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PRODUCTION OF CARBON NANOFIBERS BASED ON COAL TAR
AND POLYACRYONITRILE BY ELECTROSPINNING METHOD

Abstract. The article presents experiments on obtaining composite fibers based on Shubarkol coal tar (CT) and
polycarlonitrile (PAN) by electrospinning in a laboratory setup. As a result of energy dispersive X-ray spectroscopy
and SEM microscopy, the elemental composition (C-85.83%) and the diameter of the carbon fiber were determined,
which ranged from 89.0 nm to 449.8 nm. The resulting CNF was subjected to oxidation in air at 300 °C, the holding
time was 1 hour, after which the carbonization process was carried out at 800 °C, followed by cooling to room
temperature. Raman spectra were recorded to study the degree of graphitization. The results of Raman scattering of
light (RS) showed the degree of graphitization - 15.98%. Ratio I (D) /1 (G) =0.99, 1 (G) /1 (D) = 1. The broad bands
D (disordered part) and G (ordered graphite structure) suggest that CNFs contain partially graphitized carbon along
with amorphous carbon. The ID / IG ratio represents the conversion of disordered carbon to graphite carbon during
carbonization. The resistance of this material is 70-200 ohms. The results obtained confirm the semiconductor nature
of the conductivity. On the basis of SEM drawings of CNFs from CT and PAN, it was found that the structure of
CNFs after oxidation and carbonization retains the original fibrous structure. It was also found that the diameter of
nanofibers decreases from 320.5 - 625.7 nm to 8§9-449.8 nm. Thus, the proposed method of obtaining CNF is built on
the basis of the electrospinning method, which is the most promising method of industrial production.

Key words: carbon nanofiber, coal tar, polyacrylonitrile, electrospinning, oxidation, carbonization.

The development of new technologies and ensuring a sustainable level of consumption in conditions
of depletion of raw energy resources requires the development of new systems and devices for
autonomous power supply, widely used as auxiliary and backup elements in the energy sector, in power
systems for transport, communications, in portable electronic devices, household and special technique.
Most of these systems and devices belong to electrochemical power engineering, an actively developing
area of modern science, closely related to chemical technologies [1].

Supercapacitors (SC) and capacitive deionization systems that can reversibly accumulate charge on
the surface of the electrode material are promising devices for accumulating and storing electrical energy,
combining both high energy intensity and relatively high output power [2].

Rechargeable lithium-ion batteries (LIB) play an important role in portable electronic devices due to
their long lifespan and high energy density [3]. However, the lithium content in the earth's crust is only 20 g/t
[4]. This, coupled with the uneven distribution of lithium minerals, has led to growing concerns about the
scarcity of lithium resources [4]. On the other hand, sodium is the most abundant alkali metal in the
oceans and is easily extracted from sea salt. The Na "/Na redox potential is 2.71 V versus a standard
hydrogen electrode versus 3.04 V for Li /Li. Due to the abundance of sodium resources and its large
negative redox potential, sodium ion batteries (NIBs) have attracted more and more attention in the past
few years [5-8].

However, the difference in size of the two types (68 hours for Li * and 95 hours for Na ") means that
the anode materials LIB and NIB cannot be interchanged [9]. In addition, in contrast to LIB, Na " ions
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practically cannot intercalate into graphite [9, 10]. For LIB, the graphite anode after intercalation has the
chemical formula LiCq, while in the analogue of NIB the anode formula is NaC; [11]. Thus, many
examples have been applied for making appropriate anodes in other fields, such as disordered graphite
carbon, also known as hard carbon [12]. Many of the proposed solutions used inexpensive, non-toxic and
readily available solid solid materials, such as hierarchically porous carbon [12], carbon microspheres
[13], carbon black [14], carbon nanostructures [15,16], graphene, nanocomposites [17] and carbon doped
with nitrogen [18, 19]. After these effects, there are many unexplored solid carbon.

Nanotechnology is an increasingly viable method for changing the structure and properties of
electrode materials [20-24]. In particular, one-dimensional carbon nanofibers have proven to be promising
for improving the capacitance and cyclic performance of NIBs due to their good conductivity, short ion
diffusion distances, and excellent stress resistance [15, 16]. The production of flexible, stand-alone carbon
nanofiber electrodes, in which all materials participate in charge accumulation, is being investigated with
the aim of further increasing the NIB power density [23]. This greatly simplifies the preparation process
by eliminating inert current collectors and binders, which improves the electrochemical characteristics.
There have been extensive studies of LIB nanomaterial electrodes [25-30], but few studies of NIB [31].

CNFs have attracted much attention of scientists for their potential thermal, electrical, shielding, and
mechanical properties [32]. Due to their exceptional properties and low cost, they are now increasingly
used in various materials such as composites. CNF-based composites can be used as promising materials
in many fields, such as electrical devices, electrode materials for batteries and supercapacitors, and also as
Sensors.

The problem of utilization of coal-containing waste, as coal tar, is of particular relevance in large coal
mining centers. Therefore, at present there is an urgent need to develop effective methods for the disposal
of this waste as a secondary raw material resource.

Coal tar is one of the products of coal coking; viscous black liquid with a characteristic phenolic odor,
density 1120-1250 kg / m®, coking yield ~ 3% of the coal mass. Coal tar is a complex mixture of aromatic,
heterocyclic compounds and their derivatives, boiling over a wide range of temperatures. More than
400 individual compounds have been isolated from coal tar, some of which are produced on an industrial
scale. Individual substances are extracted from coal tar fractions either by crystallization or by treatment
with reagents (for example, with an alkali solution in the extraction of phenols). The residues after
extraction are industrial oils used as absorbents of benzene products from coke oven gas, for wood
preservation, production of soot, and other purposes [33].

We used coal tar formed during pyrolysis of coal from the Shubarkol deposit, which has the following
characteristics: density at 20 ° C - 1070 kg/m’, viscosity at 80 ° C - 2.9-3.3 conventional degrees, coking
capacity - 2.0-3.5%, flash point - 110-120 ° C, softening temperature - 60-70 ° C, volatile matter yield -
83.0%. It is not electrically conductive and insoluble in water, dissolves only in organic solvents (pyridine,
benzene, etc.), and is resistant to acids [34].

The technology for producing carbon fiber based on coal tar includes several stages: substrate
preparation, fiber synthesis by electrospinning, stabilization in an oxidizing atmosphere, carbonization in
an inert atmosphere, graphitization at elevated temperatures.

Electrospinning is a process that leads to the formation of nanofibers as a result of the action of
electrostatic forces on an electrically charged jet of a polymer solution or melt [35].

The essence of the electrospinning method is that an electric voltage from units to one hundred
kilovolts is applied to a solution (melt), which is fed through a capillary with a dispenser [36]. High
voltage induces in the solution the electric charges of the same name, which, as a result of the Coulomb
electrostatic interaction, lead to the pulling of the polymer solution into a thin jet [37]. In the process of
electrostatic stretching of a polymer jet, it can undergo a series of successive splits into thinner jets at a
certain ratio of the values of viscosity, surface tension, and electric charge density in the fiber [38]. The
resulting jets solidify due to solvent evaporation or as a result of cooling, turning into fibers and, under the
action of electrostatic forces, drift to a grounded substrate, which has the opposite electric potential
[39, 40].

The good thing about the electrospinning method is that, unlike the usual mechanical pulling of fibers
from a solution, it does not impose high requirements on the chemistry of the process, does not require
high temperatures for fiber solidification, which means that it allows you to create fibers from long and
complex molecules. As a result of the struggle between capillary and electrostatic forces. Also, the
73 ——
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processes inside the solution, the charged drop itself lengthens, becomes thinner and dries up in flight.
A typical electrospinning setup, as shown in figure 1, consists mainly of three components: a capillary
tube with a small bore pipette or needle, a high voltage source, and a metal screen assembly.

Carbon nanofibers

Syringe

Syringe pump

n Substrate :'/-‘ 3

High power
supply

Figure 1 - Schematic diagram of an electrospinning installation with a stationary substrate

Based on the above, the goal of the forthcoming work was formulated, which is to obtain carbon
fibers based on coal tar and PAN by the electrospinning method and to study their physical and chemical
properties.

Research methodology. Samples of composite CNF were obtained at the Institute of Chemistry and
Technology of Coal LLP (Nur-Sultan) by electrospinning in laboratory conditions. Coal tar from coal
from the Shubarkol deposit and polyacrylonitrile (PAN) were used as feedstock.

The following instruments were used in the study: an ultrasonic bath, a laboratory electrospinning
apparatus, an SEM (Quanta 3D 200i) with an energy dispersive analysis attachment from EDAX, and
Raman spectroscopy (HORIBA Jobin Yvon).

The method of obtaining carbon nanocomposite fibers from coal tar by the electrospinning method
includes the following stages: preparation of raw materials, formation, stabilization (oxidation - to remove
low molecular weight products of destruction and the formation of crosslinked and cyclic structures) and
carbonization (to remove hydrogen and heteroatoms in the form of volatile compounds, where final
formation of carbon fibers).

To obtain carbon nanofibers, coal tar from the Shubarkol deposit and polyacrylonitrile (PAN) in a 1:1
ratio are dissolved in N, N-dimethylformamide in an oven at a temperature of 50-80 °C. The prepared
solutions are placed in an electrospinning installation with a syringe, the set voltage is 20-25 kV, the
distance between the syringe receiver is 30-35 cm (figure 2).

LR

b g ._+_ N N-Dimethylformamide ~— - = "—{x:i‘."'.y
LT
L P Jp—
Mixes on an e
electric stove m p.

Polyacrylonitrile at50-80 C

Coal tar
(PAN) until donority

Electrospinning
process

Oxidation ./_]

Carbonization °

Figure 2 - Technological scheme for the synthesis of carbon nanofiber based on coal tar and PAN

CNF obtained after spinning are oxidized at a temperature of 300 °C in an air stream, the holding time
is 1 h, after oxidation, the carbonization process is carried out in an inert argon atmosphere at a
temperature of 800 °C, the heating rate is 5 °C/min, the holding time is 60 minutes [41- 42].
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Results and discussion.
The results of the scanning electron microscope are shown in figure 3.

a) b) <)

Figure 3 - Electron microscopic images of CNF samples from coal tar and PAN:
a) x5000, b) x10000, ¢) x50000 on a scanning electron microscope

Figure 3 clearly shows CNF particles with diameters from 320.5 nm to 625.7 nm. Structural elements
of nanofibers take the form of threadlike formations. The cylindrical surface of the fibers is formed by
hexagons. The elemental composition of CNFs on the surface of an aluminum foil is shown in figure 4.

Element Wt% At% =
C 66.76 81.83 i
0 0.38 0.35
Al 32.11 17.52 =
Si 0.42 0.22
Fe 0.33 0.09 [

Figure 4 - Elemental analysis of the obtained CNF based on coal tar and PAN

Further, studies are carried out on the oxidation and carbonization of the obtained CNF, since the
spun fiber, as a rule, is characterized by low strength and increased fragility. For this, CNFs were oxidized
at a temperature of 300 ° C in an air flow in a laboratory quartz reactor at a heating rate of 5 ° C / min, the
holding time was 1 hour. During it, low molecular weight degradation products are removed and
crosslinked and cyclic structures are formed. SEM images of the oxidized form of CNF are shown in

figure 5.

a) b) ©)

Figure 5 - Electron microscopic images of a sample of oxidized CNF
from coal tar and PAN: a) x5000, b) x10000, c) x50000

Oxidized at 300 °C CNF from coal tar and PAN has a diameter from 394.5 nm to 784.5 nm. Carbon
nanofibers are predominantly circular in cross-section and fibrillar structure. Each monofilament consists
of fibrils parallel to each other. The elemental composition of carbon increased after the oxidation process
by 90.49% in comparison with the initial CNF.
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Element Wt% At%
C 90.49 92.76
o 9.30 7.16
Si 0.10 0.04
S 0.11 0.04 .

Figure 6 - Elemental analysis of oxidized CNF from coal tar and PAN

In the subsequent stages of high-temperature treatment - carbonization at 800 °C, accompanied by the
removal of hydrogen and heteroatoms in the form of volatile compounds, the final formation of carbon
nanofibers occurs. The oxidized fibers were carbonized at 800 © C, the heating rate was 5 ° C/min in an
argon atmosphere, the holding time was 1 h (figure 7).

Figure 7 - Electron microscopic images of a sample of carbonized CNF from coal tar and PAN:
a) x5000, b) x10000, ¢) x50000 on a scanning electron microscope

CNF carbonized at 800 °C from coal tar and PAN has a diameter from 89.0 nm to 449.8 nm. Figure 7
shows the surface of CNF, which represents a fibrillar structure. Small bumps are also visible on the
surface. Sizing “strands” are also observed between the fibers, linking the individual filaments to each
other. The carbon content is 85.83% (figure 8).

c:edax3?\genesis\genmaps.spc 12-0ct-2020 10:53:17
LSecs: 143

‘ Element Wt% ‘ At% ‘ -
C 85.83 89.32
O 13.09 10.23 ot
Na 0.17 0.09
Mg 0.11 0.06 cnt
Al 0.11 0.05 i
Si 0.14 0.06 .
S 0.24 0.09 £ o
Cl 0.08 0.03 e ,...u F T T
Ca 0.24 0.08 B

Figure 8 - Elemental analysis of carbonized CNF from coal tar and PAN

The results of Raman scattering of light (RS) showed the degree of graphitization - 15.98%. The ratio
I (D) (G) = 0.99, I (G)/I (D) =1 (figure 9). Raman spectra were recorded to study the degree of
graphitization. The broad bands D (disordered part) and G (ordered graphite structure) suggest that CNFs
contain partially graphitized carbon along with amorphous carbon. Graphitized carbon usually consists of
assemblies of graphite layers that are expected to act to store ions. The ratio of the relative intensity
(ID/IG) of the D and G bands indicates the degree of disorder in the carbon structure. As shown in figure
9, the ID/IG ratio represents the conversion of disordered carbon to graphite carbon during carbonization.
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Figure 9 - Raman images of a carbonized CNF sample from CT + PAN: (a) according to Lorentz - Gf = 15.98%,
I(D)/1(G)=0.99,1(G)/1(D)=1 (Lorentz) ; (b) Voigt - Gf =26.47%, 1 (D) /1(G) =0.86,1 (G) /1 (D)= 1.16 (Voigt)

The resistance of this material is 70-200 ohms. The results obtained confirm the semiconductor nature
of the conductivity.

On the basis of SEM drawings of CNFs from CT and PAN, it was found that the structure of CNFs
after oxidation and carbonization retains the original fibrous structure. It was also found that the diameter
of nanofibers decreases from 320.5 - 625.7 nm to 89-449.8 nm, which may be associated with the release
of volatile and heterogeneous components of the original product and the formation of a more structural
thin porous filament.

Thus, the proposed method for producing CNFs is based on the electrospinning method, which is the
most promising method of industrial production. The proposed method is unique in that the raw material
(CT), which we use to obtain carbon nanofibers, is a renewable resource, in comparison with the
technology for producing fibers from many other precursors (nylon, polyester, acrylic, polypropylene,
etc.). The prospect of these studies lies in the possibility of large-scale production of carbon nanofibers
from coal tar, which will lead to the appearance of domestically produced materials and composites based
on them on the Kazakhstan market.

If Kazakhstan producers provide a high quality product that meets all consumer requirements, the
need for imports of CNF will decrease. Unique properties allow the use of carbon nanofiber in various
areas of human life. However, at the moment, industrial technologies for the production of functional
carbon nanofiber from coal tar are only under development.

Acknowledgement. This work was carried out as part of the scientific and technical program No.
IRN BR05236359 “Scientific and technological support for coal processing and production of high-value
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of the Republic of Kazakhstan.
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TAC KOMIP IAWBIPBI MEH MEH ITOJIMKAPAJIOHATPUJI HETI31H/IE
IJEKTPOCIIMHHUHI 9AICIMEH KOMIPTEKTI HAHOTAJIIIBIKTA P/IbI OHAIPY

AnHoTamus. Makanana 3epTXaHalblK KOHIBIPFBIAA AMeKTpocnuHHUHT ofmiciMen "lllyGapken" Tackemip
maibipel (TKI) xone mnomukapunonntpun (ITAH) HerisiHge KOMIIO3MTTI HaHOTAIIIBIKTapAbl ainy OoWBIHINIA
ToXipubenep Xyprizinmi. Pertrenaik cnexTpockonus koHe COM-MHKPOCKONHS HOTHKECIHAE 3JEMEHT KypaMbl
(C-85,83 %) >xoHE KOMIPTEK HAHOTAIIBIFEIHBIH THAMETPi aHBIKTaIAbL, o1 89,0 HM-1eH 449,8 HM-Te nediH KypaJbl.
Anpraran KHT ayanga 300°C Temmeparypana TOTHIFYFa YIIBIPAJIbL, YCTAay YaKbITH | caFaTThl KYpaabl, KOMipTEKTECHY
npoueci 800°C Temmneparypana Kyprisuimi, cojlaH KeifiH OesiMe TemreparypachlHa MACHIH CaJKbIHIAThLIJIBL.
I'padurrey mopexeciH 3epTTey YLIIH pamMaH CIEKTpiepi »a3bLiabl. JKapbhIKTBIH KOMOMHANMSIIBIK IIAIIBIPAYBIHBIH
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(CKKII) rpadurrey mopexecin kepcerti - 15,98%. I (D) / 1 (G) =0.99,1(G) /I (D) = 1. D (Toprinci3 0eiik) xoHe
G (rpadurriy KypeUIBIMBI OoWbIHIIA) KeH xoiakrap CNF kypameiHma amMopdTel KeMipTekileH Oipre imriHapa
rpadutTenTreH keMiprek Oap men OGomxkaiael. ID / IG xoaddumuenti kapOoHM3amus Ke3iHAe peTci3 KOMipTEeKTiH
rpaduTTi KemipTekke aiiHanybiH Outgipeni. by marepuanapi keaeprici 70-200 OM Kypaiiibl. AJNBIHFaH HOTHKENIEep
MaTepHanablH okapTeuiail  eTkisrimTirin  Oinmipemi. TKII sxome IIAH-gen amemran KHT ToTeiFy MeH
KapOOHM3aLMsJaH KeiiH OacTankpl TAIIBIKTHIH KYPBUIBIMBIH CaKTaHTBIHIABIFE aHBIKTANIbl. HaHOTAIIBIKTapIbIH
nmuamertpi 320,5 - 625,7 am-nen 89-449,8 HM-re JciiiH a3asThIHABIFB aHbIKTANAbl. Ocbutaiiia, KHT enmipymix
YCBHIHBUIFAH JIEKTPOCIMHHHHT 9/1iC OHEPKACINTIK OHIIPICTIH €H MepCIeKTUBANIBI d/1iCi OOJIbIN TaObUIAIb.

Tyiiin ce3mep: KOMIPTEKTI HAHOTAIIIBIK, TAC KOMIp MIAHBIPHI, HOJIUAKPUIOHUTPHII, SIEKTPOCITUHHUHT, TOTBIFY,
KapOOHM3aLusl.
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'TOO «MucTHTYT XMMHHK yIiist 1 TexHonorum», Hyp-Cyntan, Kasaxcran;
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MOJIYYEHME YTJIEPOJIHBIX BOJIOKOH HA OCHOBE KAMEHHOYT'OJIbHOM CMOJIBI
N MOJIMAKPHOHUTPUIIA METOJOM SJIEKTPOCITMHHUHI' A

AHHOTanusi. B cratbe mpuUBENEHBI Pe3yJIbTAaThl KCIIEPUMEHTOB IO IOJyYEHHIO KOMIIO3UTHBIX BOJIOKOH Ha
OcHOBe KaMeHHOyronbHOH cMoibl «lllyGapkons» u momukapuiaonutpuna (ITAH) MeTronoM sneKTpoCMHHMHTA B
nmabopaTOpHO ycTaHOBKe. B pe3ynbTate 3HEProIUCIEPCHOHHON PEHTTCHOBCKOW creKTpockomnu u COM-
MHUKpPOCKOIIMK OBUT OIpezeneH 31eMeHTHBIH coctaB (C-85,83 %) m amamerp yIJIEepOJHOTO BOJIOKHA, KOTOPBIN
coctaBua oT 89,0 aM o 449,8 um. Ilomyuennsit YHB nonseprancs okuciennto Ha Bo3ayxe mpu 300 °C, Bpems
BEIIEpKKK | bac, mocne mpoBozeH mporece kapoormanuu npu 8§00 °C, ¢ moCHenyomuM OXIaKIeHHEM 10 KOM-
HaTHOW Temmeparypsl. CHEKTpbl KOMOWHAIIMOHHOTO pAacCesiHUsl OBbIIM 3amucaHbl Al HM3YyY€HHs CTENCHU
rpadutuzanmn. Pe3ynprarel komOuHaionHoro paccesiuus csera (KPC) nokazanu crenens rpadutnzaimmu — 15,98 %.
Cootnomenne 1(D)/1(G)=0,99, I(G)/I(D)=1. Illupokue nonocel D (ueynopsimouenHas 4acth) U G (ynopsaoueHHas
rpaduToBas CTPyKTypa) mpeanoiaraitr, uto YHB coxepkar yacTuyHO rpadMTU3UpOBAaHHBIA yriepox Hapsty C
amopdubiM yriepogoM. Coortnomienue ID / IG mpencraBnsieT npeoOpa3oBaHHe HEYIOPSIOYSHHOTO yriiepoja B
rpaduTOBBI yriepoa B mpouecce kapOonuzaunu.ConpoTHBIEHUE AaHHOTO Marepuaia cocrasiser 70-200 Ow.
[MonydeHHble pe3ynbTaThl IOATBEPXKIAIOT IMOJIYHPOBOIHHUKOBBIA Xapakrep mnpoBoauMoctH. Ha ocHoBanme COM
pucynkoB YHB u3 KYC u ITAH ycranosneno, uto ctpykrypa YHB mocie okucienust 1 kapOOHH3aIMK COXpaHSIET
HCXOJHYIO BOJIOKHHUCTYIO CTPYKTYpY. Takxe ObL1O OOHapy>keHO, YTO JUaMETp HAaHOBOJOKOH yMEHBLIAETCS OT
320,5 - 625,7 um o 89-449,8 am. Takum o0Opa3om, mpemraraeMelii crioco0 momydeHuss Y HB noctpoeH Ha ocHOBe
METO/a 3JIEKTPOCIIMHHUHTA, KOTOPBIM SBIAETCS Haubonee TMEepCHEeKTUBHBIM CIOCOOOM  MPOMBIIIIEHHOTO
MIPOM3BO/ICTBA.

KarodeBble cjioBa: yriepogHOE HAHOBOJOKHO, KaMEHHOYTOJbHAs CMOJIA, MOJIMAKPUIOHHTPWII, 3IEKTPO-
CIHMHHMHT, OKUCIICHNE, KapOOHU3aIHsl.
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