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Abstract—The use of coal pitch as a binder in anode production for the aluminum industry is an outdated
approach. Such pitch has a high content of carcinogens, polycyclic aromatic hydrocarbons, and tar phenols,
and its environmental impact is unacceptable. A possible alternative binder, which is free of these problems,
is environmentally benign petroleum pitch from heavy petroleum residues. Current petroleum pitch must
meet requirements on factors such as its physicochemical parameters, production characteristics, and the
conditions of transportation and storage. Environmental constraints are especially important on account of
current global conditions. These requirements are met by a new product: petroleum pitch for the production
of anode mass. This pitch has similar properties to coal pitch of grades A and B1. In the present study, it is
investigated by up-to-date physicochemical methods.
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Attempts to obtain industrial batches of electrode
pitch in Russia ended unsuccessfully, for various rea-
sons: a lack of appropriate industrial processes; imper-
fect technological systems; unconditioned petroleum
derivatives; and miscommunication between purchas-
ers and consumers [1–4]. Today, a high-quality, envi-
ronmentally benign, alternative binder is needed for
anode production.

For many years, researchers at the Irkutsk National
Research Technical University, in collaboration with
the Kataliz group of companies, have studied catalytic
liquid-phase oxidative cracking, in which the residue
is highly aromatic fuel oil with parameters similar to
those of heavy pyrolytic tar in ethylene production
(the best starting point for the production of petro-
leum pitch) [5, 6]. Catalytic liquid-phase oxidative
cracking employs both homogeneous and heteroge-
neous catalysts (produced in-house), which are essen-
tial in order to obtain petroleum pitch with character-
istics matching or surpassing those of coal pitch.

EXPERIMENTAL MATHODS 
AND EQUIPMENT

The best raw materials for the production of petro-
leum pitch are petroleum distillation residues of high
density and aromatic content and low sulfur content.

We use highly aromatic fuel oil from the process of cat-
alytic liquid-phase oxidative cracking developed by
the Kataliz-Proekt group. For the production of
petroleum pitch, we consider heavy petroleum resi-
dues (highly aromatic fuel oil) from a system for cata-
lytic liquid-phase oxidative cracking.

We introduce a special activating additive (up to
2%) at room temperature (20–25°C) in the highly aro-
matic fuel oil, with thorough homogenization for
10 min (Fig. 1). The resulting mixture is placed in an
autoclave preheated to 80°C, which is sealed. Nitro-
gen is introduced, and the pressure is increased to
0.5 MPa. A thermal-regulation system controls the
heating. The light vapor is captured through an upper
valve and is condensed in a cooling system, where it is
collected. The excess pressure in the autoclave is regu-
lated by a valve and monitored by means of a manom-
eter. After releasing the pressure, live steam is intro-
duced, to ensure effective removal of the light compo-
nents. The supply of steam (ml/min) is regulated as
necessary. On reaching the oxidation temperature, air
is supplied to the autoclave, and polycondensation
occurs.

Thermolysis of the initial petroleum derivative is
studied in the sealed autoclave, with variation in the
temperature (420–450°C), pressure (1–2 MPa), and
duration of the process (heat treatment for 5–20 min
332
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Fig. 1. Laboratory apparatus for producing petroleum pitch: (1) air cylinder; (2) valve; (3) steam heater; (4) three-way valve; (5)
autoclave; (6) manometer; (7) thermosensor; (8) lower valve; (9) upper valve; (10) autoclave jacket; (11) thermal regulation unit;
(12) heat exchanger; (13) intake tank; (14) baff le; (15) gas meter.
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at the solution stage). The α fraction (coke residue) is
formed from the low-molecular fraction of the petro-
leum residue in the relatively high-molecular fraction.
The reaction occurs at high speed, with gradual heat-
ing of the initial mixture.

Then the autoclave is slowly cooled, with continu-
ous mixing, to 260°C. The cooled petroleum pitch is
removed from the autoclave.

Practically no clear criteria for assessing petroleum
residues as raw materials on the basis of laboratory
analysis may be found in the literature on the produc-
tion of petroleum pitch [7–12]. In order to produce
pitch of high quality, we must find optimal means of
improving the content of the α fraction in petroleum
pitch without markedly changing the content of the α1
fraction or the softening temperature [13–16]. By
stopping the process at any stage—that is, by regulat-
ing the conversion of heavy petroleum residues—we
may obtain products with the required aromatic con-
tent and density and with specified content of tar,
asphaltenes, carbenes, and carboids.

RESULTS AND DISCUSSION
The quality of the petroleum-pitch samples is

assessed in terms of the RUSAL guidelines [11]. By
standard methods, we determine the softening tem-
perature, yield of volatiles, coke residue, sulfur con-
tent, sodium content, carcinogenic content, ash con-
tent, and content of toluene- and quinoline-insoluble
materials (Table 1).

The experimental pitch samples are assessed in
accordance with the characteristics of coal pitch (State
Standard GOST 10200–83). We see in Table 1 that the
petroleum-pitch samples lack benzo[a]pyrene; that is
an environmental benefit. We also investigate the ther-
mogravimetric characteristics of the petroleum-pitch
samples and the qualitative composition of the gases
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liberated on heating in an oxidative atmosphere. The
following methods are employed:

— synchronous thermal analysis: investigation of
the thermal effects and mass change of the sample on
heating and melting;

— mass spectrometric determination of the com-
position of the gaseous products in thermogravimetric
analysis.

The STA 449 F1 Jupiter instrument is used for syn-
chronous thermal analysis. The quantitative and qual-
itative composition of the gaseous products is moni-
tored by means of the QMS 403 C Aeolos quadrupole
mass spectrometer, with an electron-impact energy of
70 eV.

The thermogravimetric data (Figs. 2 and 3) indi-
cate that the thermal decomposition of petroleum
pitch in an oxidative atmosphere has three stages. At
the end of the experiment, the petroleum-pitch sam-
ple has burned up completely.

In the first stage (325–415°C), we see a double
endothermal effect with a peak at 396°C. The mass
loss is 17.44%. This may be attributed to the rupture of
weak chemical bonds to form low-molecular prod-
ucts, as confirmed by the mass spectra.

In the second stage (415–525°C), we note an exo-
thermal effect. The mass loss is 18.10%. This may be
attributed to the rupture of stronger chemical bonds to
form low-molecular products, as confirmed by the
mass spectra.

In the third stage (525–800°C), we also note an
exothermal effect. The mass loss is 66.43%. This may
be attributed to the rupture of strong chemical bonds
(including C–C bonds) to form mainly CO2 and H2O,
as confirmed by the mass spectra.

In the oxidation of petroleum-pitch samples at
290–800°C, sulfur-bearing compounds break down,
releasing SO2. The quantity of SO2 formed is five
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Table 1. Characteristics of petroleum-pitch samples obtained by catalytic liquid-phase oxidative cracking

Characteristic Standard 
requirement Test method

Date of sample production

Sept. 19, 
2017

Nov. 21, 
2017

Jan. 25, 
2018

May 29, 
2019

Softening temperature, °C:
Mettler method 110–117 ASTMD 3104–99 110.4 115.7 113.1 116.3
Ring and ball method 85–92 State Standard GOST 9950 88 91 91 91

Viscosity, cP:
at 155°C 1500–5000 ASTMD 4402–87 2924 4525 4149 4216
at 185°C 300–550 ASTMD 4402–87 380 345 423 394

Coke residue, %, no less than 55 ISO 6998 56.5 56.6 56.8 56.3

Yield of volatiles, % 53–59 State Standard GOST 9951 55.4 55.0 56.9 57.1

Content of toluene-insoluble 
components (α fraction), wt %, 
no less than

29 State Standard GOST 7847 36.9 38.0 35.3 33.0

Ash content, %, no more than 0.3 State Standard GOST 7846 0.2 0.2 0.2 0.1

Content of quinoline-insoluble 
components (α1 fraction), wt %

5–12 State Standard GOST 10200 5.0 5.0 5.0 9.0

Actual density, g/cm3 1.35 STO 9.38–2013 1.145 1.206 1.200 1.173

Content:
sulfur, %, no more than 0.7 State Standard GOST 8606–93 0.22 0.36 0.24 0.18
sodium, %, no more than 0.022 STO 9.54–2012 0.0025 0.002 0.0026 0.002
benzo[a]pyrene, mg/g 3.8 Chromatography + mass spec-

trometry
Traces Traces Traces Traces
moles or 0.15% of the sample mass. This process also
occurs in three stages. We compare petroleum pitch
and coal pitch by 1H and 13C NMR spectroscopy.
From the 1H and 13C NMR spectra recorded on a
Bruker DPX250 instrument, we obtain the distribu-
tions of hydrogen and carbon atoms in different
hydrocarbon structures for petroleum pitch and coal
pitch. We analyze the fraction soluble in CDCl3.
Because of its complex chemical composition, pitch is
Fig. 2. Thermogravimetric curves: (black) TG, mass loss; (blue
ionic current of CH3.
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usually characterized by the group composition of its
fractions with different solubility in isooctane (petro-
leum ester), toluene, and quinoline.

In terms of selective solution, pitch may be divided
into the following fractions.

1. The γ fraction is soluble in petroleum ester.
These are aromatic and heterocyclic compounds.
With increase in temperature, the γ fraction becomes
COKE AND CHEMISTRY  Vol. 64  No. 7  2021
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Fig. 3. Thermogravimetric curves: (black) TG, mass loss; (blue) DSC, thermal effects; (red) ionic current for mass number (MN) 72.
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Fig. 4. 13C NMR spectra of pitch samples 1–4. The intense signal at 77 ppm corresponds to the solvent.
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an isotropic liquid and determines the steeping prop-
erties of pitch.

2. The β fraction is soluble in toluene but not in
petroleum ester. These are high-molecular aromatic
compounds and determine the binding properties of
pitch.

3. The α fraction is insoluble in toluene and may be
subdivided into two parts:

— the α2 fraction is soluble in quinoline but insol-
uble in toluene; the properties of the insoluble compo-
nent are typical for crystalline graphite (coke);

— the α1 fraction is insoluble in quinoline. It has
polymer properties, but with different temperature
transitions. This set of high-molecular compounds
determines the possibility of mesophase properties
and is associated with the graphitizing properties of
the pitch.

On the basis of the 1H and 13C NMR spectra, the
pitch composition may be assessed without division
into fractions. In combination with the accuracy of the
method and the rate at which 1H NMR spectra are
recorded, this permits rapid analysis.

Samples of petroleum pitch produced by catalytic
liquid-phase oxidative cracking from different raw
materials are investigated; pitch samples from two pro-
COKE AND CHEMISTRY  Vol. 64  No. 7  2021
ducers are compared. The samples are as follows: 1)
petroleum pitch produced by catalytic liquid-phase
oxidative cracking; 2) pitch from heavy tar obtained by
pyrolysis in ethylene production (catalytic liquid-
phase oxidative cracking); 3) coal pitch (Zaporozhe,
Ukraine); 4) coal pitch (Russia). By analysis of the 13C
NMR spectra, we determine the structural character-
istics of the components in pitches 1–4. In particular,
there are no signals in the range 150–200 ppm. That
clearly shows the lack of carbonyl- and carboxyl-bear-
ing fragments in the pitch structure. We may also note
the absence of O-alkyl and O-aryl functional groups,
corresponding to signals at 50–60 ppm and 145–
160 ppm, respectively (Fig. 4).

For petroleum pitch 1, the 13C NMR spectrum
contains intense signals at 10–30 ppm, corresponding
to saturated linear aliphatic chains. According to the
relative integral intensity of these signals, the length of
such fragments will be 7–8 carbon atoms. The integral
intensity of all the signals in the 13C NMR spectra is
normalized to 100. For petroleum pitch samples 1 and
2, signals in the range 130–150 ppm are more pro-
nounced than for coal pitch. This spectral range corre-
sponds to resonances of quaternary atoms in aromatic
structures directly linked to aliphatic fragments (Car–
alkyl groups).
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Table 2. Contribution (%) of spectral intensities from different ranges in 13C NMR spectra

Sample
Spectral range, ppm

ΣСal

Spectral range, ppm
ΣСar Car/Cal

0–17 17–25 25–41 41–60 90–133 133–160

1 4.1 8.2 23.5 5.2 41 43 16 59 1.44

2 0.7 4.2 7.9 3.2 16 61.5 22.5 84 5.25

3 0.7 1.5 2.6 1.2 6 84.5 9.5 94 15.67

4 1.6 2.5 2.6 2.3 9 87.1 3.9 91 10.11
The 13C NMR spectra of coal pitch samples 3 and
4 are more clearly resolved. That would be consistent
with simpler composition of the pitch components not
susceptible to polymerization.

Comparison of the 13C NMR spectra for petroleum
pitch and coal pitch samples (Table 2) reveals a signif-
icant difference in the content of aromatic and ali-
Fig. 5. Surface of petroleum-pitch samples obtained by catalyt
(scanning electron microscope images; resolution ×1500). Addit
zoic acid (1%); d) heavy pyrolytic tar (5%).

10 �m(а)

100 �m(c)
phatic hydrocarbons. The proportion of aromatic and
aliphatic fragments in any samples may be assessed on
the basis of the ratio Car/Cal.

To determine the impurity content, we employ
X-ray diffraction analysis of pitch samples on a Shi-
madzu XRD-7000 instrument using a tube with a cop-
per anode and CuKα radiation. Diffraction patterns
COKE AND CHEMISTRY  Vol. 64  No. 7  2021

ic liquid-phase oxidative cracking from highly aromatic fuel oil
ives: (a) phthalic anhydride (1%); (b) urotropin (0.1%); (c) ben-

10 �m(b)

100 �m(d)
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Fig. 6. Results of chromatography and mass spectrometry for coal pitch (Zaporozhe): the peak at 252 corresponds to 3,4-benzo-
pyrene.
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Fig. 7. Results of chromatography and mass spectrometry for petroleum pitch produced from highly aromatic fuel oil.
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are recorded at a rate of 1°/min at 0.02° intervals
within the range 5°–70°. IPS FI software is used to
identify the phase composition.

The composition established is as follows: 28 ppm
Na; 182 ppm Fe; 270 ppm V; and 164 ppm other ele-
ments (total).

To determine the influence of additives on the
structure and rheological properties of the pitch, we
analyze electron microscope images of the surface of
the petroleum pitch by means of a Tesla BS-242E
scanning electron microscope (resolution ×1500). As
is evident from Fig. 5, additives significantly change
the pitch surface. The formation of coke particles is
clearly evident on the images.

Chromatography and mass spectrometry are used
to determine the content of 3,4-benzopyrenes and
polycyclic aromatic hydrocarbons in the petroleum
pitch (low-voltage mass spectrometry). We know that
the hydrocarbons in petroleum are characterized by
different ionization potentials: for example, arenes
7.00–9.24 eV; alkanes 13 keV and above; and naph-
thene hydrocarbons more than 11 eV. Therefore, the
COKE AND CHEMISTRY  Vol. 64  No. 7  2021
energy range of the ionizing electrons employed
begins at 9 eV or less. The mass spectra only include
peaks of molecular ions in aromatic compounds. In
Figs. 6 and 7, we show the results of chromatography
and mass spectrometry for samples of coal pitch and
petroleum pitch. We clearly see that the molecular ion
corresponding to a mass of 252 m/e (3,4-benzopyrene)
is of intensity 30% in coal pitch but less than 1% in
petroleum pitch.

CONCLUSIONS

1. Petroleum pitch with characteristics matching or
exceeding those of coal pitch of grades A and B1 has
been produced for the first time. The petroleum pitch
itself and the anode mass derived from it were success-
fully tested in the laboratory of the Engineering Tech-
nology Center at RUSAL, Krasnoyarsk.

2. The characteristics of the petroleum pitch clearly
indicate the potential for producing environmentally
benign pitch (with no benzo[a]pyrene and minimal
sulfur content). Its use does not require modernization



338 DOSHLOV et al.
or reconstruction of the production line at aluminum
plants employing Soderberg technology (self-baking
anodes).

3. The ash content of the petroleum pitch is low;
and the content of mechanical impurities is minimal.
No water is present.

4. The content of crystalline sodium is minimal rel-
ative to coal pitch. High sodium content always
increases anode consumption in aluminum produc-
tion.

5. The production of petroleum pitch is technolog-
ically and environmentally superior to the production
of coal pitch.

6. The structure of the petroleum pitch has been
investigated by thermogravimetry, NMR spectros-
copy, X-ray methods, and also chromatography and
mass spectrometry. We have developed a rapid
method of qualitative and quantitative analysis of 3,4-
benzo[a]pyrenes and also polycyclic aromatic hydro-
carbons in petroleum pitch and coal pitch. This
method is based on molecular mass spectrometry with
low energy of the ionizing electrons.

7. The production of petroleum pitch has obvious
benefits relative to other methods of producing petro-
leum binder. In particular, it is simple and effective.
The petroleum pitch produced is characterized by
constant physicochemical composition and stable
operational characteristics. It may be used in liquid or
granulated form.

8. Organizing the production of petroleum pitch
permits considerably more efficient use of petroleum
coke and makes available additional resources of qual-
ity and stability on account of the use of filler and
binder of the same type.
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