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Abstract: In this work, a synthesis of an oil-soluble iron-based catalyst precursor was carried out
and its efficiency was tested in a laboratory simulation of the aquathermolysis process at different
temperatures. The rocks of the Usinskoe field from the Permian deposits of the Komi Republic,
obtained by steam-gravity drainage, and the iron-based catalyst precursor, as well as the products
of non-catalytic and catalytic aquathermolysis, were selected as the object of study. As a result, it
was found that the content of alkanes in the samples after thermal steam treatment (TST) at 300 ◦C
increased 8-fold compared to the original oil, and the content of cycloalkanes in the sample with
the catalyst increased 2-fold compared to the control experience. This may indicate that not only
the carbon-heteroatom bonds (C-S, N, O) but also the C-C bonds were broken. It also shows that
increasing the iron tallate concentration at TST 300 ◦C leads to a decrease in the molecular mass of the
oil compared to the control experiment. According to SEM, the catalyst is nanodisperse particles with
a size of ≈60–80 nm, which are adsorbed on the rock surface, catalyst removal occurs at a small scale.

Keywords: aquathermolysis; catalyst precursor; thermal steam treatment; iron tallate; viscosity;
SARA; GC-MS; molecular mass; SEM; TG-DSC

1. Introduction

In the literature, the change in oil properties under the influence of thermal factors
in the environment of water steam and rock minerals is called aquathermolysis and is
considered a model for the transformation processes of hydrocarbons in the formation
using thermal methods to enhance oil recovery [1–3].

Compounds based on transition metals are the most popular and studied compounds
for catalytic aquathermolysis [4]. Although significant progress was made in the develop-
ment of transition metal-based catalysts for aquathermolysis, the main challenges lie in
reducing the cost of their production and application.

The works [5,6] studied hydrothermal effects on the properties of deposits where oil-
saturated sandstones were enriched with iron-containing clays (cold lake field) heated in the
presence of steam at 150–250 ◦C for several weeks. The results showed that hydrothermal
reactions in the clay minerals strongly degrade the properties of the deposit and lead to a
decrease in porosity and permeability.

The authors in [7] performed physical modeling of aquathermolysis of highly viscous
oil in the presence of mineral constituents of carbonate rocks consisting of dolomite and
calcite. On the basis of group composition analysis and infrared spectroscopy, it was found
that in the presence of calcite the content of resins and asphaltenes is significantly reduced
due to the destruction of the least stable C-S-C bonds. On the basis of gas chromatography, it
was found that the thermal transformation of bitumoids led to an increase in the proportion
of hydrocarbons in the homologous series C19–C30. Moreover, the analysis of geochemical

Catalysts 2022, 12, 1268. https://doi.org/10.3390/catal12101268 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12101268
https://doi.org/10.3390/catal12101268
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-6678-9540
https://orcid.org/0000-0002-1223-933X
https://orcid.org/0000-0002-5997-6038
https://orcid.org/0000-0002-5168-7063
https://doi.org/10.3390/catal12101268
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12101268?type=check_update&version=1


Catalysts 2022, 12, 1268 2 of 26

coefficients showed a high maturity degree of the organic matter of thermally converted
bitumen in the model system with dolomite. However, in the presence of rock, the catalytic
potential in terms of heavy oil accumulation could not be fully demonstrated.

At the same time, scientists discovered in [8] that although minerals have a catalytic
activity under thermal influence in the environment of water steam, due to the hydrogen
donor, along with an increase in viscosity and density, the chemical composition of the
residual oil changes. Namely, the share of high-molecular-mass components of asphaltenes
increases significantly.

Numerous scientists investigate the reactions of aquathermolysis of organic matter and
catalytic systems that include various hydrogen donors [9–11]. This is related to the possibil-
ity of intensifying cracking and hydrogenolysis reactions and, as a consequence, increasing
the degree of viscosity reduction due to breaking C-S bonds in high-molecular-mass com-
ponents. In addition, the catalysts facilitate the release of hydrogen from naphthenic and
aromatic compounds that are part of the oil [12,13].

According to [14,15], the hydrogen content can significantly affect the composition of
the reaction products formed during hydrocracking in a heated tank. Moreover, pyrolysis of
heteroatomic compounds and polycyclic aromatic hydrocarbons in the absence of hydrogen
leads to the formation of hydrocarbon mixtures containing double bonds and radicals.

The use of hydrogen enables the reactions of hydrogenolysis, hydrogenation and
hydrocracking, which reduce the formation of double bonds and the polymerization of the
resulting hydrocarbons [16].

In [17] the conversion of heavy oil in sandstone formations in the presence of water
steam, hydrogen donor, and oil-soluble precursor catalyst based on iron transition metal
was studied. According to the results of determining the chemical composition of the
group, it was found that the use of the catalyst (2.0 wt.% bitumoid in the rock) ensures
the conversion of resins by 24% at 250 ◦C. In addition, the use of the catalyst allows the
transformation of asphaltenes at 300 ◦C, resulting in a reduction of asphaltenes to almost
«traces» at this temperature. Enhancement of the destructive process of dissolution of
heteroatomic bonds in the molecules of resins and asphaltenes contribute to the generation
of light hydrocarbon fluids.

In work [18], Chinese scientists developed an oleic acid-modified NiFe2O4 nanocata-
lyst for heavy oil refining. The destruction of long-chain structures and hydrogenation of
unsaturated aromatic compounds were observed under the given conditions of catalytic
aquathermolysis. Oleic acid molecules are coordinately bound to the surface of NiFe2O4
nanoparticles, which can prevent nanoparticle aggregation and lead to minor structural
and morphological changes of the catalyst.

Experimental results [19] prove that the combination of ultrasound and a catalyst has
a synergistic effect, which causes a decrease in viscosity and improvement of the quality of
heavy oil.

Catalysts representing Mo, W, C and Ni alloys, Cu and Fe nano-oxides, Ni-helates,
Fe-based nanoparticles and Cu2+ and Fe3+ toluene sulfonic acid complexes are due to good
efficiency in aquathermolysis reactions [20].

Transition metal carboxylates (Ni, Co, Fe) [21] were used to upgrade heavy oil under
reservoir conditions. In addition, studies of catalytic aquathermolysis were carried out at
temperatures of 250 ◦C, 300 ◦C and 350 ◦C in the presence of a naphthenoaromatic hydrogen
donor. Moreover, it was found that at temperatures of 300 ◦C and 350 ◦C significant changes
in oil content occur, accompanied by an increase in light fractions and a decrease in high
molecular mass hydrocarbons.

The use of iron (III) tris-acetylacetonate complex had a significant effect on the
aquathermolysis of heavy oil and resulted in a more extensive conversion of high molecular
mass components than the non-catalytic process [22].

In experiments [23] on catalytic aquathermolysis in the presence of the rock-forming
mineral kaolin using an oil-soluble iron carboxylate and a proton donor, tetralin, a decrease
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in the viscosity of heavy oil was observed. The studies were carried out at temperatures of
250, 300 and 350 ◦C.

Autoclave studies of heavy oil showed high efficiency of NiFe2O4-based nanocata-
lyst [24]. As a result, in addition to a decrease in viscosity, a decrease in sulfur content
by more than 20% was observed. Analysis of the spent catalyst by X-ray photoelectron
spectroscopy also showed that an iron sulfide (FeS) phase was formed.

The study [25], addresses the change in phase composition under the influence of
the catalyst and TST, where the decrease in sulfur and maghemite content indicates the
efficiency of catalytic aquathermolysis.

In the work [11], a series of experiments were carried out at a pressure of 3 MPa for
36 h, at temperatures from 300 to 340 ◦C, in an elementary model with standard reservoir
parameters, where hydrogen and a catalytic suspension were injected into a heavy oil
conversion tank in a porous medium. The studies proved that the catalyst nanoparticles
affect the viscosity reduction, thereby increasing its performance.

Thermal degradation of high molecular mass oil components in the temperature range
325–425 ◦C and in the presence of quartz promotes the formation of lower molecular mass
substances. High molecular mass products form mainly with calcite. However, in the
presence of montmorillonite and quartz, the proportion of low molecular mass compounds
increases, especially aromatic compounds and limiting hydrocarbons [26].

In the work [27], a catalyst based on Fe3O4 particles was synthesized and its efficiency
was tested at different concentrations after laboratory simulation of the aquathermolysis
process. From the obtained data we can conclude that at temperatures of 200 and 300 ◦C
and a concentration of 1.0% magnetite suspension stands out from all the results, showing
the best efficiency of enrichment of oil Ashalchinskoye field. Taking into account the forma-
tion temperature at which the Ashalchinskoye field developed by steam-heat treatment
(180–200 ◦C), the temperature of 200 ◦C is quite feasible. Taking into account economic
factors, the increase in the concentration of magnetite when using this catalyst in areas with
high-viscosity oils and natural bitumen, compared to oil-soluble catalyst precursors, will
have little impact on pricing (production + implementation of technology).

Further, after aquathermolysis at 300 ◦C:

- the increase in the amount of gases released was greater than at 200 and 250 ◦C;
- the degree of viscosity reduction increased by 53% with a catalyst with a concentration

of 1.0 wt.% compared to the original oil;
- After aquathermolysis at 200 and 250 ◦C:
- About the same amount of gas released at 200 and 250 ◦C;
- the degree of viscosity reduction at a catalyst concentration of 1.0 wt.% increased by

11% at 200 ◦C and by 15% at 250 ◦C in the presence of the catalyst compared to the
original sample;

- Increase in saturated hydrocarbon content by 28% and decrease in resin content by
about 30% at magnetite suspension concentration of 0.2 wt.% at TST 250 ◦C compared
to the control experiment.

The aim of the work is to study the effect of iron tallate on the in situ transformation
of extra-viscous oil of the Usinskoye field.

Scientific novelty consists of the fact that the studies justify the possibility of wide
application of catalytic compositions in porous mineral media of carbonate reservoir rocks.

2. Results and Discussion

Study of the structural composition of rocks by X-ray powder diffractometry.
Figure 1 shows the results of the phase composition of the original rock sample after

extraction according to X-ray diffraction analysis.
According to the results obtained by X-ray structural analysis of extracted oil-saturated

rock from the Usinskoye field, it was found that the sample consists of ~100% calcite
(CaCO3), i.e., the rock of the Usinskoye field is carbonate.
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Figure 1. X-ray diffraction analysis of the original rock.

2.1. Changes in the Composition of Gases

The figures show the content and composition of gases (Figures 2–6) per 1 ton of oil,
depending on the temperature of TST and the presence of iron tallate.
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Figure 2. Content and composition of gases (individual gases, alcohols and other gases) depending
on TST temperature and the presence of iron tallate.

In the presented data, the TST temperature of 150 ◦C has an insignificant effect on the
increase in the gas phase content. Catalytic aquathermolysis at 150 ◦C in the presence of
iron tallate revealed a decrease in olefins, dienes, cycloalkanes and aromatic compounds
compared with the control experiment, which probably indicates the hydrogenation of
obtained compounds during cracking as a result of hydrogen transfer with nefras as a
hydrogen donor.
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Figure 6. Gas content and composition (mixture of C4–C10 isomers, olefins+dienes and cycloalka-
nes+aromatic HCs) depending on TST temperature and presence of iron tallate.

During catalytic aquathermolysis at 200 ◦C in the presence of iron tallate, the CO2
content increased significantly as a result of decarboxylation reactions forming lower
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molecular mass hydrocarbons. The resulting carbon dioxide was involved in reducing
the viscosity of the oil and contributed to the chemical composition of the group [28–30].
In addition, the hydrogen donor reduces the formation of aromatic hydrocarbons in the
gas phase and the polymerization of the resulting hydrocarbons. TST at 200 ◦C and in the
presence of a catalyst leads to an increase in the content of olefins and dienes as a result of
cracking of the side chains of resinous-asphaltene substances (RAS).

At a temperature of 250 ◦C, the presence of iron thallate led to a decrease in the
hydrogen sulfide content, probably it is involved in the formation of the sulfide form
after the decomposition of the catalyst precursor. The increase in concentration affects the
formation of C4–C10 isomers. This reflects the increase in the degree of oil conversion and
confirms the radical mechanism of the processes taking place [12].

Catalytic aquathermolysis at 300 ◦C with ferrous thallate led to an increase in the
content of cycloalkanes and aromatic hydrocarbons in the gas phase, which is the result
of breaking longer hydrocarbon chains to form hydrocarbons with a smaller number of
carbon atoms.

2.2. Changes in Rheological Properties

Oil of Usinskoye field is a non-Newtonian viscoelastic liquid. Viscosity of the original
oil of the Usinskoye field at 25 ◦C is 188,559 mPa·s. Figure 7 shows the viscosity-temperature
properties of non-catalytic and catalytic aquathermolysis oils at 150, 200, 250 ◦C, as well as
the original bitumen.
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Figure 7. Viscosity-temperature characteristics of control experiment and oils after TST with
iron thallate.

Viscosity of noncatalytic and catalytic aquathermolysis oil at 150 and 200 ◦C clearly
increases as a result of increasing the content of resins and coking. It can be concluded
that the enrichment of high-viscosity oil of the Usinskoye field at these temperatures is
not effective.

The oil viscosity after TST at 250 ◦C with the catalyst decreased by about 1.4–3.3 times
at the corresponding shear rates compared to the original sample due to an increase in the
depth of conversion of high-molecular mass components of heavy oil, as well as weakening
of intermolecular interactions of aggregative combinations due to the appearance in the
system of a hydrogen donor, which prevents recombination of formed radicals, which
provides irreversible changes in oil composition and stable value of oil viscosity over
time [31,32].
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Figure 8 shows the dependence of the viscosity of oils of the control experiment and
the sample after TST in the presence of the catalyst after hydrothermal-catalytic effect at
300 ◦C. Viscosity of oil after TST at 300 ◦C with the catalyst decreased by about 2.5 times
compared to the control experiment at the same temperature with a concentration of 2%.

Catalysts 2022, 12, x FOR PEER REVIEW 9 of 27 
 

 

 
Figure 8. Viscosity-temperature characteristics of control experiment and oils after TST with iron 
tallate. 

2.3. Changes in Component Composition 
Currently, the study of the chemical composition of oils, representing a complex 

structural unit with a large number of chemical compounds of different composition and 
structure, is carried out almost all over the world, mainly using reliable methods of their 
separation into groups, in particular by SARA-analysis [34]. 

The high content of asphalt-resinous substances is characteristic of near-surface sed-
iments in the conditions of near-surface weathering. They are enriched with hydroxyl and 
ester bonds, which are unstable and subject to strong degradation when exposed to heat 
[35,36]. Figure 9 shows the component composition by SARA method of noncatalytic and 
catalytic aquathermolysis oils at different temperatures. 

Thus, the original oil of the Usinskoye field contains a large number of heavy com-
ponents and according to the total content of resins and asphaltenes belongs to high-sa-
line, according to the classification of Uspensky V.A. [37]. The results of the group chem-
ical composition show that in comparison with the original oil and the control experience 
during the catalytic aquathermolysis process during 24 h at 300 °C with the catalyst (2%) 
the saturated hydrocarbons content (HC) increases by 10% (comparison with the control 
experience) and the aromatic hydrocarbons content increases by 5% (comparison with the 
original oil). Probably the catalytic agent is involved in thermo destructive decomposition 
of aliphatic side chains of asphaltene molecules. Compact secondary asphaltenes with 
lower molecular mass are formed. 

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60 70 80 90 100

Vi
sc

os
ity

, m
Pa

·s

Shear Rate, 1/s 
Control_300 + Fe tallate_300

Figure 8. Viscosity-temperature characteristics of control experiment and oils after TST with
iron tallate.

Viscosity decreases significantly as a result of chemical conversion of resins and
asphaltenes, which is confirmed by the results of component analysis. It should be noted
that the experiments in the autoclave were carried out for 24 h. Perhaps further increasing
the duration of exposure will achieve a greater reduction in viscosity and complexity of the
gas phase composition [33].

2.3. Changes in Component Composition

Currently, the study of the chemical composition of oils, representing a complex
structural unit with a large number of chemical compounds of different composition and
structure, is carried out almost all over the world, mainly using reliable methods of their
separation into groups, in particular by SARA-analysis [34].

The high content of asphalt-resinous substances is characteristic of near-surface sed-
iments in the conditions of near-surface weathering. They are enriched with hydroxyl
and ester bonds, which are unstable and subject to strong degradation when exposed to
heat [35,36]. Figure 9 shows the component composition by SARA method of noncatalytic
and catalytic aquathermolysis oils at different temperatures.

Thus, the original oil of the Usinskoye field contains a large number of heavy compo-
nents and according to the total content of resins and asphaltenes belongs to high-saline,
according to the classification of Uspensky V.A. [37]. The results of the group chemical
composition show that in comparison with the original oil and the control experience
during the catalytic aquathermolysis process during 24 h at 300 ◦C with the catalyst (2%)
the saturated hydrocarbons content (HC) increases by 10% (comparison with the control
experience) and the aromatic hydrocarbons content increases by 5% (comparison with the
original oil). Probably the catalytic agent is involved in thermo destructive decomposition
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of aliphatic side chains of asphaltene molecules. Compact secondary asphaltenes with
lower molecular mass are formed.
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Figure 9. Component composition of the oil of the control experiment and oils after TST with
iron tallate.

By increasing the concentration of iron tallate by 2 times in the reaction mixture at
300 ◦C—TST resulted in a 48% decrease of asphaltene content compared to the 300 ◦C Fe2%
experience, by 71% compared to the original oil.

According to the results of the component composition of the oil after TST 150 and
200 ◦C, the coking and resinization occurs, which leads to an increase in the content of
high-molecular-mass components even in the presence of the catalyst. Obviously, the TST
temperature of oil from the Usinskoye field should not be less than 250 ◦C, since at lower
temperature, aquathermolysis is ineffective.

Results of the component composition in general indicate a positive effect of the
influence of iron tallate in the thermal steam treatment of oil of the Usinskoye field at 300 ◦C.
More than 3 times reduced the content of asphaltenes in the sample with the catalyst (4%)
compared with the original oil, increased by 13% of the saturated hydrocarbon fraction
and decreased by 10% the amount of resins in oil with iron thallate compared with the
control experience.

2.4. Gas Chromatography—Mass Spectrometry of Saturated and Aromatic Hydrocarbons

Figure 10 shows GC-MS spectra of saturated hydrocarbons of the original bitumoid
and bitumoids after TST at different temperatures and the presence of iron tallate by total
ionic current (TIC).

As a result of thermal steam treatment at temperatures of 200 and 250 ◦C as well as
in the presence of the catalyst iron tallate, the content of n- and iso-alkanes increases in
comparison with the original oil and with the control experiments. The content of alkanes
in the samples after TST at 300 ◦C increases by 8 times in comparison with the original
oil, and the content of cycloalkanes in the sample with catalyst increases by 2 times in
comparison with the control experiments. This could indicate the breaking not only of
carbon heteroatom bonds (C-S, N, O) but also of C-C bonds (Figure 11).
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Figure 11. Relative content of identified compounds in saturated fraction.

Mass-fragmentograms of alkanes also confirm that at elevated temperatures (250 and
300 ◦C) and the use of catalysts increases the peaks corresponding to alkanes of normal
and isoprenoid structure (Figure 12).

Figure 13 shows GC-MS spectra of aromatic hydrocarbons of the original bitumoid
and bitumoids after TST at different temperatures and the presence of iron thallate by total
ionic current (TIC).

The greatest changes on chromatograms of aromatic fraction were observed after
catalyst influence together with high temperatures (250 and 300 ◦C): the relative content of
naphthalene and its homologues increases, alkylbenzenes with shorter alkyl chain peaks
appear, peaks corresponding to 1-methyl-7-isopropylphenantren and trimethylphenantren
increases significantly.
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2.5. Determination the Molecular Mass of Bitumoids

The results of molecular mass measurements of oil samples are presented in Table 1.
From the obtained results, it can be concluded that the molecular mass of bitumoids

decreases as a result of thermocatalytic treatment. During the transition from the control
experiment to the catalytic treatment with hydrogen donor, the bituminous system reaches
the most active state. By the term «activity» of an oil dispersed system is meant the change
of its physicochemical properties under the influence of a unit of external influence (rmin,
hmax) [38]. In our case, with the increase of the proportion of the catalyst precursor in
the bitumoid, there was a phase inversion (r—particle radius of the asphaltene—particle
radius of the asphaltene—disperse phasedisperse phase, h—thickness of the dispersion
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medium—particle radius of the asphaltene—particle radius of the asphaltene—disperse
phasedisperse phasemaltenes), i.e., a decrease in the particle size in oil dispersed system,
which is the result of a redistribution of the high molecular mass ions towards the light
fractions (saturated and aromatic HC).
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Table 1. Results of molecular mass measurements of oil samples.

Sample Crystallization
Temperature ◦C *

Mass of Sample,
(G1), g

Mass of
Benzene (G2), g

Depression of the
Crystallization

Temperature, (∆T), ◦C

Molecular Mass
of the Sample (M),

g/mol

Benzene 5.448

Initial oil 4.979 0.6374 12.4032 0.465 566

Control 250 ◦C 4.9 0.5266 11.9856 0.548 410.5

Fe 250 ◦C (2%) 4.987 0.5905 12.1076 0.458 545

Fe 250 ◦C (4%) 5.002 0.6090 12.0984 0.446 578

Control 300 ◦C 4.753 0.5318 11.9527 0.695 328

Fe 300 ◦C (2%) 4.964 0.4205 12.2296 0.481 366

Fe 300 ◦C (4%) 4.937 0.3312 11.6353 0.508 287

* True crystallization temperature is the highest temperature reached at which the liquid and solid phases are
in equilibrium.

2.6. Studying the Rock Surface by Scanning Electron Microscopy

In the function of the catalyst, the active form was converted from the oil-soluble
complex into complex iron sulfides, the content of which increases due to the reduction of
the undecomposed part of the precursor. Images of catalyst particles on the rock taken by
scanning electron microscope are shown in Figure 15.
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Figure 15. SEM images of catalyst particles on the rock.

According to SEM, the catalyst represents nanodispersed particles of size ≈60–80 nm.
Thus, the main process that provides oil transformation is similar to the hydrotreating

process, in which sulfide catalysts on the carrier are highly effective. In the case of in situ
aquathermolysis, the carrier is mineral grains of reservoir rock.

Transition metal atoms, in this case iron, bonded to the surface of metal sulfide
crystallites via sulfide bridges, form the active catalytic centers of sulfide catalysts. These
form edge centers that play a key role in the hydrocarbon conversion reactions that take
place. In addition, it is believed that there is an exchange of sulfur in the catalyst with sulfur
in the resins and asphaltenes—particle radius of the asphaltene—disperse phase the theory
of dynamically created active centers, in which homolytic breaking of the C-S bond occurs
after adsorption of hydrocarbons onto catalyst particles, and the free valencies become
saturated with hydrogen. Thus, hydrocarbons with lower molecular mass were formed.

2.7. Thermogravimetric Analysis for Determination of Residual Oil and Coke

Figure 16 shows the results of determining the amount of coke deposited on the rock
after extraction of the original bitumoid and the bitumoid after TST.

The TG-DTG curves indicate a significant role of the catalyst in oil conversion under
reservoir conditions. Thus, a small amount of bitumoid, amounting to 0.22%, remains in
the original rock sample after extraction. By increasing the temperature of thermal steam
treatment of the rock, the subsequent extraction leads to an increase in the bitumen content
from 0.18% (150 ◦C)–0.25% (200 ◦C)–1.1% (250 ◦C) to 1.76% (300 ◦C). In the presence of a
catalyst and a hydrogen donor, this dependence was slightly lower and changed in the
following series: from 0.17% (150 ◦C)–0.15% (200 ◦C)–0.16% (250 ◦C) to 1.21% (300 ◦C).
The largest amount of coke was observed in the control sample at 300 ◦C, which indicates
insufficient enrichment of the oil, condensation and densification of the aromatic rings of
the resinous asphaltenes, in contrast to the sample with iron thallate, where the catalyst
provides detachment of the alkyl substituents from the highly condensed components of
the oil and regrouping of the component composition.

Based on the results of thermal analysis of the extracted samples of the source rock and
after thermocatalytic treatment, the material balance of organic matter (OM) was calculated
(Table 2). The content of coke was calculated assuming that the coke substances consist
entirely of carbon and that the deviation from the average content of organic matter does
not exceed 2%.
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Table 2. Material balance for organic matter.

Samples Catalyst Gases Oil Content,
Mass %

Mass Loss at Oxidation
Temperature of OM Total

Initial rock - - 7.13 0.22 7.35

Conditions

150-24 h - 0.049 8.96 0.18 9.189

200-24 h - 0.023 8.28 0.25 8.553

250-24 h - 0.231 7.22 1.1 8.551

300-24 h - 0.703 3.46 1.76 5.923

150-24 h Fe 0.033 7.96 0.17 8.163

200-24 h Fe 0.109 6.97 0.15 7.229

250-24 h Fe 0.146 6.82 0.16 7.126

300-24 h Fe 0.446 4.96 1.21 6.616

3. Materials and Methods

General information about the oil field. The Usinskoye oilfield is located in the Usinsk
region of the Komi Republic and is confined to one of the local structures of the Kolvin-
sky megalval, the largest oil and gas accumulation zone, where such large oilfields as
Voseyskoye, Kharyaginskoye, Yuzhno-Khylchuyuskoye are located. Moreover, these oil
fields are located in a wide stratigraphic spectrum of petroleum deposits, ranging from
Lower Devonian to Triassic. Geographically, the area of the field is part of the Pechora Plain
within the Q-40 XVI and belongs to the watershed of the lower reaches of the Kolva River,
the right tributary of the Usa River, which flows into the Pechora.

The geological cross-section of the Usinskoye field was studied from the Silurian to the
Quaternary deposits, with the deepest borehole of the Usinskoye survey (borehole No. 37)
revealing Lower Silurian deposits at a depth of 5005 m.

Tectonically, the Usinskoye field is confined to the anticline of the same name, which
complicates the southern end of the Colvin megavalve in the Timan Pechora Province.

The Permo-Carboniferous deposit of the Usinskoye field is one of the largest and
most complex targets currently being developed in the Timan-Pechora Province. The
deposit lies at a depth of 1100–1500 m and contains unusually viscous oil (710 mPa·s)
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in cavernous-porous fractured carbonates of Lower Permian, Upper Carboniferous and
Middle Carboniferous age. The deposit is covered by a layer of Upper Permian siltstones,
mudstones and clays.

The deposit was vaulted, massive, dimensions 16.0 km × 8.5 km, oil bearing capacity
356 m, thickness of oil saturated limestones varied from 0 on the contour to 172 m in the
central part of the object.

The high total porosity of the reservoirs (0.182) is mainly associated with secondary
pores of leaching and diagenetic dolomitization-percrystallization, ranging in size from
0.1–1.0 mm, variably configured and irregularly located in the rock, often near fractures
and styrofoam joints, communicating with each other and with cavernous channels 100 to
300 µm wide, up to 10 mm long, and microcracks. Overall, according to the logging
data for oil-bearing reservoirs, the porosity of the formation was 21.3%, after the core
sample 20.5%, after the thermal impact on the formation 20% and 18.2%, respectively.
According to the results of the study of the azimuthal anisotropy of the filtration properties
and its relationship with the fracturing of the Permo-Carboniferous strata (more than
100 measurements were made in borehole 46), a close relationship was found between the
values of the gas permeability of the rock and the azimuthal orientation of the fractures.
Most fractures (80%) are confined to the 45–95◦ strike azimuth. The gas permeability values
measured along the fracture azimuth (up to 1 µm2) are several times higher than the gas
permeability in the perpendicular direction (from 10−3 to 10−1 µm2).

The average arithmetic residual oil saturation of the reservoir rock in the core of the
whole reservoir is 61% (in some wells it reaches 80%) [39].

The subject of the study—the oil-bearing rock of the 5317 well (sampling interval—
1303.0–1306.6 m).

3.1. Analysis of the Structural Composition of the Source Rock

The phase composition of the source rock sample from the Usinskoye field was studied
by X-ray powder diffractometry using a MiniFlex 600 diffractometer (Rigaku, Tokyo, Japan)
equipped with a high-speed D/teX detector. Measurements were performed using CuKa
radiation (40 kV, 15 mA), the results were obtained at room temperature in the range
of angles 2θ from 3 to 100 in 0.02 increments and exposure times at each point 0.24 s
without rotation.

3.2. Laboratory Modeling of Hydrothermal Catalytic Processes

Simulation of thermal steam treatment of a core sample of the Usinskoye field was
performed in a Parr Instruments autoclave reactor at temperatures of 150, 200, 250, and
300 ◦C for 24 h in a nitrogen atmosphere. In addition, the catalyst was injected into
hydrogen donors in the form of a 50% solution. Nefras C4-155/205, a mixture of naphtheno-
aromatic compounds, was chosen as the hydrogen donor. The amount chosen was 2 and
4 wt.% per oil of each reagent. The crushed core, catalyst solution and distilled water were
immersed in the beaker of the autoclave. The rock:water ratio was 10:1. After catalytic
aquathermolysis, the effect of the catalyst on the superviscous oil was studied by the
methods described below.

3.3. Gas Phase Chromatographic Analysis

Gas composition was investigated after thermocatalytic treatment of core with the
help of chromatograph (Chromatec-Crystall 5000, Yoshkar-Ola, Russia). For the analysis,
a sample of the gas phase was taken using a special outlet in the autoclave cover into
the hose leading to the gas chromatograph. The chromatograph column was purged
with aquathermolysis gases for saturation. The gases were separated using a 100 m long,
0.25 mm diameter capillary column. At the following temperatures the chromatograms
were taken: 90 deg for 4 min and then heated 10 deg/min to 250 ◦C. The evaporator
temperature was 250 ◦C. The carrier gas was helium and the flow rate was 15 mL/min.
Compounds were identified using the NIST digital library and literature data [40].
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3.4. Preparation and Performance of Hot Solvent Extraction with Determination of
Bitumoid Content

In order to obtain reliable results, subsequent laboratory-analytical methods, it is
necessary to carry out qualitative sample preparation of the studied rock samples. The
first stage of sample preparation of rock samples is extraction—treatment of rocks with
organic solvents in order to extract soluble substances. The extraction process mechanism
includes not only dissolution, but also desorption, which is slower than the dissolution
itself, which somewhat limits the solvent. In petrochemistry, solvents with low boiling
points (chloroform, benzene, etc.) are used; the extracted organic substances are now
called bitumoids.

The extraction procedure consists of the following: the rock recoverable was placed
in a sleeve made of filter paper. Then, the empty and filled sleeves were weighed on
analytical scales with an accuracy of 0.01 g. The sample size was selected on the basis of
the preliminary analysis of organic carbon (Corg). If the content of bitumen in the rock is
about 0.01% mass of the sample should be 500 g rock, if 0.02–0.1%—200–300 g, etc. Bitumen
extracted using «triplet» which is a mixture of equal amounts of benzene, isopropyl alcohol
and chloroform, providing the most complete extraction of bitumen components of different
chemical nature. The casing with the rock is placed and filled with solvent so that 1.5 of the
extractor drain enters the flask through the siphon tube. This ensures that the flask contains
at least 1/4 of the solvent volume, while the extractor is filled to the level of the siphon
tube. At the end of the extraction, all the solvent was distilled at a Hei-VAP Precision rotary
evaporator at 40 ◦C and a pressure of 0.013 MPa.

To determine the content, it was necessary after bringing the mass of the flask with
bitumen to a constant value to determine its mass and yield per rock, which was calculated
by the formula:

Extract (mass %) = a ×100/A

where Extract is the content of bitumoid in the rock, %; a—is the weight of bitumoid, g;
A—is the mass of the rock taken for extraction, g.

3.5. Determination of Viscosity and Rheological Curves

Measurements of the bitumoid rheological parameters from the Usinskoye field were
carried out using a plate/plate system of Anton Paar’s MCR 302 automatic rheometer
(Graz, Austria). The measurements were performed at a temperature of 25 ◦C, and the
sample volume was 0.49 mL. Rheological parameters were determined in rotational mode,
with the shear rate set from 1 to 100 s−1. It took an average of five minutes to measure each
point at one shear rate. In addition, at low shear rates, each point was measured for 15 min.

3.6. Determination of the Group Composition of Oil

After extraction of the oil-saturated core and subsequent solvent stripping, the group
composition was determined. The oil was separated by sedimentation in solutions of
malts and asphaltenes for 24 h and filtered. The malts were separated into 3 groups by
the method of SARA -analysis (saturated and aromatic hydrocarbons, resins) according to
GOST 32269-2013.

In this context, fractionation was performed on a chromatographic glass column
followed by elution with aliphatic (n-hexane), aromatic hydrocarbons (toluene) and a
mixture of aromatic and polar solvents (toluene + isopropanol 3:1) from an adsorbent
previously dehydrated at 450◦ C for 3 h [41,42].

3.7. Gas Chromatography—Mass Spectrometry of Saturated and Aromatic HCs

GC/MS analysis of saturated hydrocarbons fractions from the original oil samples
and after water-thermolysis with different additives was carried out on chromatograph
Chromatec-Crystall 5000.2 (Chromatec, Yoshkar-Ola, Russia) with the mass-spectrometric
detector 214.2.840.083-10 (ion source ADVIS) with the computer processing of data on ions
m/z 57 for alkanes. For aromatic HC, we used computer processing of data on ions m/z
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133 (alkylbenzenes), m/z 128, 142, 156 (naphthalenes), m/z 178, 192, 206 (phenanthrenes),
m/z 132, 146, 160 (tetralenes).

3.8. Determination of the Molecular Mass of Bitumoids by Cryoscopy in Benzene

The method is based on measuring the temperature depression—the temperature
difference of crystallization of pure solvent (benzene) and oil sample solution, which is then
used to calculate the molecular mass of the sample. Measurements were carried out on the
KRION-1 unit (Termex, Tomsk, Russia). A low-temperature liquid thermostat KRIO-VT-12
was used to create and maintain test temperatures.

3.9. Studying the Rock Surface by Scanning Electron Microscopy

Preparation technique. In order to obtain high-resolution microphotographs, the objects
were previously sprayed with 80/20 Au/Pd alloy, and the deposits were excluded during
quantitative and qualitative analysis. In addition, the specimens mounted on a support
were placed in an electron microscope chamber. Probing was performed on selected areas.

Measurement technique. The examinations were performed using a Merlin (Carl Zeiss)
scanning electron microscope with autoemission. The microscope was equipped with
an AZtec X-Max energy dispersive spectrometer (Oxford Instruments NanoAnalysis &
Asylum Research, High Wycombe, UK). The resolution of the spectrometer was 127 eV, and
surface morphology was recorded at an accelerating voltage of 5 keV to improve the depth
of field of the images. Elemental analysis was also performed at an accelerating voltage of
20 keV and a working distance of 9 mm, which avoids minimal errors because the probing
depth for elemental analysis is about 1 µm.

3.10. Thermogravimetric Analysis (TGA) for Determination of Residual Oil and Coke

Thermogravimetric experiments under atmospheric conditions were performed on a
precision TG209 F1 Libra thermogravimeter (Netzsch GmbH, Selb, Germany) in combina-
tion with an Alpha FTIR spectrometer (Bruker GmbH, karlsruhe, Germany) in mass signal
registration mode according to ASTM E 2105-00 (or GOST 57988-2017). These experiments
were performed in a dynamic air/nitrogen environment at a linear heating rate of 10 K/min
to 900 0C in 85 µL corundum crucibles. The instrument was preheated for one week to
obtain a stable signal from the thermo-microbalance, and the temperature of the circulator
connected to the instrument was 25 ◦C. The gases used for the experiments have a high
degree of purity, which is an important criterion for a successful experiment. For additional
purification, a replaceable system of low-pressure filters (up to 10 bar) was used.

4. Conclusions

In this study, we synthesized an iron-based oil soluble catalyst as a precursor and
investigated its effect on aquathermolysis of heavy oil from the Usinskoye field at different
temperatures (150, 200, 250, 300 ◦C) for 24 h.

As a result of control experiments and with the use of iron thallate obtained data
indicating that:

- at 300 ◦C with the catalyst (2%), the content of saturated hydrocarbons (HC) increases
by 10% (compared to the control experiment) and the content of aromatic HC increases
by 5% (compared to the original oil);

- asphaltenes content decreases by 48% (comparison with 300 ◦C Fe 2% experience) and
by 71% (comparison with the original oil) at 300 ◦C Fe with a catalyst (4%);

- viscosity is reduced by 50% at the temperature 300 ◦C in comparison with the experi-
ence of the control;

- in the samples after TST at 300 ◦C, the content of alkanes increases 8-fold compared
to the initial oil, and the content of cycloalkanes in the sample with the catalyst
increases 2-fold compared to the control experience. This could indicate that not only
carbon-heteroatom bonds (C-S,N,O) but also the breakage of C-C bonds;
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- the increase in the concentration of iron thallate at TST 300 ◦C led to a decrease in the
molecular mass of the oil compared to the control experiment;

- according to SEM, the catalyst is nanodisperse particles of size ≈60–80 nm and ad-
sorption on the rock surface takes place, the catalyst removal will take place to a
minimal extent;

- the highest amount of coke was observed in the control sample at 300 ◦C (1.76%), indi-
cating insufficient enrichment of oil, condensation and compaction of aromatic rings
of resinous-asphaltene substances in contrast to the sample with iron thallate (1.21%).

Thus, in summary, energy efficiency is increased by steam-thermal methods for the
extraction of this type of unconventional resources, with the research conducted demon-
strating the possibility of wide application of catalytic compositions in porous mineral
media of carbonate reservoir rocks.

Author Contributions: Conceptualization, I.I.M.; data curation, R.E.M.; investigation, I.I.M., A.V.L.,
R.E.M., A.A.A. and D.A.E.; methodology, I.I.M., A.V.L., A.A.A. and D.A.E.; project administration,
O.V.S.; supervision, O.V.S.; validation, B.A.; visualization, A.V.V.; writing—original draft, I.I.M.;
writing—review & editing, A.V.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Ministry of Science and Higher Education of the Russian
Federation under agreement No. 075-15-2022-299 within the framework of the development program
for a world-class Research Center «Efficient development of the global liquid hydrocarbon reserves».

Data Availability Statement: Not applicable.

Acknowledgments: We would like to express our gratitude to the Interdisciplinary Center for Ana-
lytical Microscopy, Kazan Federal University, for their help in providing research on rock microscopy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dong, X.; Liu, H.; Chen, Z.; Wu, K.; Lu, N.; Zhang, Q. Enhanced Oil Recovery Techniques for Heavy Oil and Oilsands Reservoirs

after Steam Injection. Appl. Energy 2019, 239, 1190–1211. [CrossRef]
2. Gordadze, G.N.; Rusinova, G.V. Generation of Saturated Biomarker Hydrocarbons in the Thermolysis of Petroleum Resins and

Asphaltenes. Pet. Chem. 2003, 43, 306–319.
3. Kayukova, G.P.; Kiyamova, A.M.; Romanov, G.V. Hydrothermal Transformations of Asphaltenes. Pet. Chem. 2012, 52, 5–14.

[CrossRef]
4. Li, C.; Huang, W.; Zhou, C.; Chen, Y. Advances on the Transition-Metal Based Catalysts for Aquathermolysis Upgrading of Heavy

Crude Oil. Fuel 2019, 257, 115779. [CrossRef]
5. Yui, S.M.; Sanford, E.C. Mild Hydrocracking of Bitumen-Derived Coker and Hydrocracker Heavy Gas Oils: Kinetics, Product

Yields, and Product Properties. Ind. Eng. Chem. Res. 1989, 28, 1278–1284. [CrossRef]
6. An, C.; Tang, K.; Shen, G.; Wang, C.; Huang, L.; Qian, Y. The Synthesis and Characterization of Nanocrystalline Cu- and Ag-Based

Multinary Sulfide Semiconductors. Mater. Res. Bull. 2003, 38, 823–830. [CrossRef]
7. Sitnov, S.A.; Vakhin, A.V.; Mukhamatdinov, I.I.; Onishchenko, Y.V.; Feoktistov, D.A. Effects of Calcite and Dolomite on Conversion

of Heavy Oil under Subcritical Condition. Pet. Sci. Technol. 2019, 37, 687–693. [CrossRef]
8. Li, F.; Wang, X.; Pan, H.; Li, Q.; Yang, J. Preparation of Disk-like α-Fe2O3 Nanoparticles and Their Catalytic Effect on Extra Heavy

Crude Oil Upgrading. Fuel 2019, 251, 644–650. [CrossRef]
9. Orozco-Castillo, C.R.; Pereira-Almao, P. In-Situ Heavy Oil Upgrading through Ultra-Dispersed Nano-Catalyst Injection in

Naturally Fractured Reservoirs: Experimental Section. In Proceedings of the SPE Europec Featured at 78th EAGE Conference and
Exhibition, Vienna, Austria, 30 May–2 June 2016; OnePetro: Richardson, TX, USA, 2016. SPE-180154-MS.

10. Kadyrov, R.; Sitnov, S.; Gareev, B.; Batalin, G. Modeling of Cobalt-Based Catalyst Use during CSS for Low-Temperature Heavy Oil
Upgrading. In Proceedings of the IOP Conference Series: Earth and Environmental Science, Kazan, Russia, 19–23 June 2017; IOP
Publishing: Bristol, UK; Volume 155, p. 12021.

11. Hashemi, R.; Pereira, P. Experimental Study of Simultaneous Athabasca Bitumen Recovery and Upgrading Using Ultradispersed
Catalysts Injection. In Proceedings of the Canadian Unconventional Resources Conference, Calgary, AB, Canada, 15–17 November
2011; OnePetro: Richardson, TX, USA, 2011. SPE-149257-MS.

12. Liu, Y.; Fan, H. The Effect of Hydrogen Donor Additive on the Viscosity of Heavy Oil during Steam Stimulation. Energy Fuels
2002, 16, 842–846. [CrossRef]

http://doi.org/10.1016/j.apenergy.2019.01.244
http://doi.org/10.1134/S0965544111060089
http://doi.org/10.1016/j.fuel.2019.115779
http://doi.org/10.1021/ie00093a002
http://doi.org/10.1016/S0025-5408(03)00046-1
http://doi.org/10.1080/10916466.2018.1564766
http://doi.org/10.1016/j.fuel.2019.04.048
http://doi.org/10.1021/ef010247x


Catalysts 2022, 12, 1268 25 of 26

13. Ovalles, C.; Rengel-Unda, P.; Bruzual, J.; Salazar, A. Upgrading of Extra-Heavy Crude Using Hydrogen Donor under Steam
Injection Conditions. Characterization by Pyrolysis GC-MS of the Asphaltenes and Effects of a Radical Initiator. Fuel Chem. 2003,
48, 59–60.

14. Gregoli, A.A.; Rimmer, D.P. Production of Synthetic Crude Oil from Heavy Hydrocarbons Recovered by in Situ Hydrovisbreaking.
U.S. Patent 6,016,868, 25 January 2000.

15. Wellington, S.; Madgavkar, A.; Ryan, R. In Situ Thermal Processing of a Hydrocarbon Containing Formation and Upgrading of
Produced Fluids Prior to Further Treatment. U.S. Patent 10/279,226, 23 October 2003.

16. Lyubimenko, V.A.; Petrukhina, N.N.; Tumanyan, B.P.; Kolesnikov, I.M. Thermodynamic Parameters of Conversion Reactions of
Some Heavy Oil Components under the Action of Steam and Heat. Chem. Technol. Fuels Oils 2012, 48, 292–301. [CrossRef]

17. Khashan, G.; Sitnov, S.; Ziganshina, M.; Dolgikh, S.; Slavkina, O.; Shchekoldin, K. Aquathermolysis of Heavy Oil in the Presence
of Iron Tallate and Mineral Components of Reservoir Rock. In Proceedings of the IOP Conference Series: Earth and Environmental
Science, Kazan, Russia, 30 September–3 October 2019; IOP Publishing: Bristol, UK; Volume 516, p. 12028.

18. Hou, J.; Li, C.; Gao, H.; Chen, M.; Huang, W.; Chen, Y.; Zhou, C. Recyclable Oleic Acid Modified Magnetic NiFe2O4 Nanoparticles
for Catalytic Aquathermolysis of Liaohe Heavy Oil. Fuel 2017, 200, 193–198. [CrossRef]

19. Xu, H.; Pu, C. Experimental Study of Heavy Oil Underground Aquathermolysis Using Catalyst and Ultrasonic. J. Fuel Chem.
Technol. 2011, 39, 606–610. [CrossRef]

20. Muraza, O.; Galadima, A. Aquathermolysis of Heavy Oil: A Review and Perspective on Catalyst Development. Fuel 2015, 157,
219–231. [CrossRef]

21. Foss, L.; Petrukhina, N.; Kayukova, G.; Amerkhanov, M.; Romanov, G.; Ganeeva, Y. Changes in Hydrocarbon Content of Heavy
Oil during Hydrothermal Process with Nickel, Cobalt, and Iron Carboxylates. J. Pet. Sci. Eng. 2018, 169, 269–276. [CrossRef]

22. Galukhin, A.V.; Erokhin, A.A.; Nurgaliev, D.K. Effect of Catalytic Aquathermolysis on High-Molecular-Weight Components of
Heavy Oil in the Ashal’cha Field. Chem. Technol. Fuels Oils 2015, 50, 555–560. [CrossRef]

23. Kayukova, G.P.; Foss, L.E.; Feoktistov, D.A.; Vakhin, A.V.; Petrukhina, N.N.; Romanov, G.V. Transformations of Hydrocarbons of
Ashal’hinskoe Heavy Oil under Catalytic Aquathermolysis Conditions. Pet. Chem. 2017, 57, 657–665. [CrossRef]

24. Morelos-Santos, O.; de la Torre, A.I.R.; Schacht-Hernández, P.; Portales-Martínez, B.; Soto-Escalante, I.; Mendoza-Martínez, A.M.;
Mendoza-Cruz, R.; Velázquez-Salazar, J.J.; José-Yacamán, M. NiFe2O4 Nanocatalyst for Heavy Crude Oil Upgrading in Low
Hydrogen/Feedstock Ratio. Catal. Today 2021, 360, 20–26. [CrossRef]

25. Mukhamatdinov, I.I.; Pyataev, A.V.; Zaripova, R.D.; Khaidarova, A.R.; Vakhin, A.V. Investigation of Structural-Phase Conversion
of an Iron-Containing Catalyst by Mössbauer Spectroscopy (Part 2). J. Appl. Spectrosc. 2021, 88, 92–96. [CrossRef]

26. Krivtsov, E.B.; Karpov, Y.O.; Golovko, A.K. The changes in structure of resin and asphaltene molecules of bitumen from
Bayan-Erhat oil field in a process of aquathermolysis. Izv. Tomsk. Politekh. Univ. 2013, 322, 86–91. (In Russian)

27. Mukhamatdinov, I.I.; Khaidarova, A.R.; Mukhamatdinova, R.E.; Affane, B.; Vakhin, A.V. Development of a Catalyst Based on
Mixed Iron Oxides for Intensification the Production of Heavy Hydrocarbon Feedstocks. Fuel 2022, 312, 123005. [CrossRef]

28. Sun, G.; Li, C.; Wei, G.; Yang, F. Characterization of the Viscosity Reducing Efficiency of CO2 on Heavy Oil by a Newly Developed
Pressurized Stirring-Viscometric Apparatus. J. Pet. Sci. Eng. 2017, 156, 299–306. [CrossRef]

29. Or, C.; Sasaki, K.; Sugai, Y.; Nakano, M.; Imai, M. Swelling and Viscosity Reduction of Heavy Oil by CO2-Gas Foaming in
Immiscible Condition. SPE Reserv. Eval. Eng. 2016, 19, 294–304. [CrossRef]

30. Barclay, T.H.; Mishra, S. New Correlations for CO2-Oil Solubility and Viscosity Reduction for Light Oils. J. Pet. Explor. Prod.
Technol. 2016, 6, 815–823. [CrossRef]

31. Chen, Y.; Wang, Y.; Lu, J.; Wu, C. The Viscosity Reduction of Nano-Keggin-K3PMo12O40 in Catalytic Aquathermolysis of Heavy
Oil. Fuel 2009, 88, 1426–1434. [CrossRef]

32. Shokrlu, Y.H.; Babadagli, T. Viscosity Reduction of Heavy Oil/Bitumen Using Micro-and Nano-Metal Particles during Aqueous
and Non-Aqueous Thermal Applications. J. Pet. Sci. Eng. 2014, 119, 210–220. [CrossRef]

33. Ilyin, S.O.; Arinina, M.P.; Polyakova, M.Y.; Kulichikhin, V.G.; Malkin, A.Y. Rheological Comparison of Light and Heavy Crude
Oils. Fuel 2016, 186, 157–167. [CrossRef]

34. Rudyk, S. Relationships between SARA Fractions of Conventional Oil, Heavy Oil, Natural Bitumen and Residues. Fuel 2018, 216,
330–340. [CrossRef]

35. Yi, Y.; Li, S.; Ding, F.; Yu, H. Change of Asphaltene and Resin Properties after Catalytic Aquathermolysis. Pet. Sci. 2009, 6, 194–200.
[CrossRef]

36. Li, G.-R.; Chen, Y.; An, Y.; Chen, Y.-L. Catalytic Aquathermolysis of Super-Heavy Oil: Cleavage of CS Bonds and Separation of
Light Organosulfurs. Fuel Process. Technol. 2016, 153, 94–100. [CrossRef]

37. Uspensky, V.A.; Radchenko, O.A.; Glebovskaya, E.A.; Gorskaya, A.I. Fundamentals of the Genetic Classification of Bitumen;
Gostoptekhizdat: Leningrad, Russia, 1964. (In Russian)

38. Tumanyan, B.P.; Petrukhina, N.N.; Kayukova, G.P.; Nurgaliev, D.K.; Foss, L.E.; Romanov, G.V. Aquathermolysis of Crude Oils and
Natural Bitumen: Chemistry, Catalysts and Prospects for Industrial Implementation. Russ. Chem. Rev. 2015, 84, 1145. [CrossRef]

39. Kalamkarov, L.V. Oil and Gas Provinces and Regions of Russia and Neighboring Countries; Oil and Gas Publishing House: Moscow,
Russia, 2005. (In Russian)

http://doi.org/10.1007/s10553-012-0371-y
http://doi.org/10.1016/j.fuel.2017.03.005
http://doi.org/10.1016/S1872-5813(11)60037-6
http://doi.org/10.1016/j.fuel.2015.04.065
http://doi.org/10.1016/j.petrol.2018.04.061
http://doi.org/10.1007/s10553-015-0563-3
http://doi.org/10.1134/S0965544117050061
http://doi.org/10.1016/j.cattod.2019.10.012
http://doi.org/10.1007/s10812-021-01145-z
http://doi.org/10.1016/j.fuel.2021.123005
http://doi.org/10.1016/j.petrol.2017.06.009
http://doi.org/10.2118/179738-PA
http://doi.org/10.1007/s13202-016-0233-y
http://doi.org/10.1016/j.fuel.2009.03.011
http://doi.org/10.1016/j.petrol.2014.05.012
http://doi.org/10.1016/j.fuel.2016.08.072
http://doi.org/10.1016/j.fuel.2017.12.001
http://doi.org/10.1007/s12182-009-0031-y
http://doi.org/10.1016/j.fuproc.2016.06.007
http://doi.org/10.1070/RCR4500


Catalysts 2022, 12, 1268 26 of 26

40. Gordadze, G.N.; Giruts, M.V.; Koshelev, V.N.; Yusupova, T.N. Distribution Features of Biomarker Hydrocarbons in Asphaltene
Thermolysis Products of Different Fractional Compositions (Using as an Example Oils from Carbonate Deposits of Tatarstan
Oilfields). Pet. Chem. 2015, 55, 22–31. [CrossRef]

41. Vakhin, A.V.; Onishchenko, Y.V.; Chemodanov, A.E.; Sitnov, S.A.; Mukhamatdinov, I.I.; Nazimov, N.A.; Sharifullin, A.V. The
Composition of Aromatic Destruction Products of Domanic Shale Kerogen after Aquathermolysis. Pet. Sci. Technol. 2019, 37,
390–395. [CrossRef]

42. Aliev, F.A.; Mukhamatdinov, I.I.; Sitnov, S.A.; Ziganshina, M.R.; Onishchenko, Y.V.; Sharifullin, A.V.; Vakhin, A.V. In-Situ Heavy
Oil Aquathermolysis in the Presence of Nanodispersed Catalysts Based on Transition Metals. Processes 2021, 9, 127. [CrossRef]

http://doi.org/10.1134/S0965544115010053
http://doi.org/10.1080/10916466.2018.1547760
http://doi.org/10.3390/pr9010127

	Introduction 
	Results and Discussion 
	Changes in the Composition of Gases 
	Changes in Rheological Properties 
	Changes in Component Composition 
	Gas Chromatography—Mass Spectrometry of Saturated and Aromatic Hydrocarbons 
	Determination the Molecular Mass of Bitumoids 
	Studying the Rock Surface by Scanning Electron Microscopy 
	Thermogravimetric Analysis for Determination of Residual Oil and Coke 

	Materials and Methods 
	Analysis of the Structural Composition of the Source Rock 
	Laboratory Modeling of Hydrothermal Catalytic Processes 
	Gas Phase Chromatographic Analysis 
	Preparation and Performance of Hot Solvent Extraction with Determination of Bitumoid Content 
	Determination of Viscosity and Rheological Curves 
	Determination of the Group Composition of Oil 
	Gas Chromatography—Mass Spectrometry of Saturated and Aromatic HCs 
	Determination of the Molecular Mass of Bitumoids by Cryoscopy in Benzene 
	Studying the Rock Surface by Scanning Electron Microscopy 
	Thermogravimetric Analysis (TGA) for Determination of Residual Oil and Coke 

	Conclusions 
	References

