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Hydrogen distribution in primary coke oven tar and its fractions

The aim of this work is to determine the hydrogen distribution in primary coke oven tar and its fractions. The
hydrogen distribution in the primary coke oven tar of «ShubarkolKomir» JSC, its distillate fractions and dis-
tillation residue have been determined by the methods of elemental analysis, IR and PMR spectroscopy. The
atomic ratio of C: H in the primary coke oven tar is 0.79. All fractions of the tar contain a large amount of al-
kyl-substituted aromatic compounds, phenols and other substances with alkyl groups. The initial tar charac-
terized by a high content of hydrogen in the a- and B-positions to the aromatic ring, 29 % and 34 % respec-
tively, which indicates a large number of alkyl substituents in the aromatic rings and near double bonds. The
total amount of aliphatic and aromatic hydrogen in the tar is 79 % and 21 % respectively. Olefinic hydrogen
is presented in the initial tar in an amount of 8 %. It is possible to make a choice of techniques for further
processing (hydrogenation, coking, thermal cracking) to obtain products with high added value on the basis of
determination of the elemental composition, quantitative distribution of hydrogen in the primary coke oven
tar and its fractions by the using of above mentioned physical and chemical methods.

Keywords: primary coke oven tar, IR spectroscopy, PMR spectroscopy, elemental analysis, tar fractions, hy-
drogen distribution.

Introduction

Recently a decrease in reserves of low-viscosity, so-called «light» oils is observed. This requires the use
of unconventional sources of hydrocarbon raw materials, new for oil refining, such as heavy oils and petro-
leum bitumens [1]. In addition, other types of alternative raw materials for oil refining and petrochemistry
are coal products, which are not inferior in characteristics to their counterparts isolated from oil, and some
have no analogues. This coal product is coke oven tar. Coke oven tars are obtained by the thermal processing
of coal, which contain a significant amount of various organic compounds (hydrocarbons of all types and
classes, heteroatomic, polyaromatic hydrocarbons, phenols and others). They can be used in oil refining,
petrochemistry, ferrous and nonferrous metallurgy, nuclear industry. Coke-chemical tar is divided into two
types: primary coke oven tar (PCOT) and high temperature coal tar [2-4]. It should be noted that high-
temperature coke oven tar is used in industry, but primary coke oven tar doesn’t find industrial application
abroad and in our country, due to the high content of phenols (3545 %) [5] and unstable low-boiling and
resinous components [6]. The PCOT manufacturer in the Republic of Kazakhstan is «ShubarkolKomiry JSC
[7]. All their products are sold in the near and far abroad as well as the entire produced volume of PCOT,
which does not stimulate the development of innovative processes for obtaining multipurpose valuable low
molecular weight hydrocarbons. Coke-chemical tar, consisting mainly of condensed aromatic hydrocarbons
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and other high-molecular compounds, refers to a difficult-to-process raw material. Knowledge of the primary
coke oven tar chemical composition and its fractions allows to determine the choice of methods for further
processing (hydrogenation, coking, thermal cracking) to obtain products with high added value.

The aim of this work is to determine the hydrogen distribution in the initial tar and its fractions by the
methods of elemental analysis, IR and PMR spectroscopy. The quantitative distribution of hydrogen in the
initial coke oven tar and its fractions of «ShubarkolKomir» JSC was established using physicochemical
methods for the first time.

Experimental

Physicochemical characteristics of the tar are determined according to the indicators listed in [8]. In ad-
dition, the fractional composition has been determined by the method described in [9, 10].

Due to the close values of the density of tar and water, dehydration of tar by sedimentation is practically
impossible, which complicates the process of tar fractionation. Toluene was added in an amount of 10 % of
the coal tar in order to separate water from the tar before distillation. After distillation of the azeotropic mix-
ture of toluene with water, fractionation was carried out, and the temperature was measured both in the vapor
and in the liquid phase. Fractionation has been stopped when the temperature in the liquid reached 390—
405 °C, in order to avoid significant changes in the primary tar due to thermal reactions in the boiler. The
fractions were selected as in the distillation of high-temperature coking tar. Fractions were selected in ac-
cordance with the range of their boiling points: up to 180 °C; 180-210 °C; 210-230 °C; 230-270 °C; above
270 °C and up to the end of distillation. A comparative analysis with the high-temperature coking tar of
«ArcelorMittal Temirtau» JSC was carried out.

Determination of the carbon, and nitrogen content in the solid residue of pyrolysis has been carried out
by «CHN PE 2400-11» an automatic analyzer of «PerkinElmerInstruments». The sulfur content has been
determined by the method of barium titration.

IR spectra of pyrolysis solid residues were obtained by FTIR diffuse reflection spectroscopy on a spec-
trometer with a Fourier transducer «Perkin-ElmerSpectrumBX-1I». The samples for the spectral recording
were prepared by applying a thin layer of a carefully ground sample on a special holder plate. IR transmis-
sion spectra of liquid products were obtained by taking of layer.

The PMR spectra of the fractions obtained by distillation of the semi-coking tar were recorded by a
Broker DRX 400 spectrometer with TMS, as an internal standard in a CDCIs solution, at room temperature.

The hydrogen distribution in the samples was determined by the PMR spectra according to the follow-
ing signal assignments for chemical shifts:

0-1.0 ppm — corresponds to the protons of methyl groups that are not bound with aromatic rings or are
in the y-position to them, further (H,);

1.0-2.0 ppm — corresponds to the protons of methyl, methylene and methine groups located in
B-position with regard to the aromatic ring and double bond, as well as methylene groups in saturated struc-
tures (Hg);

2.0-4.4 ppm — corresponds to the protons in all alkyl groups in the a-positions of aromatic rings and
double bonds (H,);

4.5-6.7 ppm — corresponds to the protons of olefinic structures (Hoef);

6.7-9.0 ppm — corresponds to the protons of aromatic groups (H,,).

Results and Discussion

Tar main characteristics

Provided by manufacturer two samples of tar with 12.5 % and 2.2 % of water content were studied (Ta-
ble 1).

The main characteristics of «ShubarkolKomir» JSC tar in comparison with the high-temperature coking
tar are shown in Table 2.

In comparison with the high-temperature coking tar, the studied tar is characterized by: low density
(1.045-1.062 g/cm?); low content of insoluble substances in toluene and the absence of insoluble substances
in quinoline; a reduced yield of distillation residue (pitch); a high content of phenols and a low content of
naphthalene.
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Table 1
Technical analysis of «ShubarkolKomir» JSC tar samples
i 1% sample 2" sample
Description March 2019 April 2019
Tar density at 20 °C, g/cm® 1.039 1.061
Tar density in terms of anhydrous at 20 °C, g/cm® 1.045 1.062
Water content, % 12.5 2.2
Mass fraction of substances insoluble in toluene, % 1.3 1.4
Mass fraction of substances insoluble in quinoline, % — —
Ash content, % 0.12 —
Table 2

Comparison of the characteristics of tar from «ShubarkolKomir» JSC and «ArcelorMittal Temirtau» JSC

No.

Indicator

Tar types

«ShubarkolKomir» JSC tar

«ArcelorMittal
Temirtau» JSC
high-temperature coke

Determination method

oven tar
1 |Density at 20°C, g/lcm® 1.062 1.190 State Standard [11, 12]
Fractional composition, mass frac-
tion (from anhydrous tar), %
till 180 °C 51 0.5
180-210 °C 4.4 25
210-230°C 4.8 10
230270 °C 15.8 8
2 |up to 270 °C by vapor Specification [9], [10]
till 390 °C in a still 19.7 19
up to 270 °C by vapor 26.1
till 405°C in a still
Distillation residue (pitch) yield, %
at 390 °C in a still 49.8
at 405 °C in a still 40.0 60
3 Mass fraction of substances insolu- 14 6-10 State Standard [13],
ble in toluene (a-fraction), % ' specification [8]
4 Mass fraction of substances insolu- 3 16 State Standard [14],
ble in quinoline (al-fraction), % specification [8]
5 |Ash content, % 0.12 <0.3 Specification [8]
Calculated by the con-
6 |Phenol content, % 20.6 1-2 tent of phenols in dis-
tillate fractions up to
390 °C in a still
According to GLC/MS
7 |Naphthalene content, % 1.6 7-12 data of distillate
fractions
Elemental analysis of fractions
Data on the density of fractions and the elemental composition of fractions and pitch are shown in Ta-
ble 3.
From the data in Table 3 it follows:
— the carbon content reaches 80.6-82.5 % in the fractions, and 83-84 % in pitch;
— the hydrogen content is 9.1-9.8 % in the fractions and it decreases to 7.4—7.8 % in the pitches;
— the atomic ratio of C: H is at the level of 0.71-0.79 in the fractions and it increases to 0.90-0.94 in
pitch;
— fractions and pitch contain more than 9-10 % of the total oxygen and sulfur, while the sulfur content
is less than 0.3 %, the oxygen content declines considerably in the distillation residues.
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Table 3
Density of fractions and results of elemental analysis
Density, Content, % mass.
Name product 9 /Cm_%’ c H N 510 C/H atom
Dehydrated tar 1.039 81.45 8.57 0.69 9.29 0.79
180-210 °C fraction 0.954 80.60 9.11 1.07 10.29 0.74
210-230 °C fraction 0.965 80.64 9.41 1.06 8.89 0.71
230-270 °C fraction 0.970 80.89 9.23 0.93 8.95 0.73
up to 270 °C fraction by vapor 82.46 8.73 0.91 7.98 0.79
till 405 °C in a still 0.993 83.39 9.78 1.29
up to 390 °C distillation residue in a still - 83.11 7.40 0.87 8.62 0.94
up to 405 °C distillation residue in a still - 84.10 7.78 0.68 7.44 0.90

Description of IR spectra
Figure 1 shows the IR spectrum of the initial tar.
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Figure 1. IR spectrum of dehydrated tar

The general view of the spectra for fractions and residues of tar distillations is similar, which indicates
the presence of identical organic functional groups in all samples.

The most important information is the absorption in the region of 3.040-2.800 cm™. Strong absorption
below 3.000 cm™ (C-H bonds of methyl and methylene groups) indicates a significant amount of alkyl
groups. In addition, the vibrations of -CH; and -CH, groups correspond to absorption bands at about 1,450
and 1,375 cm™. At the same time, the absorption of aromatic hydrogen at 3.020 cm™ is weak.

The second feature is a wide band with a maximum at 3.380-3.370 cm™ which is related to phenolic
hydroxyls.

The bands in the region of 900-700 cm™ correspond to the vibrations of the aromatic ring c-h bonds.
The most pronounced bands are at 815 cm™ (1,4-substituted aromatic ring) and a peak at about 750 cm™
(1,2-substituted aromatic ring). Strong absorption around 1,600 cm™ belongs to the aromatic ring. The bands
in the range of 1,280—1,050 cm™ refer to the Ar-O group in phenols.

The following small changes in the IR spectra for the coal tar and pitch fractions can be noted: the frac-
tions (up to 230 °C and 230-270 °C) are characterized by stronger absorption at 1,514 cm™ (vibration of the
benzene ring) and in the region of 900-700 cm™, which indicates a higher content of compounds with one
benzene ring.
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Description of PMR spectra

Figures 2, a-c show the PMR spectra of the initial tar, distillate fraction 230-270 °C and distillation res-
idue. Quantitative data on the distribution of hydrogen types according to the PMR data in tar, distillate frac-
tions and distillation residues are given in Table 4.
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Figure 2. PMR spectra of dehydrated tar (a), 230-270 °C distillate fraction (b)
and up to 405 °C distillation residue

86 Bulletin of the Karaganda University



Hydrogen distribution in primary coke oven tar ...

Table 4
Distribution of hydrogen types in tar, distillate fractions and distillation residues
sample Proton distribution, %
Hy HB Ha Holef Har
Tar 8.42 33.84 29.38 7.74 20.62
180-210 °C fraction 8.57 28.79 28.36 10.03 24.25
210-230 °C fraction 8.95 32.59 29.36 10.29 18.81
230-270 °C fraction 8.55 32.65 31.28 10.51 17.01
up to 270 °C by vapor and till 405 °C in a still 8.46 39.93 28.54 7.70 15.40
up to 390 °C distillation residue in a still 11.66 40.56 26.57 — 21.21
up to 405 °C distillation residue in a still 9.79 43.29 25.17 — 21.75

All fractions and distillation residues are characterized by high content of hydrogen at the a- and
B-positions to the aromatic ring. The number of alkyl groups with more than three carbon atoms in the chain
is small, as H,<H,.

The total amount of aliphatic hydrogen is several times higher than that of aromatic hydrogen. The 180—
210 °C fraction contains the largest amount of aromatic hydrogen.

Olefinic hydrogen (unsaturated compounds) is present in the initial primary coke oven tar and distillate
fractions, its relative amount decreases for the heaviest fraction, and olefinic hydrogen is not found in the
distillation residues.

Conclusions

Thus the results of IR spectral studies show that all fractions of the coke oven tar and the pitch obtained
from it contain a large amount of alkyl-substituted aromatic compounds, phenols and other substances with
alkyl groups. Aromatic compounds generally contain substituents at the ortho- and para- positions. The IR
spectrum of the pitch does not fundamentally differ from the IR spectra of the fractions, i.e. it also contains
hydrogen mainly in alkyl groups and contains phenolic groups.

According to the results of the elemental analysis the atomic ratio of C: H in the primary coke oven tar
is 0.79.

Primary coke oven tar has a high content of hydrogen in the a- and B-positions to the aromatic ring,
29 % and 34 % respectively, which indicates a large number of alkyl substituents in the aromatic rings and
near double bonds. The total amount of aliphatic hydrogen is 79 %. It is several times more than the amount
of aromatic hydrogen, which is 21 %. The high content of alkyl substituents in aromatic rings allows using
180-230 °C distillate fractions of the tar to increase the octane and cetane number in the production of motor
fuel.

Fractions with a boiling point above 270 °C can be used to obtain boiler fuel, carbon black, coke and
needle coke.

The products manufactured by oil refinery or coal chemical enterprises can be diversified through
knowledge of the hydrogen distribution and the use of the compounding method.

Thus the results obtained in this study can be the basis for choosing the most preferable direction for
further processing of raw materials.
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Bipinmiiik TackeMip maibIpbl MeH OHbIH (PPAKIMSVIAPBIHAA CYTETiHIH Tapaaybl

Onemenrrik tangay, UK- xone [IMP-cnekrpockomns amicrepiMen «llly6apken Kemip» AK Oacramker
TacKeMip IaWbIPBIH/A, OHBIH JUCTHULATTHIK (paKIusuIapbIHIA JKOHE MUCTHLIALMS KaJIBIFBIHAA CYTEKTiH
Tapainybl aHbIKTanAbl bipiHminik kemip maiieipeigarel C: H aromaelk katbiHacel 0.79  kypaiiabl
laitsipapIH 6apablK GpaKIIsIapbIHAA ATKHIOPHIHOACKITFAH apOMATTEl KOCBUTBICTAp, (PEHOIAP JKOHE aTKII
TonTapbl 0ap 0acka KOCBUIBICTAp Kem. bacTamksl mIaifblp apoMaTThl CaKWHara o- >KoHE [-kKargaimapma
OpHAJIaCKaH CYTEKTIH JXOFapbhl KypaMbIMEH CHIATTanmaisl, coifkecinme 29 % xone 34 %, Oyl apoMarTs
CaKHHAIap/Ia KoHEe KOC OailaHBICTap IbIH KaHBIH/A ANKHJIII OPBIHOACYIIBUTAP IBIH KOII MOJIIEPIH KOPCETEl.
BipiHminik TackeMip mailbIpbIHAarsl ATU(ATTHI )KOHE apOMAaTThI CYTEKTiH JKaJIIlbl Melepi colikecinmre 79 %
sxoHe 21 % kypaiinpl. Bipinmninik maiieipna onedunai cyreri 8 % xypaitnsl. XKorapwiia atanran ¢usuka-
XUMHSUIBIK OiCTep/iH KeMeriMeH OipiHIILIIK TacKeMip IIaWbIPbIHAAFEI JKOHE OHBIH (paKuusIapbIHIAFbl
CYTEKTIH 2JIEMEHTTIK KypaMblH, CaHJBIK TapalyblH aHBIKTAy JKOFapbl KYHIb! OHIMAEPl aly YIIiH ofaH api
KaiiTa eHzey (THAPOTeHU3AIHS, KOKCTEY, TEPMHUSIIBIK KPEKHUHT) 9ICTEPIH TaHAayabl aliKbIHAAyFa MYMKIHIIIK
Oeperi.

Kinm ce30ep: OipiHminik Tackemip maifeiper, MK-cnekrpockomus, ITMP-criekTpockomusi, 3JI€MEHTTIK
Tanaay, maislp GpakuusIIapel, CYTETiHIH TapaTybl.

JI.E. Aiit6exosa, JI.K. Makenos, E.11. Auapeiikos, A.I'. llayp, ®en IO Ma,
I'.T". baiikenoBa, A. Tycunxan, A.A. Mypar6ekoBa, M.. baitkenos

Pacnpenesienne Boopo/ia B NePBUYHONH KAMEHHOYT0JIbHOI cMoJie U ee ppakuusxX

Meronamu anemenTtHoro ananusa, UK- n [IMP-cnekTpockonuu yCTaHOBJIEHO paclpesesieHne BoJopoJa B
nepBUYHON KaMeHHOYyronbHOU cMolnie AO «1llybapkois Komupy, ee TUCTHIDIATHRIX (QPaKIUsIX H HETEpero-
HSEMOM OCTaTKe NUCTHLULAIUH. ATOMHOEe cooTHomieHne C : H B mepBHYHON KaMEHHOYTOJBHOW CMOJIE CO-
craeisiet 0,79. Bce dpakimu cMoJBI comepkar GOJBIIOE KOJHYECTBO ANKHI3aMEIICHHBIX apOMaTHYEeCKUX
COeTMHEHNUH, (PCHOJIOB U IPYTHX COCANHEHHH C aJKWIbHBIMU TPYNITUPOBKaMH. FcXoaHas cMoia XapakTepu-
3yeTcst BBICOKUM COJIep)KaHUEM BOJOPO/Ia, HAXO/SIIETOCs B O- M -IIOJOKEHUSIX K apOMAaTHIECKOMY KOJIbILY,
29 1 34 % COOTBETCTBEHHO, YTO CBUAETEILCTBYET O OONBIIOM KOJIMYECTBE AIKMIBHBIX 3aMeCTUTENeH B apo-
MaTHYeCKUX KOJIBIAX W PSIOM C JABOMHBIMHU CBsi3siMH. OOIee KOJIMYECTBO alu(aTHIecKoro W apoMaTHde-
CKOTO BOJIOpoJa B cMoJie coctaBisieT 79 u 21 % coorBeTcTBeHHO. B McX0mHOM cMoute 01euHOBEINA BOIOPOL
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MPHUCYTCTBYET B KolnuecTBe 8 %. YCTaHOBIEHHE 3JEMEHTHOTO COCTaBa, KOJIMYECTBEHHOTO pacHpeeeHus
BOZIOpO/ia B NEPBUYHON KAMEHHOYTOJBHOH cMoJe M e¢ (PaKUUsX ¢ MOMOIIbIO HAa3BaHHBIX BBIIE (hU3UKO-
XMMHYECKHX METOJIOB MO3BOJSET ONPENEIUThCA B BBIOOpE METOIOB JalbHelell mepepaboTku (THIPOTeHN-
3a1us, KOKCOBaHHE, TEPMHIECKHH KPEKUHT') JUIS OTyIEeHHS NIPOIYKTOB, MMEIONIUX BBICOKYIO J00aBIEHHYIO
CTOMMOCTE.

Kurouesvie cnosa: nepuuHas kameHHOyrojbHast cmoina, MK-cnekrpockonus, [IMP-cniekrpockonus, sie-
MEHTHBIN aHaIN3, GpaKkiuu CMOJIBI, pacipeieiieHHe BOIOPOIa.
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