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Abstract

Objectives. Recently, there has been a tendency to increase the volume of high-viscosity heavy
oils in the total volume of oil produced. The processing of these oils requires new technological
approaches. This task is closely related to the need to increase the depth of oil refining. Among
the approaches proposed to solve these problems, mechanochemical activation, which is based
on the cavitation effect produced by ultrasonic or hydrodynamic methods, has been suggested.
This study evaluated the effects of cavitation in increasing the depth of oil refining.

Methods. Straight-run and “secondary” oil products were used as raw materials: vacuum
gas oil, catalytic cracking gas oil, and fuel oil. Activation was carried out in a high-pressure
disintegrator. The principle of operation was to compress the oil product and then pass it through
a diffuser. When the oil was passed through the diffuser, there was a sharp pressure release to
atmospheric pressure, which caused cavitation in the hydrodynamic flow. The pressure gradient
on the diffuser and the number of processing cycles ranged from 20 to 50 MPa and 1 to 10,
respectively. The density, refractive index, and the fractional composition of petroleum products
were determined using standard and generally accepted methods.

Results. This paper reports the influence of mechanochemical activation of petroleum products
on their physical and chemical characteristics. An increase in the pressure gradient and the
number of processing cycles leads to a decrease in the boiling point of the petroleum products
and their density and an increase in the yield of fractions that boil off below 400°C. The yield
of the fractions with boiling points of 400-480°C and the remainder were reduced. The density
and refractive index of fractions with boiling points up to 480°C decreased, and the density of
the residue increased. The effects of cavitation (an increase in the yield of fractions with boiling
points up to 400°C and a decrease in the density of the petroleum products) increased with
increasing pressure gradient and the number of processing cycles.
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Conclusions. The changes in the density, boiling point, and the yield of fractions increased with
increasing the pressure from 20 to 50 MPa and the number of hydrodynamic cavitation cycles
from 1 to 5. Increasing the number of processing cycles to more than five had little additional
effect. The effects of cavitation increased with increasing initial density of the oil product. The
average molecular weight of these fractions was estimated from the densities and boiling points
of individual fractions of the petroleum products. The calculation confirmed the assumption
regarding the course of cracking reactions of petroleum products under the influence of cavitation
and indicates the course of the compaction processes.
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AnHOmauyus

ITenu. B nocnedHue 2006l npocaeskusaemcs: meHOeHyUsl ygesuueHust 8 obuiem obveme dobwvleae-
MOUL Heghmu 8bLCOK0BSI3KUX, MsiKeNblX Hedhmell, nepepabomra Komopslx mpebyem HO8blX mex-
HoJl02UUEeCKUX no0xo008. Oma 3adaua mecHO C8s13aHA C HeobX00UMOCmblo nogvluleHUsl 21ybu-
Hbl nepepabomru Hegpmu. Cpedu nooxo0os, npediazaemvlx Ok peuleHUsT OmMmeueHHblX 3a0au,
scmpeuaemest Memoo MexaHOXUMUUECKOl aKmueayuu, Komopulil 0CHO8AH HA UCNOJb308AHUU
appexma Kagumayuu, co30asaemozo Yaempaseykosbim UAU 2UOPOOUHAMUUECKUM CNOCOOAMU.
Llens pabomul 3aK1I0UANIACH 8 UCCAIE008AHUU BO3MOIHOCMU UCNONL308AHUSL 9¢hheKxma Kasuma-
yuu 0151 nosblueHus 21ybuHsblL nepepabomru Hegpmu.

MemoowuL. B kauecmee colpbsi UCNOIb308AJIUCH NPSMO2OHHBLE U (8MOPUUHBLEY HehmenpooyKmabt:
8AKYYMHDBLU 230171, 2A301L/1b KAMAUMUUECK020 KpeKUH2a, Ma3ymul. Akmueayusi npogoouLdCs
8 de3uHmezpamope 8bLCOK020 0a8eHUS, NPUHYUN Jelicmausl KOmOopo20 3aKI0UAICSL 8 cokamuu
HeghmenpodyKma ¢ nocaedyrouum e2o nponyckaruem uepes ouggysop. IIpu smom npoucxooun
pes3kuil «copocr» dasneHust 00 ammocgepHozo, U 8 2UOPOOUHAMUUECKOM NOMOKe 803HUKAJO si8Jle-
Hue kagumayuu. I paduenm odasneHuil Ha ouggysope sapvuposancsi om 20 do 50 MIla, a Konu-
yecmeo yuros oopabomru om 1 0o 10. OnpedeneHue niomHocmu, KoaghpuuueHma peppaxyuu
U PPaAKYUOHHO20 cocmasa HegpmenpooyKmos OCYuLeCmaisiloCb C UCNOb308aHUEM cmaHOapm-
HbLX U 00WenpuHsamslX Memooos.

Pe3synoemameut. B pabome npedcmassieHbl pe3yiomambsl 8AUSLHUSL MEeXAHOXUMUUECKOU aKmuea-
yuu Hegpmenpoodykmos Ha U3MeHEeHUe UX Pu3UKo-Xxumuueckux xapaxmepucmux. Ilokaszaro, umo
nosslueHue gpadueHma 0asieHUll U YUUCAA YUKI08 06pabomKu npueooum K CHUIEHUIO memne-
pamyp Hauana KuneHust Hegpmenpooykmos, Ux NJIOMHOCMU U Y8esUUeHUID 8blx00a (Pparyull,
soikunarowiux 0o 400 °C. Buxoo ¢pparyuu ¢ memnepamypamu kuneHust 400-480 °C u ocmamka
npu smom cHuxkaemes.. OmmeueHo CHU’>KeHue NIOMmHOCMuU U noKa3amess NPeiomaeHuUs: ppax-
yuii ¢ memnepamypamu kunerHust 0o 480 °C u nosblueHue naomHocmu ocmameka. YcmaHoasie-
HO, umo a¢pcheKxm om sieleHUss KasUMAayuu (YeenuueHue 8blxo0a pparyuii c memnepamypamu
KuneHust 0o 400 °C, cHuxeHue niomHocmu HegpmenpooyKkma) 803pacmast npu yeesiuueHuu 2pa-
duerHma 0asseHUll U KoAuUecmsa yukio8 obpabomru.
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Hydrodynamic activation of heavy oil residues

Bwteoout. [lokaszaHo, umo yeeauuerue oaeserust om 20 0o 50 MIla u Koauuecmea yuriog 2udpo-
JuHamuueckoll kagumayuu cnocobecmayem 6onvuemy UamMeHeHUr NI0MHOCMU, memnepamypbl
Hauaa KUNeHusl U 8olxo0a pparkyuil. YemaHo8ieHo, Umo nogblileHue Wucia YuKio8 obpabomru
cevlue 5 HeyenecoobpasHo. OmmeueHo, umo ¢ ygseauueHuem UCXoOHol niomHocmu Hegpmenpo-
dyxkma sgpgpexxmueHocms gosdeticmaust gozpacmaem. [Io niomHocmsam u memnepamypam Ku-
neHust omoesibHblX hpaKyuli HegpmenpooyKmos OUEHEHA CPEeOHSSL MONEKYISIPHASL MACCA IMUX
pparxyuii. Pacuem noomeepoun npednosioskeHue 0 npomeKaHuu peakyuli KpeKuHaa Hegpmenpo-
JyKmoe noo eozdelicmeuem Kagumayuu u ceudemesnbecmayem o NpomeKaHUU Npoyecco8 yniom-

HeHUsl.

Knroueesle cnoea: kasumayus, Heghmo, 8blx00, ceemJible hpaKyuu, MACAsIHblE PPAKUUU

Jna yumupoganua: Tepeutsesa B.b., Ilemnes b.B., Hukonaes AWM. TuaponuHamMudeckast akTUBALUS TSKEIBIX HE(PTAHBIX
octatkoB. Toukue xumuueckue mexronozuu. 2021;16(5):390-398. https://doi.org/10.32362/2410-6593-2021-16-5-390-398

INTRODUCTION

Efficient processing of heavy oil residues is an
urgent problem of the petrochemical industry. The
depletion of reserves of traditional light and medium
oils, which were a source of raw materials for the
production of motor fuels and the petrochemical
industry, has highlighted the need to increase the
depth of oil refining. Heavy high-viscosity oils
are being increasingly involved in the fuel and
energy balance, but their processing requires new
technological approaches. The resources of heavy
and bituminous oils significantly exceed the reserves
of light oils and are estimated to be 750 billion tons.
Canada (386 billion tons) and Venezuela (335 billion
tons) have the largest reserves of heavy oils. The
reserves of heavy oils in Russia (the fields of the
Volga—Ural, Timan—Pechora, and West Siberian oil-
and-gas provinces) are estimated at 30-75 billion
tons. Heavy, high-viscosity oils are characterized
by a high content of polyaromatic hydrocarbons and
asphaltene—resinous substances. In these indicators,
they are close to heavy oil residues. This potentially
allows a uniform approach to their processing [1-3].

The coking process is the most common method
for processing heavy oil residues and accounts for
up to 40% of residues. The following processes
have been used in the order of the processing
volumes: visbreaking (~34%), hydrotreating (~18%),

hydrocracking (~4%), and deasphalting (~3.5%) [4].
The same processes are also considered methods of
processing heavy oils, and research has been carried
out in many scientific centers [4-7].

Simultaneously with the traditional methods
of processing heavy oils and oil products, an active
search for new technological approaches to their
processing is underway [4, 8—10]. Mechanochemical
activation is often considered a new unconventional
method of treating heavy oil feedstock. This
suggests the generation of cavitation in an oil flow.
Cavitation is a physical process of nucleation (bubble
formation) in a liquid media followed by bubble
collapse [11-15]. Researchers have noted local
increases in temperature of up to 10000 K caused by
collapsing cavitation bubbles [16, 17]. As a result,
cracking reactions become possible, which affects
the fractional composition of oil and petrochemicals.
On the other hand, information on the changes
in the physicochemical characteristics of oil is
contradictory. Some researchers noted a decrease in
the density and viscosity of the resulting oil products,
while others suggested an increase in the content
of heavy oil fractions. A possible reason for these
contradictions is the difference in characteristics and
processing conditions [11-15]. This study examined
the influence of mechanochemical activation on
the physicochemical characteristics of petroleum
products.
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Table 1. Physicochemical characteristics of the samples

Sample
Indicator
CCG M1 M2 VG
Density, g/cm® 1.1002 0.9684 0.9478 0.8998
Yield of fractions boiling in the temperature range, wt %
From the initial boiling point (7 ,,) to 350°C 5.2 5.0 13.2 8.4
350-400°C 25.8 9.0 15.8 34.5
400-480°C 28.0 47.0 40.9
69.0
Above 480°C 58.0 24.0 16.2

Note: CCG — catalytic cracking gas oil, VG — vacuum gas oil.

MATERIALS AND METHODS

Straight-run and “secondary” petroleum products
were used as raw materials: vacuum gas oil (VGQG),
catalytic cracking gas oil (CCG), and masut (fuel oil,
M1, and M2). Table 1 lists their characteristics.

The activation of petroleum product samples was
carried out in a high-pressure disintegrator described
elsewhere [18]. The principle of action is that an oil
sample is compressed to a pressure of 20-50 MPa
and passed through a diffuser. When passing through
the diffuser, there is a sharp decrease in pressure
to atmospheric pressure, and cavitation occurs in
hydrodynamic flow. The passage of a minimum
amount of a sample (0.5 L) through the diffuser
from the high-pressure zone to the atmospheric zone
is considered a single cycle. The number of cycles
of such treatment of the raw material ranged from
1 to 10. The temperature at which the samples were
activated was chosen because gas bubbles in the liquid
volume are the nuclei of cavitation, according to
previous reports [19, 20]. Accordingly, the cavitation
intensity increases with increasing number of nuclei
in the volume of oil products. Because an increase
in temperature leads to the degassing of samples,
activation was carried out at a minimum temperature
that ensures the pumpability of the oil product
through the apparatus. Thus, for the VG, HCC, and
MI1 and M2 samples, pumpability was achieved at
30°C, 50°C, and 70°C, respectively.

The sample density was determined using the
pycnometric method. The initial boiling point,
the yield of fractions of the vacuum distillation of
petroleum products, and the refractive index were
examined by refractometry.

For fuel oil and VG oil samples, the yield of frac-
tions boiling out over the temperature ranges, 7,,,~350°C,
350-400°C,400-480°C, and>480°C, was determined.
For CCG oil, the yield was determined for fractions
boiling up to 350°C and higher. The fractions were
combined (350°C and higher) for CCG oil because
an increase in temperature above 350°C (calculated
for atmospheric pressure) during the analysis led to
hydrocarbon decomposition.

RESULTS AND DISCUSSION

For all samples investigated, the boiling-onset
temperatures and density decreased after treatment.
For example, the boiling point of sample M2 was
280°C. After five treatment cycles at a pressure
gradient of 50 MPa, the boiling-onset temperature
decreased to 250°C. More severe the activation
conditions (higher pressure gradient, more exposure
cycles) resulted in a lower density of the product
obtained (Fig. 1). Simultaneously, the characteristics
of the samples did not change after five processing
cycles.

The significant change in density was attributed
to a change in the yield of the fractions (Fig. 2). As a
result of activation, the yield of fractions boiling up
to 400°C increased, whereas the yield of the heavy
oil fraction and residue decreased. The increase in the
total yield of light and medium oil fractions depended
on the treatment pressure gradient. Hence, the total
yield of these fractions in the VG sample was 43 wt %.
After five treatment cycles at 20 and 50 MPa, the
yield was 46.5 and 52.6 wt %, respectively, showing
an increase with increasing pressure.
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Fig. 1. Influence of the activation conditions
on the CCG sample density. Pressure gradient, MPa:
(1) 20; (2) 30; (3) 40; (4) 50.
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Fig. 2. Influence of the number of activation cycles
on the M2 sample fractional composition.
Pressure gradient 50 MPa.

Fractions: (1) 7., —400°C; (2) 400—-480°C; (3) residue.

IBP

After sample activation, both the fractional
composition and the physicochemical characteristics
of the individual fractions changed (density and
refractive index). For all samples studied, an increase
in the pressure gradient and the number of processing
cycles led to a decrease in the refractive index
and the density of fractions boiling up to 480°C.
Simultaneously, the density of the fraction with a
boiling point above 480°C increased (Figs. 3 and 4).

The changes in the density and refractive index
for all oil products under consideration were identical.
Increasing the number of activation cycles of samples
to more than five had little additional effect on the
sample characteristics.

The relationship between the original sample
density and the changes that occurred as a result of
its processing was noted: the higher its density, the
more significant the changes. For example, the yield

Refractive index

Density, g/cm?
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Fig. 3. Influence of the number of activation cycles
on the refractive index of the M2 sample fractions.
Pressure gradient was 40 MPa. The boiling temperature
of the fractions, °C: (1) T,,,-350; (2) 350-400;
(3) 400-480.
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Fig. 4. IInfluence of the pressure gradient
on the M1 sample fractions density;
five cycles of activation.

The boiling temperature of the fractions, °C:
(1) T,,,=350; (2) 350-400; (3) 400-480;
(4) residue.

of fractions with a boiling point of up to 400°C for
the VG sample (initial density 0.8998 g/cm®) was
42.9 wt %. After five-time treatment at 50 MPa, it
increased to 52.6 wt %, i.e., it increased by 9.7%. For
the M1 sample (density 0.9684 g/cm?), the yield of
this fraction under the same processing conditions
increased by 14.8%, and for the GCC sample (density
1.1002 g/cm?), by 24.5 wt %.

The authors of [21] have revealed the formation
of unsaturated hydrocarbons when treating alkanes, a
decrease in the samples boiling points studied by us,
and a change in the physicochemical characteristics
of their individual fractions. We can explain this
by an increase in temperature as a result of the gas
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Table 2. Influence of the activation conditions on the average molecular weight of the fraction

boiling in the 7;,,-350°C temperature range

Mechanochemical activation conditions Average molecular weights of samlpes
Number of processing Processing pressure, VG M1 M2 CCG
cycles MPa
Original sample 219 239 236 200
20 218 238 235 197
1
50 213 230 229 192
20 215 232 230 194
5
50 210 225 224 189

bubbles collapse upon cavitation. We assumed that a
local increase in temperature resulted in the formation
of alkenes and hydrocarbons with a lower molecular
weight as a result of cracking reactions. These
hydrocarbons are characterized by lower densities
and refractive indexes.

Table 2 shows the influence of the activation
conditions on the average molecular weight of the
fraction boiling out in the T,,,~350°C temperature
range for the samples studied.

The average molecular weight was estimated using
the formula recommended for narrow oil fractions [19]:

M =(160-5K)—0.075T,, +0.000156KT>

av. 2

where T is the fraction average boiling point, and
K is the characteristic factor calculated based on the
fraction density and average boiling point [22].

This formula was chosen because the difference
between the calculated and experimental values
(determined by the cryoscopic method in a Cryon-1
installation, benzene solvent) did not exceed 10%.
For example, for the fraction with boiling points
of 400-480°C (sample M1, 5 treatment cycles at a
pressure of 50 MPa), the experimental and calculated
average molecular weights were 350 and 388 units,
respectively.

For all the samples studied, the average molecular
weight of the fraction boiling at 7, ,~350°C decreased.
The molecular weight of fractions with boiling
points of 350-400°C remained relatively unchanged.

In the case of fractions with high boiling points,
the molecular weight increased. For fractions with
boiling points above 480°C (residue), the result was
consistent with an increase in density.

CONCLUSIONS

The results indicated the effectiveness of a
mechanochemical treatment to increase the depth
of oil refining (to increase the yield of light and
oil fractions). This method has the potential for
processing high-viscosity, highly resinous oils.
These results also showed that along with cracking
reactions, compaction processes also occur, which
confirms the data on the occurrence of hydrocarbon
cracking reactions under the influence of cavitation
reported elsewhere.
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