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Abstract

The results presented herein were obtained by the scientists from Kazakhstan in research areas concerning 
the manufacture of carbon fibres by means of electrospinning from coal tar pitch and polyacrylonitrile, making 
coke from heavy oil residues, investigation of the composition and structures of asphaltenes extracted from the 
natural bitumen of the Munayly-Mola deposit. The precursor for carbon fibres was coal tar, a by-product of the 
treatment of coal from the Shubarkol deposit. The physicochemical characteristics and the composition of coke 
obtained from goudron at the Pavlodar petrochemical plant as a result of preliminary demetallization and desul-
phuration are demonstrated. It is established that the structure of asphaltenes from natural bitumen is more 
ordered and non-amorphous.
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Introduction

Coal is one of the most important representa-
tives of fossil raw materials and has held its value 
for many years. It is used to generate electricity 
and serves as the initial material to obtain a num-
ber of valuable products. Coal coking is accompa-
nied by the emission of coke gas and coal tar, 
which is a complicated mixture of aromatic hy-
drocarbons, heterocyclic sulphur-, oxygen-, and 
nitrogen-containing compounds [1, 2]. 

Natural bitumens, along with heavy oil, are 
non-traditional sources of hydrocarbon raw ma-
terial. Mining and processing of natural bitumen 
are difficult because of its high viscosity and in-
creased content of resin-asphaltene components. 
Much attention is paid to the isolation of natural 
bitumen by means of extraction, thermal and ul-

trasonic action, and in a supercritical fluid medi-
um. Prevalence of heavy oil fractions allows using 
oil-bituminous rocks to prepare bitumen-concrete 
mixtures [3–5].

Carbon fibres can be defined as fibres com-
posed of carbon atoms by 92 % and more [6]. 
Due to the unique physicochemical and me-
chanical properties, carbon fibres and compos-
ites based on them occupy a special position 
among carbon materials. At present, carbon fi-
bres are obtained from various precursors, for 
example, from oil, coal and mesophase pitch; 
polymers (polyacrylonitrile (PAN) and polyeth-
ylene). Studies are carried out aimed at obtain-
ing carbon fibres from the waste product of 
plant raw material – lignin. According to the 
statistical data, the most widespread precursor 
for obtaining carbon fibres is PAN. In the pre-
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sent work, we describe the method to obtain 
carbon fibres from coal tar. 

The main advantages of carbon fibres in com-
parison with other fibres are in their high tensile 
strength, thermal stability, high rigidity, low den-
sity and high chemical stability. All these advan-
tages may be combined with a suitable matrix 
material (epoxy resin and so on) to provide good 
mechanical characteristics of the composite mate-
rials. These composite materials based on carbon 
fibres are characterized by high mechanical prop-
erties in combination with low mass, which makes 
them promising for manufacturing various parts 
instead of using metals and alloys. These advan-
tages predefine the use of these composite materi-
als in the aerospace and defense industry, automo-
bile and aircraft engineering, civil construction 
and other branches. The introduction of light-
weight structures proceeds most intensively in au-
tomobile engineering, which leads to a decrease in 
energy consumption in this branch of industry. 

The first fibres that had been manufactured 
for commercial purposes were made by thermal 
treatment of natural fibres (cotton) by Joseph W. 
Swan in 1860 [7]. In 1879, Th. Edison used carbon 
fibres based on cellulose as filaments in incandes-
cent lamps. Later on, these filaments were re-
placed by tungsten ones [8]. Japanese, British and 
American scientists are considered to be path-
finders on the world market of carbon fibres. For 
example, the first carbon fibres with high tensile 
strength were obtained only in the 1960-es. The 
polymer PAN was used as a precursor of these 
fibres for the first time [9, 10]. 

According to the presented data [11] and mar-
keting forecasts, the market of carbon fibres con-
tinues growing by 10–15 % every year. For exam-
ple, the demand for carbon fibres was about 
98 thousand tons in 2020. This increase in the 
consumption of carbon fibres and composites 
based on them is due to the development of aero-
space and military programmes. 

Relying on scientifically proven theoretical 
data, the International Union for Pure and Ap-
plied Chemistry (IUPAC) classifies carbon fibres 
over five types [6]:

1) ultra-high modulus, UHM: carbon fibres 
with the modulus more than 500 GPa;

2) high modulus, HM: carbon fibres with elas-
tic modulus more than 300 GPa and the ratio of 
tensile strength to elastic modulus less than 1 %;

3) intermediate modulus, IM: carbon fibres 
with elastic modulus up to 300 GPa and the ratio 
of the strength to the modulus more than 1•10–2;

4) low modulus, LM: carbon fibres with elastic 
modulus up to 100 GPa and low strength; these 
are fibres with isotropic structure;

5) high tensile strength, HT: carbon fibres with 
tensile strength more than 3000 MPa and the ratio 
of strength to modulus from 1.5 to 2•10–2.

The most important precursor on the market 
of carbon fibres is PAN, while pitch is used to 
make fibres with specific properties and/or with 
required characteristics. Previously used viscose 
precursor has no commercial significance today. 
The treatment of carbon fibres made from differ-
ent precursors requires different approaches to 
obtain high-quality final products. Treatment 
methods are somewhat similar but differ from 
each other by the conditions and parameters of 
specific processes. The main stages of the treat-
ment of precursor fibres are stabilization (oxida-
tion), low-temperature carbonization, high-tem-
perature carbonization (graphitization), and acti-
vation. 

Coking attracts enormous attention in the 
world as the process for utilization of heavy resi-
dues with the formation of the maximal amount 
of distillates, production of motor fuel, prepara-
tion of the coke of required quality for applica-
tion in various branches of industry. Petroleum 
coke is used in nonferrous metallurgy in the pro-
duction of aluminium, as construction material 
for manufacturing corrosion-proof devices, and in 
cement production.

There are several versions of coking process in 
the industry [12]:

– periodic coking in coke tanks. This process 
involves coke quenching, and lumpy coke for the 
production of electrodes is thus obtained;

–  continuous coking (or fluid cracking). This 
process is carried out in the fluidized bed of pow-
dered heat carrier and aims at the maximal yield 
of distillate fractions;

–  a combined process of thermocontact coking 
followed by steam-oxygen (air) gasification of 
powdered coke (or flexicoking) to obtain synthe-
sis gas in addition to distillates;

– delayed coking. The raw material heated to 
470–510 °C is supplied to coke chambers, where 
thermal cracking proceeds with the formation of 
coke and gaseous products. This process is called 
delayed cracking because the raw material is 
rapidly heated in furnaces and pumped into a 
non-heated hollow chamber where it is gradually 
transformed into coke. 

The yield and quality of coke depend on the 
initial material, but the requirements to it are 
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controversial: on the one hand, the raw material 
should provide a high yield of high-quality coke, 
but on the other hand, it should not coke up the 
furnace coil to provide the conditions for a maxi-
mal run between repairs of the installation for 
delayed coking [13].

During recent years, coke production has been 
characterized by the following features: the en-
terprises note that the coking raw material be-
comes heavier, and the market for the products 
of secondary catalytic processes has appeared [14]. 
It was determined in the studies [15] that coking 
of petroleum goudron with substantial amounts 
of asphaltenes and silica gel resins leads to the 
maximal amount of petroleum coke.

The major methods of raw material prepara-
tion are technologies using oil residue hydrodes-
ulphuration, which include hydropurification of 
straight-run fuel oil (mazut) followed by vacuum 
fractional distillation to obtain the residue for 
coking or hydropurification of vacuum cut, with 
subsequent thermal cracking to obtain low-sul-
phur cracking residue for coking process [16].

To decrease sulphur and metal content in the 
coke, preliminary hydrodesulphuration processes 
were proposed, resulting in a decrease in the con-
centration of sulphur-containing compounds in 
the raw material. However, hydrodesulphuration 
is a complicated and expensive process because it 
requires the equipment operating at high pres-
sure [17].

A method is known that allows obtaining 
products in the installation for delayed coking, 
which includes heating of heavy sulphur-con-
taining oil products to the coking temperature, 
and coking in the reactor in one stage in the pres-
ence of hydrogen [18]. A disadvantage of this 
method is the explosion and fire danger of the 
operation of delayed coking installation when hy-
drogen is used as a reagent. 

In another method of obtaining petroleum 
coke [19], a mixture of heavy oil residues from 
petrochemical and/or oil processing works (in par-
ticular, a mixture of distillate cracking residue and 
goudron) is supplied into the delayed coking cham-
ber, and then the product is treated with hydro-
gen at a temperature of 490–550 °C and pressure 
up to 5 MPa for 8–24 h. A disadvantage of this 
method is its high net cost due to the use of hy-
drogen. 

Other methods of the preparation of raw ma-
terial (for example, alkaline washing, thermal 
and thermochemical methods of coke desulphu-
ration) are characterized by high energy con-

sumption, bring many alkaline or alkaline earth 
metals as impurities into coke, or require addi-
tional thorough investigation [20].

One of the methods of coking oil residues in-
cludes heating of the initial raw material, its 
treatment, preliminary thermopolycondensation 
with subsequent coking of the secondary raw 
material and separation of steam-gaseous prod-
ucts of coking [21]. As a result of the application 
of this method, the yield of coke with respect to 
the initial raw material was 41 %. Disadvantages 
of this method are its complicated flowchart, 
pressure up to 1.5 MPa at which absorption and 
coking are carried out, and the absence of the 
data on the reference parameters of coke quality. 

A known method leading to the improvement 
of the quality of petroleum coke is goudron com-
pounding with other products of oil processing and 
petrochemistry (distillate cracking residues, gas oil 
from catalytic cracking, products of oil pyrolysis, 
and extracts from mineral oil production). This 
method is based on the dilution of raw material 
with low-sulphur additives. Results reported in [22] 
showed that the application of four- or five-com-
ponent compound mixtures decreases the content 
of impurities in the coke by 10–20 % with the con-
servation of the yield at a level of 26–29 %.

So, it is necessary to develop a new inexpen-
sive technology improving the quality of coke, in 
particular, that from high-sulphur raw materials. 
Obtaining coke with required properties and def-
inite structure, one should take into account the 
features of the composition and properties of the 
initial raw material: not only the content but also 
regular arrangement of aromatic rings in polycy-
clic structures, the absence of heteroatoms, rela-
tively low coking ability. 

Attention to the investigation of asphaltenes 
was caused by their negative effect on the prop-
erties of oil systems. For instance, oil with high 
asphaltene content is characterized by high vis-
cosity, which requires the application of expensive 
technologies in order to enhance oil production 
and provide its transportation [23–26]. Asphaltene 
molecule is composed of small aromatic clusters 
connected with each other through methylene, 
sulphide, ester and oxygen bridges. Peripheral 
substituents are non-branched and branched ali-
phatic groups, as well as hydroxyl and carboxyl 
groups. These structures of asphaltene molecules 
are called archipelago (Fig. 1) [27, 28].

It was established that asphaltenes might be 
separated into several fractions. The fraction pre-
cipitating from asphaltene solution in the case of 
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the minimal content of n-alkanes in a binary sol-
vent or precipitating after the addition of p-nit
rophenol is called insoluble, while the fraction 
precipitating from the solution with the maximal 
content of n-alkanes is called soluble [29].

Investigation showed [30] that insoluble frac-
tion, which is composed of dense black lustrous 
particles, contains highly condensed aromatic 
compounds with large molecular mass, high aro-
maticity factor and the low atomic ratio of Н/С. 
Most frequently, this fraction is characterized by 
the high content of metals (V, Ni, Fe), nitrogen 
and chlorine, and low solubility in aromatic sol-
vents. After metal removal, the rate of dissolution 
and solubility increase sharply [31]. 

The authors of [30] showed that an asphaltene 
molecule in the majority of cases contains one 
polycondensed core composed of seven aromatic 
cycles. This statement was based on the generali-
zation of the results of the studies of molecular 
diffusion of asphaltenes by means of time-resolved 
fluorescence detection (TRFD) and fluorescence 
correlation spectroscopy (FCS), comparative ana
lysis of the optical absorption spectra and fluores-
cence of extremely diluted solutions of asphaltenes 
and model compounds, with the application of the 
method of molecular orbitals, the data of high-re
solution transmission electron microscopy (HRTEM), 
X-ray Raman scattering (XRS). In [32], a group of 
researchers confirmed the structure of an archi-
pelago-type molecule for asphaltenes from bitu-
men of the Atabaska deposit (Canada) using the 
single-molecule force spectroscopy (SMFS). It was 
shown that under the action of an external force 
asphaltene molecules from the bitumen of the 
Atabaska deposit behave like long-chain polymers. 

Recently, due to the application of new mass spec-
trometric methods, namely field ionization mass 
spectrometry (FI-MS), electrospraying ionization 
Fourier transform ion cyclotron resonance mass 
spectrometry (ESI-FT-ICR-MS), atmospheric pres-
sure photoionization mass spectrometry (APPI-MS), 
field desorption and ionization mass spectrometry 
(FD-FI-MS), and laser desorption ionization mass 
spectrometry (LDI-MS), generalized in the review 
by Akbarzadeh et al. [33], it has been established 
that the molecular mass of asphaltenes is within the 
range 300–1400 g/mol, 700–800 g/mol on average.

It follows from the results reported in [34] that 
the clusters have fractal structures and are com-
posed of almost 8–10 nanoaggregates. The cluster 
size for different asphaltenes may be 6 to 30 nm, 
or even up to 100 nm, according to some data. 
With further increase in asphaltene concentration 
in the system, floccules or various nanophases of 
flocculated nanocolloids are formed; their size may 
be more than 100 nm, and their aggregation may 
lead to the loss of sedimentation stability of the 
solution. The growth of asphaltene aggregates, 
their flocculation and the loss of sedimentation 
stability are also observed after the addition of 
low-molecular n-alkanes (precipitators) into the 
solution of asphaltenes in toluene (benzene). In 
this case, asphaltene solution will be characterized 
not by the critical concentration of nanoaggrega-
tion (CCNA) by the onset point, that is, precipita-
tor concentration at which asphaltene flocculation 
starts and their precipitation from the solution 
takes place. The data on the stability of asphal-
tene aggregates formed as a result of the addition 
of precipitators are contradictory [35].

Fig. 1. Archipelago-type asphaltene molecule [26].
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CArbon fibres based on coal tar pitch

In the present work, we present the method 
to obtain carbon fibres by means of electrospin-
ning from coal tar pitch. Coal tar pitch samples 
were obtained with the help of thermal treat-
ment of coal tar, which is a complicated mixture 
of the hydrocarbons of aromatic series, hetero-
cyclic sulphur-, oxygen- and nitrogen-containing 
compounds. Coal tar samples may be divided into 
three groups according to their properties: neu-
tral, acid, and basic [36]. According to [37], the 
world production of coke by 2015 was about 
700 million t; as a result, 21–35 million t of coal 
tar was produced, and about 50 % of this amount 
was further processed. Coal tar processing re-
sults in valuable products: benzene, toluene, xy-
lenes and other compounds, as well as sleeper 
impregnation oil, plastics, electrode pitch, carbon 
fibres, binding pitch, etc. 

Preliminary treatment of precursor solution  

for electrospinning 

Coal tar was obtained by processing coal from 
the Shubarkol deposit (Kazakhstan). The resourc-
es of this deposit account for 1.5 milliard t. The 
consumers of special coke produced from the Shu-
barkol coal are the largest plants of Kazakhstan 
(ferroalloy plants Kazkhrom Transnational Com-
pany, Kazfosfat, Kaztsink), Russia and Ukraine. 

Coal tar is dense black liquid with specific 
smell. Its major characteristics are listed in 
Table 1. Mesophase pitch was obtained by ther-
mal treatment of coal tar in the atmosphere of 
argon within temperature range 200–500 °C. The 
argon flow rate was 92 cm3/min. Thermal treat-
ment was carried out in a tubular furnace with a 
quartz reactor 3 cm in diameter. After thermal 
treatment, initial coal tar passes from the vis-
cous-flow state to the solid state. Thus obtained 

TABLE 1

Characteristics of coal tar from the Shubarkol Komir Plant (Karaganda, Kazakhstan) 

Parameter Coal tar from  
the Shubarkol  
Komir Plant

Determination method 

Density at 20 °С, kg/m3 1048 GOST 3900
GOST 11126

Fraction composition, mass fraction  
(of anhydrous tar), %:

up to 180 °С 5.1

180–210 °С 4.4

210–230 °С 4.8

230–270 °С 15.8

Above 270 °С in vapour

up to 390 °С in tank 19.7

Above 270 °С in vapour

up to 405 °С in tank 26.1

Yield of distillation residue (pitch), %:

at 390 °С in tank 49.8

at 405 °С in tank 40.0

Mass fraction of substances insoluble in 
toluene (α-fraction), %

1.4 GOST 7847
TU 2543-203-00190437–2005

Mass fraction of substances insoluble in 
quinoline (α1-fraction), %

absent TU 2543-203-00190437–2005

Ash content, % 0.12 TU 2543-203-00190437–2005

Phenol content, % 20.6 Calculated from phenol 
content in distillate fractions 
up to 390 °С in tank

Naphthalene content, % 1.6 According to the data  
of GLC-MS* of distillate 
fractions

* Gas-liquid chromatography combined with mass spectrometry.
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coal tar pitch has a porous structure, which is 
due to the removal of low-boiling fractions in the 
form of vapour, which leads to the formation of 
loose sponge-like material. 

Precursor fibres were prepared from coal tar 
pitch by means of electrospinning using PAN as 
fibre-forming copolymer. PAN is synthetic semi-
crystalline organic polymer resin. In this work, we 
used commercial PAN (DFL Minmet Refractories 
Corp., China), with the following technical charac-
teristics: purity – not less than 99 %; density 1.14–
1.45 g/cm3; molecular mass – 150 000 g/mol. To 
prepare fibre-forming colloid solution, a 7 % poly-
actylonitrile solution was prepared. PAN dissolu-
tion was carried out during heating in a round-
bottomed flask 200 cm3 in volume, equipped with 
a mechanical mixer. Dimethylformamide was 
used as a solvent. Dissolution was carried out 
under continuous mixing at a temperature of 
80 °C for 1 h.

Electrospinning process 

At first glance, electrospinning is a simple and 
hence readily controllable process of obtaining fi-
bres. However, actually, it is a complicated sys-
tem depending on many factors. The use of a nec-
essary precursor and its preparation are the basic 
operations for obtaining fibres. The experiment 
on electrospinning was carried out in the Labora-
tory of Functional Materials at the Institute of 
Combustion Problems (Almaty). 

The use of a rotating collector (for example, a 
cylinder, wheel or cone) in electrospinning set-up, 
as shown in Fig. 2, is the most convenient method 
to obtaine ordered fibres. A research team from 
the Institute of Combustion Problems developed 
a rotating cylinder as a collector for fibres with 
controllable rotation frequency (see Fig. 2, a). 
Electrospinning was carried out as follows: pre-
cursor solution was pumped through a thin cap-
ping with internal volume not less than 1 mL; 
resistance was provided by the electric field 
within 20 kV, and the distance between elec-
trodes was 20 cm; the substrate on which the fi-
bres were collected was in contact with the coun-
ter-electrode and was placed in the horizontal 
position (see Fig. 2, b).

It was established that fibre leveling increased 
with an increase in the surface velocity of the 
cylinder to a critical level. The process of obtain-
ing fibrous materials may be divided into three 
stages depending on the frequency of collector 
rotation: 

–  rotation frequency is too low to initiate fibre 
orientation; 

–  rotation rate initiates fibre leveling with an 
increase in the frequency to a critical level; 

–  fibre leveling decreases due to the destruc-
tion and formation of a turbulent air flow along 
the perimeter of the rotating collector, which is 
caused by the critical rotation frequency. 

In addition, the frequency of collector rotation 
may at the same time affect fibre diameter, 

Fig. 2. Photograph (a) and a general scheme of electrospinning set-up (b): 1 – syringe; 2 – motor; 3 – motor speed control-
ler; 4 – drum collector; 5 – high-voltage power supply unit; 6 – needle.



568	 Z. A. MANSUROV et al.

which is inversely proportional to rotation fre-
quency. An increase in rotation frequency usually 
leads to a decrease in fibre diameter.

Thermal treatment of precursor fibres

Stabilization (oxidation) is one of the most im-
portant stages and has a strong effect on the 
properties of the resulting fibres. Due to stabiliza-
tion, the thermal stability of the fibres increases, 
and the yield of carbon may be enhanced. Opti-
mization of this process is very important for the 
properties of the resulting carbon fibres, while 
non-optimized stabilization would lead to larger 
losses of the material during subsequent carboni-
zation and to worsening of the characteristics of 
the final product. Stabilization was carried out in 
a tubular furnace with a quartz reactor. The re-
actor was heated to 250 °C, and annealing was 
carried out for 1 h.

After fibre stabilization, low-temperature car-
bonization was performed in the tubular furnace 
with the quartz reactor. The reactor was prelimi-
narily blown with argon to remove air from it 
and to exclude the contact with oxygen. The re-
actor was heated to 600 °C. The heating rate was 
2 °C/min, carbonization time was 1 h.

During stabilization, the fibres become dense 
and rigid; in addition, colour may change. The 
colour may vary from light yellow to yellow, from 
brown to gold-brown (Fig. 3).

The resulting fibre samples were studied by 
means of scanning electron microscopy (SEM) 
after stabilization and after carbonization. Results 
of the SEM studies of the morphology of synthe-
sized fibres after stabilization are presented in 
Fig. 4. Carbon fibres synthesized from the initial 
fibre-forming polymer solution had smooth sur-
face, without any surface defects, open porosity 
and cluster joints. However, in spite of the fact 
that the fibres were gathered on the surface of a 
rotating collector, they were arranged in a disor-
dered orientation. 

As a consequence of chemical and structural 
transformations, carbonization involves profound 
changes in physical, mechanical and chemical 
properties of the fibres; depending on carboniza-
tion temperature, the properties change in differ-
ent manners. Sample morphology after carboni-
zation was also studied by means of SEM (Fig. 5).

It was assumed that carbonization tempera-
ture equal to 600 °C is insufficient to observe 
sharp changes in the diameter of the resulting 

carbon fibres, which varies within the range from 
200 to 1000 nm.

According to the recorded SEM images, thin-
ner fibres are formed from all samples after car-
bonization, which is due to the evaporation of 
volatile substances under the action of tempera-
ture. All samples were also observed to conserve 
their fibrous structures. 

Obtaining coke from heavy oil residues

In the present work, goudron was subjected to 
coking. Goudron serves as the raw material for 
the delayed coking unit (DKU) of the facilities 
for processing heavy oil residues at the Pavlodar 
Petrochemical Plant (Kazakhstan). Goudron char-
acteristics are: appearance – viscous low-mobile 
liquid, density at 20 °C – 981.0 kg/m3; mass frac-
tion of water – up to 0.1 %; ash content – 
0.02 mass %; coking capacity – 14 mass %; group 
composition: aliphatic hydrocarbons – 6.6 %, aro-
matic hydrocarbons – 45.7 %, resins – 20.5 %, 
asphaltenes – 27.2 %. After demetallization and 
desulphuration with various adsorbents at a tem-
perature of 400 °C for 3 h goudron coking was 
performed to obtain coke with improved physico-
chemical characteristics.

The yields and physicochemical characteristics 
of coke obtained from goudron without prelimi-
nary treatment and after demetallization with 
different adsorbents and under different process 
conditions are shown in Table 2. The mass frac-
tion of volatile substances in coke samples was 
determined according to GOST R 55660–2013, 
ash content – GOST 11022–95, total moisture 
content – GOST 27588–91.

One can see in Table 2 that the yield of coke 
from goudron without preliminary treatment was 
18.9 %, and this coke was characterized by a high 
mass fraction of total moisture (2.9 %), ash con-
tent (0.5 %), mass fraction of volatile substances 
in the coke (7.9 %). The mass fraction of total 
moisture decreases substantially (to 1 %) in the 
coke obtained from goudron after demetallization 
with zeolite at 400 °C for 3 h, and the mass frac-
tion of volatile substances and ash content de-
crease insignificantly (to 7.8 and 0.4 %, respec-
tively). Coke yield increases to 27.0 %. With zeolite 
modified with 1 % xerogel of divanadium pentox-
ide (V2O5) as adsorbent, coke is characterized by 
low mass fraction of total moisture (1.1 %), the 
mass fraction of volatile substances also decreases 
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to 6 %, and ash content is 0.25 %. The yield of 
coke turned out to be maximal: 34.4 %.

The use of serpentine as adsorbent for go-
udron demetallization allowed us to obtain coke 
with low mass fractions of total moisture and 

volatile substances, but ash content was 0.4 %. 
Demetallization of goudron with the adsorbent 
based on wollastonite and subsequent coking re-
sulted in the formation of coke characterized by 
the high mass fraction of total moisture (2.3 %) 

Fig. 3. Photographs of samples after fibre stabilization, obtained from a 7 % solution of PAN (a), CT100/PAN (b), CT150/PAN (c), 
CT200/PAN (d). Here and in Fig. 4, 5: PAN is polyacrylonitrile; CT is coal tar; figures indicate the temperature at which the 
initial raw material was processed. 

Fig. 4. SEM images of samples after stabilization of fibres obtained from CT100/PAN (a), CT150/PAN (b), CT200/PAN (c), 
7 % PAN solution (d). For designations, see Fig. 3.  
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Fig. 5. SEM images of the samples after carbonization of fibres obtained from CT100/PAN (a), CT150/PAN (b), CT200/PAN (c), 
7 % PAN solution (d). For designations, see Fig. 3. 

TABLE 2 

Yield and physicochemical characteristics of coke obtained from goudron  
after demetallization using different adsorbents at 400 °С for 3 h

Raw material to obtain coke Physicochemical characteristics of coke, %

Mass fraction  
of total moisture

Mass fraction  
of volatile substances

Ash content Yield

Goudron without preliminary 
treatment

2.9 7.9 0.5 18.9

Goudron after demetallization with: 

zeolite 1.0 7.8 0.4 27.0

zeolite modified with V2O5 xerogel 1.1 6.0 0.25 34.4

serpentine 1.4 4.6 0.45 32.0

wollastonite 2.3 5.7 0.6 12.0

wollastonite and serpentine 1.3 8.3 0.3 23.2

kaolin clay 2.0 7.2 0.4 32.0

Requirements of GOST 22898–78 not more than 3.0 not more than 9.0 not more 
than 0.6

–
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and ash content (0.6 %), and coke yield decreased 
to 12 %. Modification of wollastonite with serpen-
tine caused a decrease in the mass fraction of 
total moisture and ash content of coke, an in-
crease in coke yield, but the mass fraction of vol-
atile substances increased to 8.3 %.

Coke was obtained from goudron after demetal-
lization in the presence of kaolin clay in a yield of 
32 %, the mass fraction of total moisture was 2 %, 
volatile substances – 7.2 %, ash content – 0.4 %.

Among coke samples presented in Table 2, the 
best physicochemical characteristics are those of 
coke obtained from goudron after preliminary 
demetallization with zeolite modified with V2O5 
xerogel. The main physicochemical characteris-
tics of this coke sample meet the requirements of 
GOST 22898–78, coke yield is 34.4 %. 

Then coke samples were analyzed for metal 
and sulphur content. Sulphur content in goudron 
and coke samples was determined according to 
GOST 8606–2015 “Solid mineral fuel. Determina-
tion of total sulphur. Eschka method”. The con-
centrations of metals (vanadium, nickel, iron) in 
coke samples was determined by means of atomic 
emission spectrometry with inductively coupled 
plasma using the atomic emission spectrometer 
with microwave plasma 4200 МР-АЕS Agilent 
Technologies according to GOST 34242–2017.

Results of the analysis of coke samples for metal 
and sulphur content are presented in Table 3. Va-
nadium content in coke obtained from goudron 
without preliminary treatment was 0.031 %, which 
does not meet the requirements of GOST, accord-
ing to which vanadium content should be no more 
than 0.015 %. The product of goudron coking after 

demetallization with zeolite is characterized by de-
creased vanadium content (0.019 %). Zeolite modi-
fication with V2O5 xerogel and demetallization in 
its presence provide a substantial decrease in va-
nadium content in coke (to 0.008 %). The use of 
natural minerals (wollastonite, serpentine, and ka-
olin clay) as adsorbents for demetallization also 
causes a decrease in vanadium content in coke, 
however, its amount was higher than in the case 
when zeolite modified with V2O5 was used. 

Nickel content in coke samples also decreases 
in comparison with its content in goudron; its 
lowest content (0.0014 %) is observed in coke ob-
tained from goudron after preliminary treatment 
with zeolite modified with V2O5.

Iron content in coke is insignificant (0.003 %) 
because its content in goudron itself was only 
0.0033 %. All coke samples meet the standard re-
quirements for iron content. 

Goudron coking after preliminary treatment 
resulted in a decrease in sulphur content in coke 
samples. The lowest sulphur concentration (1.45 %) 
was detected in coke obtained from goudron after 
demetallization and desulphuration with zeolite 
modified with V2O5 xerogel. The use of zeolite and 
other natural minerals allowed a decrease in sul-
phur content in coke to 1.87–2.44 %, while its ini-
tial content in goudron was 2.7 %.

Physicochemical parameters of coke samples 
obtained without preliminary treatment and after 
preliminary demetallization and desulphuration 
of goudron at 400 °C for 3 h in the presence of 
zeolite modified with V2O5 are shown in Table 4.

The parameters listed in Table 4 were com-
pared with the standard requirements for defi-

TABLE 3

Metal and sulphur content in coke samples obtained from goudron after demetallization  
with different adsorbents at 400 °С for 3 h

Sample Element content, %

Vanadium Nickel Iron Sulphur

Goudron 0.054 0.0058 0.0033 2.70

Coke obtained from goudron:

without preliminary treatment 0.031 0.0022 0.0030 2.50

after demetallization:

with zeolite 0.019 0.0016 0.0025 1.87

with zeolite modified with V2O5 
xerogel

0.008 0.0014 0.0011 1.45

with wollastonite 0.021 0.0022 0.0024 2.14

with wollastonite and serpentine 0.011 0.0021 0.0027 2.44

with kaolin clay 0.011 0.0020 0.0025 2.34

Requirements of GOST 22898–78 Not more  
than 0.015 

– Not more 
than 0.08

Not more 
than 1.5 
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nite coke grades (GOST 228989–78). One can see 
that coke obtained after preliminary demetalliza-
tion and desulphuration, as compared with the 
sample obtained without preliminary treatment, 
is characterized by improved parameters, namely 
a decrease in the mass fraction of volatile sub-
stances and ash content.

The product of goudron coking after prelimi-
nary demetallization and desulphuration using 
adsorption-based method corresponds in its phys-
icochemical characteristics and the concentrations 
of sulphur and metals to the requirements of 
GOST 22898–78 for the KZA coke grade, the first 
quality.

So, the coking of demetallized and desulphur-
ized goudron from the Pavlodar Petrochemical 
Plant was carried out at process temperature 
490–510 °C for 8 h. Experimental results showed 
the efficiency of goudron coking after prelimi-
nary demetallization and desulphuration of the 
raw material. The result was an increase in the 
yield of coke (to 34 %) and petrol fractions, and a 
decrease in the yield of coke distillate. 

Investigation of the composition and structure  
of asphaltenes of natural bitumen

During the present experimental work, as-
phaltenes were precipitated from the natural bi-
tumen of the Munayly-Mola deposit (Kazakh-
stan). Organic solvents used for this purpose were 
changed from pentane, hexane to light petroleum. 
It has been determined that the efficient yield of 
asphaltenes is achieved with the mass ratio of 
light petroleum/bitumen equal to 40 : 1. Asphal-
tene content was determined in per cent to the 
weighted portion of the sample. 

The elemental composition of the resulting as-
phaltene samples was determined by means of 
X-ray fluorescence analysis using a Fokus-2M 
X-ray fluorescence spectrometer (Russia). The 
results of the elemental analysis show the pres-
ence of a number of elements in the asphaltenes 
of natural bitumen from the Munayly-Mola de-
posit (Table 5). According to the data obtained, it 
may be concluded that bitumen from this depos-
it, or, more precisely, its heavy residue after var-
ious processing operations, may be further used 
as an alternative resource to obtain essential ele-
ments: vanadium, titanium, nickel, and zinc. 

The structure and aggregation of the surface 
of thus obtained asphaltenes were studied by 
means of SEM. The images of their surface are 
shown in Fig. 6.

One can see that asphaltenes have partially 
ordered structures, the main component of the 
surface is represented by amorphous carbon [28]. 
The SEM does not give complete data on aggre-
gation processes, so asphaltene samples were 
studied by means of transmission electron mi-
croscopy (TEM).

The investigation was carried out with the 
help of a transmission electron microscope JEOL 

TABLE 4

Physicochemical characteristics of coke obtained from goudron

Parameters of coke quality Coke from goudron

KZA grade, first  
quality (according  
to GOST 22898–78)

without preliminary 
demetallization

with preliminary 
demetallization

Mass fraction of volatile substances, % Not more than 9.0 7.9 6.0

Ash content, % Not more than 0.6 0.5 0.25

Mass fraction of total moisture, % Not more than 3.0 2.9 1.1

Mass fraction of sulphur, % Not more than 1.5 2.5 1.45

Mass fraction of impurities, %:

vanadium Not more than 0.015 0.031 0.008

nickel Not standardized 0.0022 0.0014

iron Not more than 0.08 0.0030 0.0011

TABLE 5

Results of X-ray fluorescence analysis  
of asphaltenes precipitated from natural bitumen  
of the Munayly-Mola deposit

Element Relative concentration, %

Fe 42.445

S 28.00

Ca 11.672

Ni 2.640

Zn 6.332

Ti 0.644

As 1.756

K 3.517

V 2.994
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Fig. 6. Electron microscopic images of the surface of asphaltenes precipitated from the petroleum bituminous rock 
of the Munayly-Mola deposit. 

Fig. 7. TEM images of asphaltenes from natural bitumen of the Munayly-Mola deposit.   
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JEM 100CX (Japan) at the accelerating voltage of 
100 kV (vacuum, not very high temperature). 
The samples were prepared by means of dry 
preparation. The results of TEM studies are 
shown in Fig. 7.

A sample of asphaltenes from the natural bi-
tumen of the Munayly-Mola deposit is composed 
mainly of fragments of a rather dense film. Sam-
ple annealing involves film thinning (see Fig. 7, a) 
and its definite structuring (see Fig. 7, b). Film edges 
may contain dense, coarse particles (see Fig. 7, c) 
and less frequently finer ones (see Fig. 7, d). Traces 
of particle transformation are observed in Fig. 7, d. 
Microdiffraction patterns depicting the crystal or-
dering of the substance provide evidence of the 
bulk nature of the amorphized substance present 
in the samples. Sometimes the formations possess-
ing crystal lattice occur in the substance [29].

In general, the results of SEM and TEM stud-
ies gave some notions of the structure and aggre-
gation of the asphaltene surface. The major com-
ponent of the structure is represented by the 
amorphous phase. However, it was noticed that 
sample annealing involved film thinning and its 
structuring. This attracts attention to further 
studies of asphaltenes and to modification of their 
structure. This phenomenon may be explained by 
the destruction of aliphatic bonds during anneal-
ing, which leads to structural transformation, 
structuring due to carbon aromatic rings. 

Conclusion

Carbon fibres were obtained on the basis of 
thermally treated coal tar with the addition of 
PAN by means of electrospinning. The synthe-
sized precursor fibres were thermally stabilized 
and carbonized at a temperature of 600 °C, which 
resulted in the formation of carbon fibres 200 to 
1000 nm in diameter. It has been established that 
this method holds a high potential for obtaining 
ultrathin fibres with required size parameters. 

Coke obtained from goudron after preliminary 
demetallization and desulphuration exhibits im-
proved parameters: the mass fraction of volatile 
substances (6 %), ash content (0.25 %), sulphur 
content (1.45 %) and metal content (0.008 % V, 
0.0014 % Ni, 0.0011 % Fe). With respect to the in-
dicated parameters, the coke sample corresponds 
to the requirements to KZA coke grade of the 
first quality. 

The results of the elemental analysis allow us 
to conclude that bitumen from the Munayly-Mo-

la deposit may be used as an alternative resource 
for obtaining essential elements – vanadium, tita-
nium, nickel, and zinc. The results of electron mi-
croscopic studies provided some knowledge on 
the structure and the nature of aggregation of 
the surface in asphaltene structure. It has been 
established that the structure of asphaltenes in 
natural bitumen is more ordered and non-amor-
phous. Asphaltene sample from the natural bitu-
men of the Munayly-Mola deposit is composed 
mainly of fragments of a rather dense film. Dense, 
coarse (or, less frequently, finer) particles may be 
present on film edges.
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