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Abstract: Increasing the efficiency of thermal recovery methods is an important and relevant task.
This study is devoted to reducing heavy components (resins and asphaltenes) and quality improve-
ment of heavy oil by catalytic hydrothermal treatment. The object of this study is a bituminous
sandstone sample from the Ashal’cha reservoir. The catalytic (iron tallate) hydrothermal simulation
was carried out under reservoir conditions (200 ◦C, 30 bar). The composition and physicochemical
characteristics of the products were studied using elemental and SARA analysis, MALDI, GC-MS,
FT-IR. Moreover, the extracted rock is analyzed in XRD and DSA (Drop Shape Analyzer). The
introduction of catalyst in combination with a hydrogen donor reduces the content of resins by
22.0%wt. with an increase in the share of saturated hydrocarbons by 27%wt. The destructive hy-
drogenation leads to a decrease in the sulfur content of upgrading products. This is crucial for the
oil reservoirs of the Tatarstan Republic, as their crude oils are characterized by high sulfur content.
According to the wettability data, the hydrophilicity of the rock surface increases due to inhibition of
the coke formation after the introduction of the catalytic complex. Thus, the oil recovery factor can
be increased due to the alteration of the oil-wetting properties of reservoir rocks.

Keywords: aquathermolysis; catalyst; heavy oil; sandstone; properties; thermal conversion; H-donor;
iron tallate; oil extracts

1. Introduction

Steam treatment remains the most popular method for improving the recovery ef-
ficiency of unconventional hydrocarbons, particularly high-viscosity oils, among other
enhanced recovery methods. Despite this, it is relevant to investigate technologies of
increasing the efficiency of steam treatment using catalytic systems that can significantly
reduce the viscosity of hard-to-recovery oils.

In the literature, change in soil properties under the influence of thermal factors in
the environment of water vapor and rock minerals is referred to as aquathermolysis and
considered for modeling the transformation processes of hydrocarbons in the sedimentary
strata using thermal methods for increasing oil recovery [1–3].

It is equally important to study the upgrading of heavy oil under the influence of steam
when various mineral components are presented in the surrounding reservoir rocks [4–8].

Experimental data confirm the hypothesis of the possibility of catalytic reactions in
oil reservoirs using naturally occurring materials—oil-bearing rocks (sandstones, clays,
basalts) as catalysts [9,10].

According to [11], the oil reservoir comprises sands, clays, and non-clays rocks, mainly
including quartz, feldspar, and clay minerals, such as montmorillonite. During injection of
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steam at high temperature into the reservoir formation, montmorillonite and feldspar take
part in the following chemical reactions [12,13];

6Ca0.167Al2.23Si3.67O10(OH)2 + 6H2O + 12OH− = Ca2+ + 14Al(OH)4− + 2H4SiO4

KAlSi3O8 + 8H2O = K+ + Al(OH)4− + 3H4SiO4−

It is assumed that the interaction of the Al3+ ion with the formed acid H4SiO4 occurs,
which leads to the formation of surface hydroxyl groups with high acidity, which increases
the catalytic activity of the medium [14].

In the presence of quartz, the process of formation of substances with a lower molecu-
lar weight, particularly aromatic compounds and saturated hydrocarbons, is intensified;
high molecular weight products are predominantly formed using calcite [15].

The research [16] investigates the influence of various clay and non-clay minerals
present in carbonate formations (limestone and three different minerals—bentonite, kaolin-
ite, and zeolite) on the process of steam distillation of samples of degassed high-viscosity
oils for 40 h. Based on the determination of density, viscosity, and group composition
of oil by the SARA method, it is found that all minerals have catalytic activity; kaolin-
ite turned out to be the most effective—as a result of the process, the content of light
components increased. In addition, the steam distillation effect is more pronounced in
limestone interlayers than sandstone samples [17]. However, hydrothermal reactions in
clay minerals significantly deteriorate the reservoir properties of formations, causing a
decrease in porosity and permeability [18,19].

In [20], structural changes in the composition of residual oil from the Middle and
Upper Devonian sediments of the Romashkinskoye field of different ages were studied
under conditions close to the reservoir in a flow-through system.

Due to the aquathermolysis process, the content of hydrocarbon fractions in the
extracts (extracted from the rocks) increases, alcohol-benzene resins, asphaltenes, total
sulfur, vanadyl porphyrins, and other complexes containing heavy metals decreases. In
the composition of biomarker hydrocarbons, the content of tricyclic terpanes increases
with a simultaneous decrease in the proportion of steranes and pentacyclic triterpanes.
The content of pregnane increases relative to C27 α-sterane, as well as rearranged steranes
relative to steranes of regular structure [21].

In [22], the influence of rock-forming minerals such as calcite, dolomite, kaolin clay and
manganese oxide on the physicochemical properties of heavy oil during steam treatment of
the reservoir formation is considered. It was found that the destruction of high-molecular
oil compounds occurs on the surface of mineral supplements with a large surface area,
capable of exhibiting catalytic properties. As a result, a monomolecular surface layer with
a reduced entropy of adsorbed molecules is formed on the surface of mineral supplements.
This shifts the equilibrium towards the thermal decomposition reactions of –C–C– bonds
by a radical chain mechanism. In addition, the increasing temperature in the absence of
high pressure reduces the possibility of their adsorption on the surface of the supplements.

In [23], the authors carried out physical modeling of aquathermolysis of high-viscosity
oil in the presence of mineral components of carbonate rocks—dolomite and calcite. Based
on the analysis of the group composition and IR spectroscopy, it was found that in the
presence of calcite, a significant effect is achieved in reducing the proportion of resins and
asphaltenes due to the destruction of the least stable C-S-C bonds. According to the gas
chromatography results, it was established that the thermal transformation of bitumoids
led to an increase in the proportion of hydrocarbons in the homologous series C19–C30.
The analysis of geochemical coefficients showed a high degree of maturation of organic
matter of thermally transformed bitumen in a model system with dolomite.

However, in the presence of rock, the catalytic potential from the point of view of heavy
oil upgrading is not fully revealed. At the same time, scientists in [16] found that although
minerals have catalytic activity during thermal action in a water vapor environment, due
to depletion in hydrogen, along with an increase in viscosity and density, the chemical
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composition of residual oil also changes. Namely, the proportion of high molecular weight
asphaltenes significantly increases.

Many scientists are investigating the transformation of organic matter in water vapor
and catalytic systems, including various hydrogen donors [24–26]. This is due to the
possibility of intensifying cracking and hydrogenolysis reactions and, consequently, an
increase in the degree of viscosity reduction due to the breaking of C–S bonds in high
molecular weight components. In addition, catalytic agents will facilitate the release of
hydrogen from naphthenic aromatic compounds that are part of the oil directly in the
formation [27,28].

According to [29,30], the hydrogen content can significantly affect the composition of
the products formed during fluid hydrocracking in a heated reservoir. In the absence of
hydrogen, pyrolysis of heteroatomic compounds and polycyclic aromatic hydrocarbons
results in the generation of hydrocarbon fluids, including double bonds and radicals. The
use of hydrogen makes it possible for the reactions of hydrogenolysis, hydrogenation, and
hydrocracking to occur, which reduces the formation of unsaturated double bonds and the
polymerization of generated hydrocarbons [31].

In [32], the transformation of heavy oil in the sandstone formation in the presence of
an H-donor and oil-soluble catalyst precursor based on a transition metal iron in a water
vapor condition was studied. Based on the results of determining the group chemical
composition, it was found that the use of a catalyst (2.0% of the mass per mass content of
the oil extract in the rock) ensures the transformation of resins by 24% at 250 ◦C. Moreover,
the use of catalyst provides conversion of asphaltenes at 300 ◦C resulting in a reduction of
asphaltenes content to almost “trace” amounts at this temperature. Intensifying destructive
processes of breaking heteroatomic bonds in resin and asphaltene molecules contributes to
light liquid hydrocarbons generation.

In [33], the effect of kaolin and aluminum oxide (as a rock-forming supplement) in
the presence of nickel compounds and poly-α-olefins as hydrogen donors on the thermal
catalytic conversion of heavy oil at a temperature of 360 ◦C in a reducing atmosphere at
various pressures in the reactor was investigated. It was found that during the thermobaric
process, in the presence of Al2O3, Ni, and poly-α-olefins (at 8 MPa), reactions of the
destruction of resinous components, both normal and branched aliphatic substituents in
asphaltene molecules prevail. As a result, a redistribution of n-alkanes towards homologs
with a lower molecular weight leads to a decrease in the viscosity of heavy oil. Using
kaolin in reducing atmosphere and pressure decrease leads to a decrease in the quality
of the final product (reduction in aromatic content) and an increase in the yield of lube
and low-boiling fractions. Furthermore, it was found that the studied metal complexes
with various ligands can penetrate not only into the pore space of the rock but also into
asphaltenes, which allows them to catalyze the enrichment of heavy oil under conditions
of hydrothermal reaction [10,34].

Thus, this research aims to test an oil-soluble iron-based catalyst in the in-situ upgrad-
ing of heavy oil as a reagent that enhances the catalytic effect of rock minerals in reservoir
conditions during the development of Permian deposits.

2. Materials and Methods
2.1. Experiment Design

The scheme of the experiment is shown in Figure 1.

2.2. Materials

The objects of study:

- Initial oil extract and oil extracts after steam treatment (extracted from oil-saturated
sandstone);

- extracted rock samples;
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Figure 1. Scheme of the experiment.

Rock samples were sampled from well No. 106 (Ashal’cha field, sampling interval
174.4–177.6 m). Rock samples have undergone steam treatment under the conditions of
catalytic and non-catalytic aquathermolysis and the addition of a hydrogen donor.

The characteristics of the oil extract are presented in Table 1.

Table 1. Group composition (SARA) and elemental analysis of oil extract from the initial crushed core.

Sample
SARA Fractions, wt.%

Saturates Aromatics Resins Asphaltenes

Initial core extract

36.1 34.0 23.8 6.1

Elemental analysis, wt. %

C H N S O H/C

86.68 11.69 0.41 0.49 0.73 1.618

2.3. Catalytic and Non-Catalytic Aquathermolysis Modeling in Batch Reactor

Laboratory modeling of steam treatment was carried out in a 300 mL autoclave
reactor. The reactor was equipped with a temperature and pressure control and recording
system (Parr Instruments, Moline, Illinois, USA). The model system was a mixture of
crushed bitumen sandstone and water at a mass ratio of 10:1, which had undergone steam
treatment at a temperature of 200 ◦C in a nitrogen atmosphere. The catalyst precursor
and the hydrogen donor were introduced at 2.2 wt% and 1.0 wt% for oil, respectively.
The operating pressure was maintained at 2.2 MPa. The duration of the experiment was
6 h after the process stabilization. Oil-soluble iron tallate was used as a catalyst [35],
while a hydrogen donor solvent was used as described in [36]. The temperature of 200 ◦C
was selected following the average reservoir temperature during the development of the
Ashal’cha field using steam treatment methods, in particular, the SAGD technology.

After the thermal processes, all aquathermolysis products from the model system
(Table 2) and the initial rock sample are extracted by a warm mixture of organic solvents
in Soxhlet extractor: chloroform, benzene, and alcohol are taken in equal ratios to obtain
oil extracts.
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Table 2. Model system.

Sample Number Subject of Research

1 Initial rock extract
2 Product of the non-catalytic aquathermolysis
3 Product of the catalytic aquathermolysis
4 Product of the catalytic aquathermolysis with hydrogen donor

The term «initial rock extract» refers to the crude oil extracted from the untreated
crushed rocks by a mixture of solvents such as chloroform, benzene, and alcohol.

After extraction, the phase composition of the sandstone rock was investigated using
X-ray diffraction, and interfacial parameters were determined (contact angle and sur-
face free energy (SFE) at the interface between the studied rock—wetting liquid—inert
gas (nitrogen).

2.4. Methods for Studying Rock Samples

The X-ray diffraction analysis (XRD) was accomplished using a Shimadzu XRD-7000S
automatic powder diffractometer with a nickel monochromator with a step of 0.008 nm
and 3 s point exposure, in combination with a Bruker D2 PHASER and CuKα radiation
with a wavelength of λ = 1.54060 nm.

Figure 2 shows the results of determining the phase composition of the original rock
after extraction.
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Figure 2. Phase composition of the original rock.

The main rock-forming minerals of the rock sample are silicates and aluminosilicates.
The sample consists of 33% quartz (SiO2) and 35% albite (Na [AlSi3O8])—sodium feldspar
of magmatic origin.

The remaining mineral composition accounts for approximately equal shares of
minerals such as calcite (CaCO3), analcime (Na [AlSi2O6]·H2O)—a mineral from the
group of aqueous zeolites, orthoclase (K (AlSi3O8))—potassium feldspar, and clinochlore
(Mg5Al(AlSi3O10)(OH)8, phyllosilicate of magnesium and aluminum with hydroxyl, and
muscovite (KAl2(AlSi3O10)(OH)2)—aluminosilicate of potassium and aluminum with hydroxyl.

The contact angle and SFE were determined using a KRUSS DSA 100 (Germany) at
the interface: studied rock—wetting liquid—inert gas (nitrogen) at atmospheric conditions.
SFE was calculated based on the polar and dispersed components, the values of which
were obtained from the data of the contact angle when the surface is wetted with water
and diiodomethane (non-polar substance). The polar and dispersed components show
the presence of hydrophilic and hydrophobic areas on the surface, respectively, and the
corresponding nature of wettability. Using a press, tablets were prepared from the extracted
rock for all experiments, including the original sample, except for sample No. 3—using
a catalyst without a hydrogen donor. Considering the appropriate drop geometry, the
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method for determining the contact angle (polynomial, length-height, conical segment,
circle, Jung-Laplace, distance between points) was selected.

2.5. Oil Extracts Analyses

Extracts from formations were investigated by the set of physical and chemical methods.
The elemental analysis of oil extracts before and after experiments was measured by

elemental analyzer PerkinElmer 2400 Series II.
The study of the chemical group composition of oil extracts was followed by obtaining

maltene and asphaltene fractions. Asphaltenes were obtained by precipitation—adding
an excess of n-hexane to the extract at a ratio of 1 g of extract: 40 mL of n-hexane [37]. In
its term, maltene was separated into 3 groups by the SARA method (saturates, aromatics,
and resins) as per ASTM D 4124-09 and state standards, Russian federation 32269-2013.
The fractionation was performed in a glass chromatography column by subsequent elution
with aliphatic (hexane for saturates) and aromatic hydrocarbons (toluene for aromatic and
toluene + methanol for resins) from adsorbent, previously dehydrated neutral aluminum
oxide at 450 ◦C for 3 h [38,39].

The structure-group composition of resin and asphaltene samples was studied by
FTIR spectroscopy. IR spectra of resins and asphaltenes were recorded on a PERKIN
ELMER Spectrum two with a UATR (Single Reflection Diamond) attachment in the range
from 2000 to 450 cm−1 with a resolution of 4 cm−1. In order to study the structure-group
composition of the investigated products, the spectral coefficients were calculated, defined
as the ratio of the optical density values at the maxima of the corresponding absorption
bands: C1 = D1600/D720 (aromaticity); C2 = D1710/D1465 (oxidation); C3 = D1380/D1465
(branching); C4 = (D720 + D1380)/D1600 (aliphaticity); C5 = D1030/D1465 (sulfurization
index) using a baseline in the 2000–450cm−1 spectrum. The first coefficient is aromaticity
due to stretching vibrations of C=Carom bonds of aromatic rings. Oxidation of (C2) is
associated with the presence of carbonyl groups (CO); the structure of paraffin chains
can be estimated by their branching (C3) CH3/CH2. The fourth factor is aliphaticity
(CH3 + CH2)/C = Sarom, and it shows the proportion of methyl and methylene groups to
aromatic, whereas C5 shows the proportion of sulfoxide groups.

The matrix-assisted laser desorption/ionization (MALDI) method was applied to
determine the molecular mass of resins and asphaltenes. The research was conducted on
a Bruker mass spectrometer of the Ultraflex III TOF/TOF series with the time-of-flight
analyzer. 2,5-Dihydroxybenzoic acid was used as the matrix

In addition, chromatograms of the fraction of saturated hydrocarbons of the ex-
tracts before and after thermocatalytic treatment were recorded using a chromatomass-
spectrometric system, including a Chromatek-Kristall 5000 gas chromatograph with an
ISQ mass-selective detector, Xcalibur software for processing the results. The chromato-
graph is equipped with a capillary column 30 m long and 0.25 mm in diameter. Gas flow
rate (helium)—1 mL/min. Injector temperature—310 ◦C. The thermostat temperature
program—a temperature rise from 100 to 300 ◦C at a rate of 3 ◦C/min followed by an
isotherm until the end of the analysis. The voltage of the ion source is 70 eV, the tem-
perature is 250 ◦C. Compounds were identified using the NIST electronic library of mass
spectra and according to literature data [40].

3. Results
3.1. Elemental Analysis of Oil Extracts

The initial extract’s elemental composition (C, H, N, S) and the experimental products
after catalytic and non-catalytic aquathermolysis were determined (Table 3).
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Table 3. Elemental analysis of the oil extract before and after experiments.

Subject of Research
Content, wt. %

H/C
C H N S O

1 86.68 11.69 0.41 0.488 0.73 1.618

Aquathermolysis products

2 84.14 11.19 0.48 0.472 3.72 1.596
3 83.22 11.28 0.59 0.436 4.47 1.626
4 81.81 11.69 0.59 0.343 5.57 1.715

The study results of the elemental composition indicate a slight decrease in the H/C
index in the non-catalytic experiment compared to the initial sample No. 1. This is since the
destruction of heteroatomic bonds occurs during steam treatment. However, in the absence
of an additional source of hydrogen, the oil system is additionally compacted. Even though
carbon is declining, the H/C ratio is also declining. The introduction of a catalyst (sample
No. 3) and a catalyst with a hydrogen donor (sample No. 4) increased the hydrogen content.
This was because of the involvement of H-hydrogen in the aquathermolysis reaction and the
provision of a catalyst for the transfer of hydrogen from naphthene-aromatic compounds
that make up oil. In addition, the comparison between experiments with and without a
catalyst reflected a more realistic picture of steam treatment directly in the field with and
without catalyst injection. In this case, experiments in the presence of a catalyst provided
an increase in the H/C ratio when compared directly with the non-catalytic experiment.

During the catalytic process, a redistribution of heteroatoms in the samples occurred,
resulting in an increase in nitrogen and a decrease in sulfur contents. This is due to the
process of “binding” of free sulfur as a result of the destruction of carbon-heteroatom bonds
and the formation of hydrogen sulfide and metal sulfides. Metal sulfides are formed at a
certain temperature from the introduced precursors in the presence of sulfur-containing
compounds that are catalysts for the hydrogenolysis reaction [41]. The amount of oxygen
was calculated from the difference relative to the rest of the elements. Therefore, the
tendency towards an increase in the oxygen content is explained by a decrease in the
proportion of carbon relative to the initial extract.

3.2. SARA Analysis of Oil Extracts Samples

Table 4 shows the results of the SARA analysis.

Table 4. SARA analysis of the oil extract before and after aquathermolysis.

Subject of Research
Composition. %

Saturates Aromatics Resins Asphaltenes

1 36.1 34.0 23.8 6.1

Aquathermolysis products

2 37.1 31.9 23.0 8.0
3 40.1 30.1 22.8 7.0
4 49.7 26.2 17.8 6.3

It can be seen from the table that an increase in the content of asphaltenes is observed
during non-catalytic aquathermolysis. Sandstone demonstrates acidic properties, which
contribute to both cracking and polymerization reactions. The absence of a hydrogen
source in the system leads to the formation of high molecular weight products. The catalyst
favors reactions with the transfer of hydrogen from the naphthene-aromatic components
contained in the hydrogen donor with donor-hydrogen properties to free radicals [42].
This ensures their saturation and prevents their recombination, which is reflected in a
decrease in the proportion of resins and asphaltenes compared to the non-catalytic exper-
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iment. The separation of alkyl substituents from resins and asphaltenes molecules due
to the destructive hydrogenation process led to an increase in the content of saturated
hydrocarbons by 27.2%. The additional introduction of a hydrogen donor improved the
effect of reducing resins and asphaltenes content (compared to non-catalytic experience, on
average, by 22.0%) due to the complete closure of the formed free radicals as a result of the
aquathermolysis reaction.

3.3. IR-Spectroscopy of Resins and Asphaltenes

Spectral coefficients of resins and asphaltenes of the studied oil extracts, calculated
based on IR spectra (Figures 3 and 4), are presented in Tables 5 and 6.
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Table 5. Results of IR spectral analysis of resins.

Spectral Coefficients
Subject of Research

1 2 3 4

C1 0.72 0.24 0.15 0.04
C2 0.22 0.23 0.22 0.22
C3 0.63 0.64 0.62 0.62
C4 4.37 7.05 9.31 25.45
C5 0.65 0.53 0.43 0.37

C1 = D1600/D720 (aromaticity); C2 = D1710/D1465 (oxidation); C3 = D1380/D1465 (branching); C4 = (D720 +
D1380)/D1600 (aliphaticity); C5 = D1030/D1465 (sulfurization index).

Table 6. Results of IR spectral analysis of asphaltenes.

Spectral Coefficients
Subject of Research

1 2 3 4

C1 1.18 0.33 0.94 0.97
C2 0.30 0.35 0.31 0.28
C3 0.77 0.78 0.75 0.76
C4 2.63 4.63 2.73 2.76
C5 0.63 0.54 0.43 0.42
C6 0.38 0.45 0.28 0.28

C1 = D1600/D720 (aromaticity); C2 = D1710/D1465 (oxidation); C3 = D1380/D1465 (branching);
C4 = (D720+D1380)/D1600 (aliphaticity); C5 = D1030/D1465 (sulfurization index); C6 = D880/D750 +
D820 (condensity).

According to the results of IR spectroscopy, the structural changes in the molecules
of resins and asphaltenes were characterized by a similar orientation, depending on the
conditions taken to influence the initial extract in the rock. All considered samples showed
that the aromaticity coefficient decreased (this can be seen from the decreasing intensity
of absorption bands at 1600 cm−1) with an increasing trend in the aliphatic index for the
fractions of resins and asphaltenes (for resins to a greater extent). A significant effect
(C4 increases almost six times) was achieved during the aquathermolysis of oil in the
presence of a mixture of a catalyst and a hydrogen donor. This was due to destructive
processes in the molecules of resinous-asphaltene compounds that led to the formation
of smaller condensed structures, the separation of alkyl substituents, and an increase
in the length of alkyl chains. As a result, there is a decrease in the branching index of
fragments of n-paraffin hydrocarbons [43]. A decrease in the degree of aromaticity due
to thermocatalytic processes indicates a decrease in the stability of the colloidal state of
resins and asphaltenes and, possibly, aggregation of asphaltenes to coarser particles up to
precipitation from the system [43]. The oxidation coefficient, as expected, does not change
since the process of steam treatment proceeds in the system of an inert gas-nitrogen. An
equally important change should be considered a noticeable decrease in the sulfurization
index, characterizing the content of -SO groups, which is the reason for reducing sulfoxides
to sulfides and hydrogen sulfide. This indicates the intensification of the hydrogenolysis
reactions of carbon-heteroatom bonds.

The condensity of asphaltenes also significantly changes due to the decompaction of
their structure and partial destruction and hydrogenation of C–C bonds in the presence of
a catalyst and a mixture of a hydrogen donor and a catalyst.

3.4. MALDI Spectroscopy of Asphaltenes

According to the MALDI mass spectra (Figure 5), the average molecular weight of
asphaltenes in the initial extract is 1088; asphaltenes of the products of non-catalytic and
catalytic aquathermolysis are 1064, 1052, and 1000, respectively; the average molecular
weight of the resins practically does not change 273 ± 0.5.
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experimental products (2,3,4).

The decrease in the average molecular weight of asphaltenes was explained by the
destruction of the least strong carbon-heteroatom bonds in the molecules of the latter and
by the detachment of alkyl substituents during catalytic aquathermolysis in the presence
of a hydrogen donor. This correlated with the decrease in aromaticity recorded by IR
spectroscopy data and the group composition results by the SARA method. However,
according to the SARA analysis, the asphaltene content of aquathermolysis products is
always higher than the values of the initial extract, with a decrease in the proportion of
resins (see Table 4). This may be because the asphaltenes of this oil contain an insignificant
amount of C-S bridging bonds, and the decrease in molecular weight occurs mainly due to
the separation of alkyl substituents from asphaltene molecules as a result of thermocatalytic
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action. Thus, there is no transition from larger “molecules-continents” of asphaltenes to
small “molecules-archipelagos,” which could pass into the resin fraction, which is reflected
in the high content of asphaltenes in the test products. In addition, large fragments of resins
pass into the asphaltene fraction and blocks due to the interaction of side alkyl substituents
of asphaltenes and resins [44].

3.5. GC-MS Analysis of Saturated HC

The analysis of the saturated hydrocarbon fraction was investigated using gas chromat
ography-mass spectrometry (GC-MS). Figure 6 shows chromatograms, and Table 7 shows
the calculated values of the distribution of n-alkanes (saturated fraction of hydrocarbons)
for the initial extract and the products of the experiments. The content of n-alkanes (in
relative %) was calculated using the electronic library of mass spectra NIST from the
corresponding peak area.
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Table 7. Calculated values of the distribution of homologs of n-alkanes.

n-Alkan

Content, Relative %

Subject of Research

1 2 3 4

C12 0.0 0.2 0.2 0.4
C13 0.0 0.3 0.5 0.8
C14 0.1 3.3 3.4 3.5
C15 0.1 1.7 1.3 1.4
C16 10.2 20.3 9.1 10.4
C17 13.4 11.7 11.3 11.9
C18 14.1 10.1 14.3 13.0
C19 20.8 15.9 15.6 17.5
C20 25.8 20.4 21.6 20.8
C21 15.5 16.3 22.8 20.4

The fraction of saturated hydrocarbons of the initial extract is characterized by a low
content of normal and iso-alkanes (Figure 6, (1)). The reason could be microbial processes
(biodegradation) under thermobaric conditions of oil occurrence in the rock [45–47].

Compared with the Initial rock extract (Figure 6, (1)), in the non-catalytic experiment
(Figure 6, (2)), the hydrocarbon composition of the saturated fraction of oil deteriorates—
there is a decrease in homologs C17–C20; in this case, only the growth of C16 and C21
alkanes is observed, which can be attributed to the catalytic action of calcite [15,23,34].

Compared to the experiment without catalyst, a significant change in the content of
normal alkanes and isoprenoids due to thermocatalytic treatment was observed. New
lighter fractions of n-alkanes and isoprenoids are formed, characterized by a hydrocarbon
spectrum of homologs of composition from C12 to C15. At the same time, the catalytic
steam treatment led to an increase in the proportion of higher molecular weight n-alkanes
C17–C21. As noted earlier, in the presence of a catalyst, the destruction processes of C-C and
C-S bonds proceed more intensively, which is reflected in an increase in the proportion of the
saturated fraction [48–50]. In addition, there is a possibility that coking occurs along with
an increase in the proportion of asphaltenes during non-catalytic steam treatment. The high-
molecular compounds formed in this case, according to some scientists [51], can capture
free C15–C35 hydrocarbons and hold them; a decrease in the proportion of n-alkanes
in the saturated fraction can be seen when examining the chromatogram of sample 2
(Figure 6 (2)). During pyrolysis in the presence of a catalyst, thermal destruction of these
high-molecular components occurs (a decrease in the proportion of asphaltenes according
to SARA data) and the release (thermal desorption) of captured saturated hydrocarbons
(Figure 6 (3),(4)) [52]. All this correlated with the results of the SARA analysis.

3.6. SFE Rock Samples

One of the most important parameters characterizing the reservoir rock is wettability.
The specificity of the oil displacement process (e.g., polymer flooding, steam treatment, wa-
ter flooding) depends on the wettability of the porous medium and residual oil saturation
distribution. Figure 7 shows the average values of the contact angle at the interface: studied
extracted rock—wetting liquid—inert gas (nitrogen) at atmospheric conditions. Table 8
shows the SFE values calculated based on the contact angle as the sum of the dispersed
and polar components in the SFE.
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Table 8. Results of mathematical calculation of the free energy of the surface of the extracted initial
sandstone and subjected to steam treatment.

Parameter
Subject of Research

1 2 4

SFE, mN/m 60.1 61.4 68.3
Dispersed component, mN/m 45.3 42.5 43.7

Polar component, mN/m 14.8 18.9 24.6

Distilled water and diiodomethane were used as polar and non-polar wetting liquids,
determining the surface’s hydrophilicity (polar component) and hydrophobicity (dispersed
component). The surfaces of the samples selected for the study were wetted in turn,
respectively, with distilled water (blue line) and diiodomethane (yellow line). Since in this
research, it was of interest to determine the contact angle on the initial rock sample, as well
as to compare the non-catalytic and catalytic experiments in the presence of a hydrogen
donor (since the commercial batch of the catalyst is just the catalyst system in the H-donor),
sample No. 3 was not included in wetting studies.

In Figure 7, a photo of a wetting droplet corresponds to droplets of distilled water on
the surface of the extracted rocks.

When comparing the extracted samples of the original sandstone (Sample No. 1),
samples after non-catalytic aquathermolysis (Sample No. 2), and samples after catalytic
aquathermolysis in combination with a hydrogen donor (Sample No. 4), there is a linear
dependence of the increase in both the total free surface energy and its polar component.
This indicates an improvement in the wettability of the rock with water.

One of the main requirements for chemical reagents during primary and secondary
production stages is to improve the wettability of the rock with oil, that is, to hydrophobize
the surface of the reservoir channels. In quartz rocks, the main adsorption centers are
crystal lattice defects, which carry a negative charge [53]. Research [54] indicates that when
oil contacts a reservoir rock under the influence of thermobaric factors over a long period of
reservoir formation, the adsorption layer undergoes structural and chemical restructuring.
In the rock zones contacted by oil, a solid film is formed, consisting of carbene-carbide
products of oil transformation, with a thickness of about 0.5 microns. In our case, the
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opposite effect of increasing the hydrophilicity of the surface was observed. This may be
due to the combined effect of temperature, pressure, and the use of a catalyst based on
transition metals, which ensures the transfer of hydrogen from the naphthenoaromatic
component and effectively inhibits the formation of carbene-carbide compounds [41]. This
prevents the closure of the hydrophilic active centers of the sandstone.

However, it should be noted that the aquathermolysis process presupposes the pres-
ence of high water cut in the produced oil due to steam condensation and the formation of
a large volume of water. In our case, it would contribute to a more efficient oil production
process due to the predominance of the wettability of rocks with water.

4. Conclusions

Based on the results of the assessment of physic-chemical characteristics (determi-
nation of group composition by SARA, MALDI and IR spectroscopy, elemental analysis,
and gas chromatography), it can be concluded that the catalyst has a targeted effect on
the destruction of the high-molecular compounds, such as resins and asphaltenes, with a
significant positive effect on the generation of light hydrocarbons.

Using a complex of a catalyst and a hydrogen donor promotes the destructive hy-
drogenation process, leading to a decrease in sulfur content, which is important in the
extraction and further processing of high-sulfur bituminous oils.

The study on the wettability of rocks revealed the effect of increasing the hydrophilicity
of the surface associated with the combined effect of temperature, pressure, and the use
of a catalyst based on transition metals. The combination of these processes ensures the
transfer of hydrogen from the naphthene-aromatic component. As a result, it effectively
inhibits the formation of carbene-carbide compounds, which favors an efficient oil recovery
process due to the predominance of water wettability of rocks.

Author Contributions: Conceptualization, S.A.S.; methodology, I.I.M. and Y.V.O.; software, D.A.F.;
resources, V.A.S.; writing—review and editing, A.V.V. and M.I.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was funded by the Russian Science Foundation, Grant number 21-73-30023.

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. Zheng, R.; Pan, J.; Chen, L.; Tang, J.; Liu, D.; Song, Q.; Chen, L.; Yao, Q. Catalytic effects of montmorillonite on coke formation

during thermal conversion of heavy oil. Energy Fuels 2018, 32, 6737–6745. [CrossRef]
5. Armas, J.D.; Garcia-Vila, A.; Ortega, L.C.; Scott, C.E.; Maini, B.; Pereira-Almao, P. In-situ upgrading in a dolomite porous medium:

A kinetic model comparison and nanocatalyst deposition study. J. Pet. Sci. Eng. 2021, 205, 108799. [CrossRef]
6. Dobrynkin, N.M.; Batygina, M.V.; Noskov, A.S. Studies of Catalytic Properties of Inorganic Rock Matrices in Redox Reactions. J.

Sustain. Dev. Energy, Water Environ. Syst. 2017, 5, 408–416. [CrossRef]
7. Trujillo Portillo, M.L. Influence of rock matrix in kinetics oxidation for heavy oils. CTF-Cienc. Tecnol. Y Futur. 2017, 7, 43–58.

[CrossRef]
8. Dong, X.; Liu, H.; Wu, K.; Chen, Z. EOR potential in the post steam injection era: Current and future trends. In Proceedings of the

SPE Improved Oil Recovery Conference; OnePetro, Tulsa, OK, USA, 4–17 April 2018.
9. Kiyamova, A.M.; Kayukova, G.P.; Romanov, G.V. Composition of the high-molecular-mass components of oil-and bitumen-

bearing rocks and their hydrothermal transformation products. Pet. Chem. 2011, 51, 231–242. [CrossRef]
10. Kayukova, G.P.; Mikhailova, A.N.; Kosachev, I.P.; Nasyrova, Z.R.; Gareev, B.I.; Vakhin, A.V. Catalytic hydrothermal conversion of

heavy oil in the porous media. Energy Fuels 2021, 35, 1297–1307. [CrossRef]
11. Ramey, H.J. A Current Look at Thermal Recovery. In Proceedings of the SPE California Regional Meeting; OnePetro, San

Francisco, CA, USA, 6–7 November 1969.

http://doi.org/10.1016/j.apenergy.2019.01.244
http://doi.org/10.1134/S0965544111060089
http://doi.org/10.1021/acs.energyfuels.8b01157
http://doi.org/10.1016/j.petrol.2021.108799
http://doi.org/10.13044/j.sdewes.d5.0151
http://doi.org/10.29047/01225383.64
http://doi.org/10.1134/S0965544111030078
http://doi.org/10.1021/acs.energyfuels.0c03546


Catalysts 2021, 11, 1255 15 of 16

12. Siskin, M.; Brons, G.; Katritzky, A.R.; Balasubramanian, M. Aqueous organic chemistry. 1. Aquathermolysis: Comparison with
thermolysis in the reactivity of aliphatic compounds. Energy Fuels 1990, 4, 475–482. [CrossRef]

13. Siskin, M.; Brons, G.; Katritzky, A.R.; Murugan, R. Aqueous organic chemistry. 2. Crosslinked cyclohexyl phenyl compounds.
Energy Fuels 1990, 4, 482–488. [CrossRef]

14. Kayukova, G.P.; Abdrafikova, I.M.; Sakhibgareyev, I.R.; Kosachev, I.P.; Romanov, G.V. The Catalytic Effect of Minerals on
Hydrothermal Transformations of Heavy Oil. Oil Gas Technol. 2012, 82, 43–48.

15. Krivtsov, E.B.; Sviridenko, N.N.; Golovko, A.K. Initiated cracking of natural bitumen to increase the yield of distillate fractions.
Tomsk Polymechnic Univ. 2013, 17, 42.

16. Osgouei, Y.T.; Parlaktuna, M. Effects of minerals on steam distillation during thermal heavy-oil recovery: An experimental
investigation. Energy Sources Part A Recovery Util. Environ. Eff. 2018, 40, 662–672. [CrossRef]

17. Tavakkoli Osgouel, Y. An Experimental Study on Steam Distillation of Heavy Oils during Thermal Recovery. Master’s Thesis,
Middle East Technical University, Kızılay, ANK, Turkey, 2013.

18. 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]

19. Shen, L.; Zhang, D.-K. An experimental study of oil recovery from sewage sludge by low-temperature pyrolysis in a fluidised-bed.
Fuel 2003, 82, 465–472. [CrossRef]

20. Kayukova, G.P.; Kiyamova, A.M.; Nigmedzyanova, L.Z.; Rakmankulov, S.M.; Sharipova, N.S.; Smelkov, V.M. Transformation of
residual oil in producing formations of the Romashkino oil field during hydrothermal treatment. Pet. Chem. 2007, 47, 318–330.
[CrossRef]

21. Kayukova, G.P.; Nigmedzyanova, L.Z.; Romanov, A.G.; Lazarev, S.N.; Dakhnova, M.V.; Khramova, E.V.; Nazarova, E.S. Transfor-
mation of heavy oil and organic matter from carbonate reservoirs in hydrothermal processes. Pet. Chem. 2005, 45, 228–236.

22. Petrov, S.M.; Ibragimova, D.A.; Vakhin, A.V.; Zaidullin, I.M.; Valieva, G.R.; Zakirova, Z.R. Investigating the structure and
composition of heavy oil under thermal-catalytic treatment in presence of carbonaceous minerals (Russian). Neft. Khozyaystvo-Oil
Ind. 2018, 2018, 44–47. [CrossRef]

23. 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]

24. 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; OnePetro, Vienna, Austria, 30 May–2 June 2016.

25. Kadyrov, R.; Sitnov, S.; Gareev, B.; Batalin, G. Modeling of cobalt-based catalyst use during CSS for low-temperature heavy oil
upgrading. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, London, UK, 2018; Volume 155, p.
12021.

26. 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; OnePetro, Calgary, AB, Canada, 15–17
November 2011.

27. 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]

28. 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. Am. Chem. Soc. Div. Fuel.
Chem 2003, 48, 59–60.

29. Gregoli, A.A.; Rimmer, D.P. Production of Synthetic Crude Oil from Heavy Hydrocarbons Recovered by In Situ Hydrovisbreaking.
U.S. Patent No 6,016,868, 25 January 2000.

30. Wellington, S.L.; Madgavkar, A.M.; Ryan, R.C. In Situ Thermal Processing of a Hydrocarbon Containing Formation and Upgrading
of Produced Fluids Prior to Further Treatment. U.S. Patent No. 20030196789, 10 October 2003.

31. 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]

32. 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 IOP Conference Series: Earth and Environmental Science; IOP Publishing:
Bristol, London, UK, 2020; Volume 516, p. 12028.

33. Petrov, S.M.; Ibragimova, D.A.; Abdelsalam, Y.I.I.; Kayukova, G.P. Influence of rock-forming and catalytic additives on transfor-
mation of highly viscous heavy oil. Pet. Chem. 2016, 56, 21–26. [CrossRef]

34. Jiang, S.; Liu, X.; Liu, Y.; Zhong, L. In situ upgrading heavy oil by aquathermolytic treatment under steam injection conditions. In
Proceedings of the SPE International Symposium on Oilfield Chemistry; OnePetro, The Woodlands, TX, USA, 2–4 February 2005.

35. Khelkhal, M.A.; Eskin, A.A.; Sitnov, S.A.; Vakhin, A.V. Impact of iron tallate on the kinetic behavior of the oxidation process of
heavy oils. Energy Fuels 2019, 33, 7678–7683. [CrossRef]

36. Sitnov, S.A.; Mukhamatdinov, I.I.; Vakhin, A.V.; Ivanova, A.G.; Voronina, E.V. Composition of aquathermolysis catalysts forming
in situ from oil-soluble catalyst precursor mixtures. J. Pet. Sci. Eng. 2018, 169, 44–50. [CrossRef]

37. Kharrat, A.M.; Zacharia, J.; Cherian, V.J.; Anyatonwu, A. Issues with comparing SARA methodologies. Energy Fuels 2007, 21,
3618–3621. [CrossRef]

http://doi.org/10.1021/ef00023a012
http://doi.org/10.1021/ef00023a013
http://doi.org/10.1080/15567036.2018.1454547
http://doi.org/10.1021/ie00093a002
http://doi.org/10.1016/S0016-2361(02)00294-6
http://doi.org/10.1134/S0965544107050027
http://doi.org/10.24887/0028-2448-2018-2-44-47
http://doi.org/10.1080/10916466.2018.1564766
http://doi.org/10.1021/ef010247x
http://doi.org/10.1007/s10553-012-0371-y
http://doi.org/10.1134/S0965544116010059
http://doi.org/10.1021/acs.energyfuels.9b01393
http://doi.org/10.1016/j.petrol.2018.05.050
http://doi.org/10.1021/ef700393a


Catalysts 2021, 11, 1255 16 of 16

38. 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]

39. Mukhamatdinov, I.I.; Khaidarova, A.R.; Zaripova, R.D.; Mukhamatdinova, R.E.; Sitnov, S.A.; Vakhin, A.V. The composition and
structure of ultra-dispersed mixed oxide (II, Iii) particles and their influence on in-situ conversion of heavy oil. Catalysts 2020, 10,
114. [CrossRef]

40. Gordadze, G.N.; Giruts, M.V.; Koshelev, V.N. Organic Geochemistry of Hydrocarbons: Textbook. Manual for Universities; Gubkin
Russian State University of Oil and Gas: Moscow, Russia, 2012; Volume 2, p. 303.

41. Petrukhina, N.N. Regulation of Transformations of Components of High-Viscosity Oils during Their Preparation for Transport
and Processing. Ph.D. Thesis, Gubkin Russian State University of Oil and Gas, Moscow, Russia, 2014; p. 205.

42. Clark, P.D.; Kirk, M.J. Studies on the upgrading of bituminous oils with water and transition metal catalysts. Energy Fuels 1994, 8,
380–387. [CrossRef]

43. Ivanova, L.N.; Koshelev, V.A.; Burov, E.A.; Stokolos, O.A. Applying IR-spectrometry to study oils. Proc. Russ. State Univ. Oil Gas.
IM Gubkin 2010, 2, 76–80.

44. Ganeeva, Y.M.; Yusupova, T.N.; Romanov, G.V.; Bashkirtseva, N.Y. Phase composition of asphaltenes. J. Therm. Anal. Calorim.
2014, 115, 1593–1600. [CrossRef]

45. Gussamov, I.I.; Petrov, S.M.; Ibragimova, D.A.; Kayukova, G.P.; Bashkirtseva, N.Y. Component and hydrocarbon composition of
bituminous oil from the Ashal’cha field. Bull. KNITU 2014, 17, 207–210.

46. Harayama, S.; Kishira, H.; Kasai, Y.; Shutsubo, K. Petroleum biodegradation in marine environments. J. Mol. Microbiol. Biotechnol.
1999, 1, 63–70. [PubMed]

47. Zakirov, I.S.; Zakharova, E.F.; Sayakhov, V.A. The complex experimental research results on the solvent composition selection for
bituminous oil production (Russian). Neft. Khozyaystvo-Oil Ind. 2019, 2019, 98–101. [CrossRef]

48. Chen, Y.; He, J.; Wang, Y.; Li, P. GC-MS used in study on the mechanism of the viscosity reduction of heavy oil through
aquathermolysis catalyzed by aromatic sulfonic H3PMo12O40. Energy 2010, 35, 3454–3460. [CrossRef]

49. Fan, H.; Zhang, Y.; Lin, Y. The catalytic effects of minerals on aquathermolysis of heavy oils. Fuel 2004, 83, 2035–2039. [CrossRef]
50. Maity, S.K.; Ancheyta, J.; Marroquín, G. Catalytic aquathermolysis used for viscosity reduction of heavy crude oils: A review.

Energy Fuels 2010, 24, 2809–2816. [CrossRef]
51. Batalin, O.Y.; Vafina, N.G. Forms of free-hydrocarbon capture by kerogen. Int. J. Appl. Fundam. Res. 2013, 10, 418–425.
52. Behar, F.; Tang, Y.; Liu, J. Comparison of rate constants for some molecular tracers generated during artificial maturation of

kerogens: Influence of kerogen type. Org. Geochem. 1997, 26, 281–287. [CrossRef]
53. Petrov, N.A.; Konesev, G.V.; Davydova, I.N. Negative and positive consequences of drilling mud treatment with GKZh-10 (11,

11N) fluids. Netw. Publ. Pet. Eng. 2006, 2, 1–19.
54. Rakhmankulov, D.L.; Akhmetshin, E.A.; Zlotsky, S.S.; Markhasin, V.I.; Peshkin, O.V.; Khairedinov, N.S.; Kalinovsky, Y.V.;

Kukushkina, E.A.; Agapchev, V.I. Application of physical and chemical methods in drilling wells, oil and gas production and
transportation. Dev. Oil Gas Fields Results Sci. Technol. 1985, 18, 111–143.

http://doi.org/10.1080/10916466.2018.1547760
http://doi.org/10.3390/catal10010114
http://doi.org/10.1021/ef00044a014
http://doi.org/10.1007/s10973-013-3442-3
http://www.ncbi.nlm.nih.gov/pubmed/10941786
http://doi.org/10.24887/0028-2448-2019-9-98-101
http://doi.org/10.1016/j.energy.2010.04.041
http://doi.org/10.1016/j.fuel.2004.04.010
http://doi.org/10.1021/ef100230k
http://doi.org/10.1016/S0146-6380(97)00003-X

	Introduction 
	Materials and Methods 
	Experiment Design 
	Materials 
	Catalytic and Non-Catalytic Aquathermolysis Modeling in Batch Reactor 
	Methods for Studying Rock Samples 
	Oil Extracts Analyses 

	Results 
	Elemental Analysis of Oil Extracts 
	SARA Analysis of Oil Extracts Samples 
	IR-Spectroscopy of Resins and Asphaltenes 
	MALDI Spectroscopy of Asphaltenes 
	GC-MS Analysis of Saturated HC 
	SFE Rock Samples 

	Conclusions 
	References

