allows us to develop a new technology for
processing large reserves of coal, particularly, in
Kazakhstan, into high-technological products. This
technique is a complex, profitable and simple method for
carbon fiber production. It makes it possible to obtain
valuable materials from coal processing wastes. By
processing Shubarkol's coals into pitch, it would be
possible to obtain useful materials for further application
in the production of carbon fibers outside the laboratory
conditions. For industrial scale applications, further
process improvements are required.
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KOMIIO3UIIIIMHI BOJIOKHA HA OCHOBI
ME30®A3HOI'O MEKY KAM‘THOBYT UIbHOI
CMOJIK, OTPUMAHUX METOJIOM
EJIEKTPOCIIIHIHTY

Anomauyin. Jlocniodceno  MONCIUGICMb  GUKOPUCTIAHHSL
6i0x00i6 nepepobnentsi gyeinia pooosuwa ILllybapkons (Kazaxc-
mam) O OMPUMAHHA MAKUX KOPUCHUX MAMepianie, K eyeneyesi
eonoxna. Tepmiunum 0OpoGIeHHAM KaM SHOBYILIbHOI cMOMU 34
773 K o0epoicano mesogpaznuti nex. Ilpuecomosnero cninicosuii pos-
YuH NOOPiOHEeHHAM Me30¢hazHoe0 neKky 3 000ABaHHAM NOLi(Memu-
Memakpunamy) K 60J0KHOYMEopl1ozo Mmamepiary ma 1,2-
OUXTIOPEMAHY SIK POSYUHHUKA. 3a OONOMO20I0 eNeMEHMHO20 AHAI3Y
niomeepodiceno, wo mepmoobpobnenns 3a 773 K npusooums 0o
NOBHO20 BUOANEHHS CIDKOBMICHUX KOMNOHEHMIS, SKI BNIUBAIOMYb HA
ymeopennss mezopazu (ximiunuii cxiad mezogasnoeo neky C —
91,48 %; O — 852%; S — 0,00 %). Ilpucymnicme eyeneyegux
mamepianig i 36's3xie C—H niomeepodiceno oanumu pamaniecokoi
cnexmpockonii (nixi D (1366 ecv™) ma G (1605 ex™), nix npu
2900 cx”, 6ionosiono). Memodom enekmpocninmingy 8 Aa6opamopHux
yMoBax odepoicaro gyaneyesi onokua oiamenmpom 0,8—1,75 mxm.

Knrouosi cnosa: xam'snosyeinbna cmona, mezopasna cmo-
24, eneKmpOoChiHine, gyeneyege 8010KHO.



