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Abstract: This paper discusses the results of the influences of subcritical (T = 320 ◦C; P = 17 MPa)
and supercritical water (T = 374 ◦C; P = 24.6 MPa) on the yield and composition of oil hydrocarbons
generated from carbonaceous–siliceous Domanic shale rocks with total organic content (Corg) of
7.07%. It was revealed that the treatment of the given shale rock in sub- and supercritical water
environments resulted in the decrease of oil content due to the intensive gas formation. The content of
light hydrocarbon fractions (saturated and aromatic hydrocarbons) increased at 320 ◦C from 33.98 to
39.63%, while at 374 ◦C to 48.24%. Moreover, the content of resins decreased by almost twice. Insoluble
coke-like compounds such as carbene–carboids were formed due to decomposition of kerogen after
supercritical water treatment. Analysis of oil hydrocarbons with FTIR method revealed a significant
number of oxygen-containing compounds, which are the hydrogenolysis products of structural
fragments formed after destruction of kerogen and high-molecular components of oil. The gas
chromatography–mass spectroscopy (GC–MS) method was applied to present the changes in the
composition of mono- and dibenzothiophenes, which indicate conversion of heavy components into
lighter aromatic hydrocarbons. The specific features of transforming trace elements in rock samples,
asphaltenes, and carbene–carboids were observed by using the isotopic mass-spectrometry method.

Keywords: heavy oil; kerogen; sub- and supercritical water; Domanic rock; shale; heavy hydrocarbons;
organic matter

1. Introduction

In recent years, the share of unconventional hydrocarbon resources from shale deposits in the
structure of world oil production has been increasing [1–3]. Low-permeable organic-rich Bazhen
formations of West Siberia and Domanic deposits of Volga–Ural petroleum province correspond
to such resources in Russia [4,5]. Domanic organic-rich shales are oil-generating source rocks [6].
A specific feature of such sedimentary rocks is the coexistence of free hydrocarbons and insoluble
organic matter (OM), such as kerogen. The latter is an irregular structured “geopolymer” that generates
oil and contains significant total organic content in sedimentary rocks [7,8]. The obtained experiences
from the study of shale rocks in the USA show that Eagle Ford Shale Play in Mexican borders is the
analogue of Sargaevskian–Tournaisian carbon-rich Domanic shale rock in Tatarstan Republic (Russia)
in terms of geochemical characteristics [9]. Currently, Domanic sediments have been studied only
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at the laboratory scale [10–13]. However, it is crucial to develop the production technology of such
hydrocarbon resources in field scale.

Superheated organic solvents have been effectively applied in thermal cracking and chemical
conversion of a wide range of high-molecular organic matter into volatile and soluble substances [14].
In recent years, there has been considerable interest in supercritical water (SCW) that accelerates
thermochemical decomposition of fossil fuels [15,16]. Relative dielectric permittivity (e) of SCW varies
between 2 and 30, depending on the pressure and temperature. Thereby, SCW may behave like
favorable nonpolar hexane solvent (e = 1.8) or even like polar methanol solvent (e = 32.6) with high
solubility for OM [17]. However, SCW is not only able to dissolve hydrocarbons, but it can also react
with OM, its destruction products, and with rock minerals [18–20]. Due to these unique properties,
supercritical fluid extraction attracted much attention by many scholars and researchers [21–24].

There are many studies which deal with the conversion of heavy oils and vacuum residues in
subcritical water (sub-CW) and SCW conditions. Caniaz et al. [25] studied refinery of bitumen and
domestic unconventional heavy oil upgrading in SCW. They made conclusions that SCW forms layers
between asphaltenes, preventing their agglomeration and slowing down the formation of coke in the
conversion products. Similar conclusions were made by researchers from Imperial College London
regarding heavy oil upgrading in sub-CW and SCW [26]. They identified the effect of sub-CW and SCW
on the conversion of modeled polyaromatic hydrocarbons that exist in asphaltenes and other heavy oil
fractions. It has been established that SCW acts mainly on central rings of polyaromatic structures,
rather than peripheral ones, initiating cracking reactions. In Reference [27], the authors investigated the
transformation of vacuum residue fraction in SCW at 450 ◦C and established a double increase in the
yield of valuable gasoline and diesel fractions and a significant decrease in the coke yield, in comparison
with traditional refining methods. The cracking of the vacuum residue occurs with the intensive
formation of hydrocarbon gases, light aliphatic hydrocarbons, alkylbenzenes, and alkylnaphthalenes.
Other researchers studied the conversion of vacuum residue in SCW medium in order to obtain light
oil [28]. Studies have shown that the most favorable condition for the use of SCW in the cracking of
heavy hydrocarbons is at a temperature of 420 ◦C, a water density of 0.15 g/cm3, a water–oil ratio of
2:1, and a reaction time of 1 h.

In the scientific literature, there are several works on the influence of sub-CW and SCW on the
conversion of kerogen into light petroleum hydrocarbons, as well as their extraction. The hydrocarbon
extraction from shale rock samples and Turkish lignite showed that SCW is the most effective method for
conversion of asphaltenes and kerogen [29]. Water in supercritical state is able to penetrate the kerogen
and heavy oil hydrocarbons structure and break their structural skeleton, leading to the formation
of light petroleum hydrocarbons. Raising reaction temperature and pressure, or increasing reaction
duration, results in more intensive decomposition of kerogen and heavy hydrocarbons. Funazukuri
et al. [15] studied supercritical extraction of Chinese shale oil and observed that decomposition of
polar components in SCW was more favorable than in supercritical toluene. A similar comparison of
SCW and supercritical toluene was carried out by Olukcu et al. [30]. They state that the conversion
degree due to transformation of Beypazari oil shale in SCW was higher than in supercritical toluene.
Moreover, the content of asphaltenes and polar substances was higher in the oil after supercritical
toluene treatment, in contrast to the oil after SCW treatment.

In general, an analysis of the current research in the field of heavy oil and kerogen conversion in
sub-CW and SCW shows good prospects for this method as an alternative way to improve the quality of
heavy hydrocarbons and the efficient petroleum hydrocarbons extraction from dense low-permeability
Dominic rocks.

The aim of this study was to reveal the transformation behaviors of high-molecular components
of heavy oil and insoluble kerogen from carbon-rich low-permeable carbonaceous–siliceous Domanic
shale rocks in sub- and supercritical water.
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2. Experimental Procedures

The object of the study was the Domanic rock, which was taken from 1720 m depth of the
Semiluki-Mendym horizon of the Chishminskaya area, which is located on the largest Romashkino
field territory (Tatarstan, Russia). The given rocks are characterized by the following mineral
composition: 43% quartz, 19% calcite, 19% microcline, 12% mica, and 6% dolomite [31]. According to
the data obtained by using the Rock-Eval pyrolysis method, the total organic content (Corg) in the rock
sample is 7.07%. It shows that the content of free light hydrocarbons in the given rock sample is very
low, and a significant part of OM corresponds to heavy components and insoluble kerogen [32].

The process was carried out by using a 500 mL high-pressure reactor with a stirrer—Parr
Instruments 4560 (Parr Instruments, USA)—for 60 min. The processes in reactor were carried out at
sub-CW at 320 ◦C and 17 MPa and SCW at 374 ◦C and 24.6 MPa. To achieve a water density that
ensures the transition of water to a sub- and supercritical state at the experimental temperatures,
the initial nitrogen pressure and the volume of required water were selected in accordance with the
reference data of the National Institute of Standards and Technology [33]. In total, 100 g of crushed
rock and 130 mL of distilled water were introduced into the reactor, for each experiment. The reactor
was purged with nitrogen for 15 min before starting each experiment, and the given initial pressure
was 1 MPa. The heating rate was 11 ◦C/min.

After cooling the reactor up to 25 ◦C, the reactor was connected to gas chromatography
(Chromatec-Crystal 5000.2), to analyze the gas phase formed after the process, using computer
data processing and recording the signal of the detector for thermal conductivity. For saturation, gases
were purged through a chromatographic column for 15 min. Gas separation was carried out on a 100 m
long capillary column, at the following temperature conditions: 90 ◦C for 4 min, and then heating
10 ◦C/min to 250 ◦C. The temperature of the evaporator was 250 ◦C. The carrier gas was helium, with a
flow rate of 15 mL/min.

The transformed experimental products were separated from water phase and prepared for further
investigations by physical and chemical instrumental analysis methods, such as gas chromatography,
SARA analysis, Rock-Eval, GC–MS, FTIR, and isotope mass spectroscopy (Figure 1).
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Figure 1. Experimental procedures scheme.

The total organic content in rock before and after the autoclave experiments was determined on
elemental CHN-analyzer after dissolving carbonates from the given samples in hydrochloric acid.
The transformation degree of organic matter in rock samples was evaluated via pyrolytic Rock-Eval
analysis in a Pyro-GC–MS system (Frontier Lab EGA/PY-3030D, Agilent 7890B, Agilent 5977B), at the
temperature range from 20 to 600 ◦C. The amount of thermally freed hydrocarbons in the sample in
milligrams of hydrocarbons per gram of rock by temperature of 300 ◦C is designated as S1. Residual
oil potential, i.e., the content of hydrocarbons pyrolyzed from kerogen, was estimated by peak S2.
The maximum hydrocarbon yield within peak S2 was determined by the temperature Tmax. Based
on these parameters, the oil generation potential of rock samples was evaluated, GP = S1 + S2, their
productivity index, PI = S1/(S1 + S2), and the degree of kerogen conversion.
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Extraction of heavy oil from the rock samples was done in Soxhlet for 72 h, with the mixture
of organic solvents that was composed of chloroform, toluene, and isopropanol mixed in equal
proportions. The rock extracts were separated according to SARA analysis into four fractions:
saturated, aromatics, resins, and asphaltenes. Asphaltenes from the extracts were precipitated by
aliphatic solvent n-hexane with the mass ratio of 1:40. The malthenes part of extracts was further
separated in a liquid-chromatography column filled with previously calcined (at 425 ◦C) aluminum
oxide. The saturated hydrocarbons, aromatics, and resins were eluted by hexane, toluene, and a
mixture of benzene and isopropyl alcohol in equal proportions, respectively.

Aromatic hydrocarbons extracted from the heavy oil before and after autoclave experiments
were studied by using a chromatomass-spectrometric system, including gas chromatography
(Chromatec-Crystal 5000) with mass-selective detector ISQ with mass-selective detector ISQ LT
manufactured by Thermo Fisher Scientific and software application Xcalibur for processing results.
The chromatography was equipped with a capillary column, which was 30 m in length and 0.25 mm in
diameter. The rate of gas-carrier (helium) phase and the temperature of injector was 1 mL/min and
310 ◦C, respectively. Moreover, the temperature was adjustable from 100 up to 300 ◦C, with a speed of
3 ◦C/min, and the process is isothermal through whole analysis. The potential of ion source—70 W and
temperature 250 ◦C. Compounds were identified by digital library of NIST mass-spectrum and the
literature data.

The structural group composition of SARA analysis fractions, saturated, aromatics, resins,
asphaltenes, and carbonaceous substances, was determined by FTIR spectroscopy with Bruker Vector
22 IR spectrometer, in the range of 4000–400 cm−1, with a resolution of 4 cm−1. To assess changes in
the structural-group composition of the products of the experiments, several parameters were used,
defined as the ratio of the absorption values at the maximum of the corresponding absorption bands.

Investigation of the trace elements composition of rock samples, asphaltenes, and carbene–carboids
was carried out in isotope mass spectrometer with inductively coupled plasma iCAP Qc manufactured
by Thermo Fisher Scientific, Germany. The test sample weighed 100 mg. Concentrated hydrochloric,
hydrofluoric, and nitric acid were added to the sample in Teflon autoclaves by dispensers. To account
for the background, a mixture of acids without a sample was prepared. Hermetically sealed Teflon
autoclaves were placed in the furnace of microwave digestion system, Mars 6 (CRM Corporation,
USA), where samples were heated up to 210 ◦C for 30 min. After this, a boric acid solution was added
to form complexes and transfer rare-earth fluorides to the solution. Teflon autoclaves were heated to
170 ◦C and kept at this temperature for 30 min. After cooling, the resulting solution was transferred to a
test tube and diluted with deionized water and hydrochloric acid. The resulting solution was analyzed
on a mass spectrometer pre-calibrated by using multi-element standards with a concentration in the
range from 1 to 100 ppm of each element. The obtained concentration values were recalculated to the
initial concentration, taking into account an empty sample, a sample, and dilution of the solution.

3. Results and Discussion

The results of pyrolytic Rock-Eval analysis and elemental analysis of oil-saturated rock samples
before and after experiments in sub-CW and SCW conditions, as well as rock samples after extraction
of heavy oil by organic solvents, are presented in Table 1.

By elemental analysis, the total organic content, Corg, in the source rock is 7.07%. According to
Tisso and Welte [8], a rock sample with total organic content less than 3% corresponds to a class of good
source rock. The initial rock sample is characterized by high oil-generation potential (22.17 mg HC/g of
rock) and hydrogen index value (313.58 mg HC/g Corg). The value of Tmax (429 ◦C) indicates a low
thermal maturity of OM. The value of the realized generation potential S1, which is the fraction of free
hydrocarbons in the rock, is rather low, at 1.75 mg/g of rock, which characterizes the low productivity
index of this rock. It is proposed that the given sample is an excellent rock sample which did not pass
through a high catagenesis stage.
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Table 1. The results of pyrolytic Rock-Eval analysis of rock samples before and after autoclave
experiments.

Object Parameters

Corg H/Corg Tmax S1 S2 GP PI HI

Initial 7.07 2.87 429 1.52 22.17 23.69 0.06 313.58
* 4.06 2.85 432 0.27 17.84 18.11 0.01 439.41

Sub-CW 6.98 2.18 432 1.06 17.79 18.85 0.06 254.87
* 4.02 1.28 434 0,27 17.01 17.28 0.02 302.13

SCW 4.08 5.44 435 1.79 1.95 3.74 0.48 47.79
* 3.12 5.50 433 0.39 2.42 2.82 0.14 77.56

* = the same sample after heavy oil extraction. Corg = the total organic content in rock, wt%. H/Corg = ratio of
hydrogen to atomic organic carbon. S1 = number of free hydrocarbons in the rock, mg HC/g of rock. S2 = the
number of hydrocarbons produced during the destruction of kerogen, mg HC/g of rock. Tmax = temperature at
which the highest hydrocarbons yield intensity is observed within the peak S2. GP = S1 + S2, the oil-generation
potential, mg HC/g of rock. PI = S1/(S1 + S2), the productivity index, mg HC/g of rock. HI = S2/Copr 100%, the
hydrogen index, mg HC/g Corg. Sub-CW = subcritical water. SCW = supercritical water.

The sub-CW and SCW treatment of rock samples resulted in the transformation of organic matter,
which was similar to natural maturation [34]. Residual oil potential, i.e., the content of hydrocarbons
pyrolyzed from kerogen, decreases from 22.17 to 17.17 mg HC/g of rock in sub-CW, and to 1.95 mg
HC/g of rock in SCW. This was also justified by the increase in Tmax value from 429 to 435 ◦C, and
decrease in hydrogen index value from 313.58 to 47.79 mg HC/g Corg, which leads to an increase in the
productivity index from 0.06 to 0.48 mg HC/g of rock in the SCW medium.

The decomposition of OM in SCW influenced the decrease in Corg, as well, from 7.07 to 4.08%.
The atomic ratio of H/Corg in the products of SCW treatment is higher than in initial rock sample.
This indicates a participation of water in the conversion reactions of heavy components of OM into light
alkane hydrocarbons. Similar results were obtained by Han et al. from an experimental investigation
of high-temperature coal tar upgraded by SCW [35].

According to the SARA analysis presented in Table 2, a common behavior in group composition
of extracts was revealed as the temperature of experiments was increased: The content of saturated
fractions increased, while the content of resins decreased. In contrast to the initial extract, the content
of aromatic hydrocarbons and asphaltenes after the treatment at sub-CW condition was increased,
while the atomic H/Corg ratio decreased. In the previous studies [31,32], an influence of sub-CW
on improving extraction of asphaltenes and high-molecular n-alkanes C22-C30 from rock samples
was shown. However, SCW effects decomposition of resins and asphaltenes with formation of
low-molecular saturated hydrocarbons (33.91%wt.), as well as insoluble solid coal-like compounds,
such as carbene–carboids (14.49%wt.). Formation of last may be the destruction result of alkyl chains
of asphaltenes, as well as kerogen decomposition [36–38].

Table 2. The main characteristics of Domanic rock samples before and after the sub-CW and
SCW experiments.

Parameters Object

Initial Sub-CW SCW

Temperature of experiment, ◦C - 320 374
Pressure of experiment, MPa - 17.0 24.6
Gas yield, %wt. - 2.26 2.65
Heavy oil yield, %wt. 3.12 3.98 3.03
Saturated, %wt. 14.81 16.89 33.91
Aromatics, %wt. 19.17 22.74 14.33
Resins, %wt. 37.00 27.46 13.49
Asphaltenes, %wt. 29.02 32.91 23.78
Carbene–carboids, %wt. - - 14.49
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Gas chromatography data for hydrocarbons and inorganic gases, formed during the process of
OM transformation, are presented in Table 3. Uncondensed gases, formed from the shale rock in
sub-CW and SCW conditions, are mainly composed of non-hydrocarbon gases such as H2, O2, and CO2,
as well as low-molecular hydrocarbon gases C1-C4 and alkenes C2-C4. The higher the temperature
of the experiment, the more hydrocarbon gases, such as CH4, C2H6, C3H8, C4H8, and n-C4H10, were
released. It indicates that destructive processes via radical chain mechanism were carried out [30].
In experiments in the sub-CW medium, neither C2H6 nor C2H4 appear in the gas composition, which
is consistent with the results obtained with extraction of Tumuji Oil Sand with sub-CW [23].

Table 3. The composition of formed gases after sub-CW and SCW experiments.

Object Gases Composition *, % vol.

H2 O2 CO2 CH4 C2H4 C2H6 C3H6 C3H8 C4H8 n-C4H10

Sub-CW 0.23 10.89 83.76 3.96 0.00 0.00 0.12 0.02 0.08 0.25
SCW 0.51 9.98 64.60 11.66 0.12 5.96 0.00 3.93 0.36 0.99

* Excluding nitrogen.

The high content of CO2 in the composition of the released gases may be due to decomposition
of OM and carbonate rock minerals in sub-CW and SCW. In Reference [39], the conduction of
oxidation-reduction reactions of OM and mineral components of shale rocks in the presence of water
with production of CO and CO2 gases was reported. The presence of O2 in the composition of formed
gases also justifies the conduction of oxidation-reduction reactions.

The GC–MS method was applied to gain information about individual composition
of aromatic fractions (Figure 2). The concentration of methyl- and ethyl-substituted
benzothiophenes (peaks 11 and 15) prevailed in the initial extracts. The concentration
of 7-ethylbenzothhiophene/5-ethylbenzothiophene (peak 11) significantly decreased at a
temperature of 320 ◦C. However, the relative concentration of 2,5,7-trimethyl-benzo[b]thiophene
and 7-ethyl-2-methylbenzo[b]thiophene (peaks 15 and 14) increased, and a peak of
2,5-dimethylbenzothiophene appeared (peak 8). The important changes were observed in the
composition of aromatic hydrocarbons after the treatment of rock at SCW condition (374 ◦C and
24.6 MPa).
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Figure 2. Total ion current (TIC) chromatogram of aromatic hydrocarbons: (a) initial, (b) sub-CW, and
(c) SCW.

The specific features of molecular-mass distributions of aromatic compounds in
experimental products were illustrated in diagram (Figure 3). There were no
7-ethylbenzothhiophene/5-ethyl-benzo-thiophene and 7-ethyl-2-methylbenzo[b]thiophene (peaks
11 and 14) observed in experimental products. However, an intensive peak corresponding to
1-methyl-naphtalene (peak 5) was identified. This confirms the conduction of destructive processes
with detachment of alkyl substitutes and probably destruction of aromatic heterocyclic compounds.
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Figure 4 shows the mass chromatograms of aromatic compounds with characteristic ions at m/z 184
+ 198 + 212 (dibenzothiophenes) within the range of 10–25 min. Mass chromatograms confirm the data
obtained by the total ion current (TIC) about destruction of more high-molecular aromatic compounds
such as methyldibenzothiophenes C13H10S and alkylated C2-dibenzothiophenes C14H12S in sub-CW
and SCW. This fact indicates that part of the associated structure of heavy aromatic components was
depolymerized and transformed into the light aromatic compounds at sub-CW and SCW conditions,
as a result of the detachment of alkyl substituents and the destruction of aromatic fragments.

Processes 2020, 8, x FOR PEER REVIEW 8 of 17 

 

 
Figure 3. Molecular-mass distribution of aromatic compounds before and after sub-CW and SCW 
treatments, determined by total ion current (TIC). 

Figure 4 shows the mass chromatograms of aromatic compounds with characteristic ions at m/z 
184 + 198 + 212 (dibenzothiophenes) within the range of 10–25 min. Mass chromatograms confirm 
the data obtained by the total ion current (TIC) about destruction of more high-molecular aromatic 
compounds such as methyldibenzothiophenes C13H10S and alkylated C2-dibenzothiophenes C14H12S 
in sub-CW and SCW. This fact indicates that part of the associated structure of heavy aromatic 
components was depolymerized and transformed into the light aromatic compounds at sub-CW and 
SCW conditions, as a result of the detachment of alkyl substituents and the destruction of aromatic 
fragments. 

  
(a) (b) 

0
4
8

12
16
20
24
28
32
36
40

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Сo
nt

en
t, 

%

Peak designation

Initial

Sub-CW

SCW

Figure 4. Cont.



Processes 2020, 8, 800 9 of 17

Processes 2020, 8, x FOR PEER REVIEW 9 of 17 

 

 

 
 Object 
 Initial Sub-CW SCW 

% of the total area of the sum of DBT and MDBT 
DBT 29.37 34.23 45.51 

4-MDBT 29.94 26.39 19.02 
2 + 3-MDBT 20.55 20.19 19.02 

1-MDBT 20.14 19.19 16.46 
Parameter 

1- MDBT/4-MDBT 0.67  0.72 0.86 
 

(c) (d) 

Figure 4. Mass chromatograms of aromatic hydrocarbons, (a) initial, (b) sub-CW, and (c) SCW at 
m/z 184 + 198 + 212 (dibenzothiophenes), and (d) components peak area and parameters. The 
numbers refer to the number of carbon atoms in alkyltrimethylbenzene molecules. DBT, MDBT, and 
C2-DBT are the elution regions of dibenzothiophene, methyldibenzothiophene isomers, and 
C2-dibenzothiophenes, respectively. 

Heteroatomic compounds 1- and 4-methyl-dibenzothiphene are stable enough for degradation 
processes [40]. Bennete et al. imply that 4-methyl-dibenzothiophene (4-MDBT) is less stable for 
degradation than 1-methyl-dibenzothiophene (1-MDBT) [41]. That is the reason why the parameter 
1-MDBT/4-MDBT (Figure 4d) is an indirect indicator for decomposition degree of kerogen and 
further destruction of its high-molecular fragments. For transformed samples, the given ratio 
increased from 0.67 to 0.86, in contrast to the initial rock sample (Figure 4c). 

The studies about the SCW technique for shale rock require the selection of a method that can 
provide knowledge about the converted products’ structure and composition. One of the 
informative instrumental methods is considered the FTIR spectroscopy, which allows for the 
evaluation of transformations not only in various hydrocarbons, but also in functional groups, at 
natural and technology-related processes [42,43]. The IR spectra of the obtained hydrocarbon groups 
are presented in Figure 5. Table 4 shows the FTIR structural parameters of hydrocarbon groups as a 
function of the experimental conditions. 

  

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm-1

Saturated hydrocarbons

Aliphatic 
CH3 and CH2

Initial

Sub-CW

SCW

Aliphatic 
CH3 and CH2

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm-1

Aromatic hydrocarbons 

Initial

Sub-CW

SCW

Aliphatic 
CH3 and CH2 Aliphatic 

CH3 and CH2

Arom.
C-H

Aromatic 
C=C

Figure 4. Mass chromatograms of aromatic hydrocarbons, (a) initial, (b) sub-CW, and (c) SCW
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The numbers refer to the number of carbon atoms in alkyltrimethylbenzene molecules. DBT, MDBT,
and C2-DBT are the elution regions of dibenzothiophene, methyldibenzothiophene isomers, and
C2-dibenzothiophenes, respectively.

Heteroatomic compounds 1- and 4-methyl-dibenzothiphene are stable enough for degradation
processes [40]. Bennete et al. imply that 4-methyl-dibenzothiophene (4-MDBT) is less stable for
degradation than 1-methyl-dibenzothiophene (1-MDBT) [41]. That is the reason why the parameter
1-MDBT/4-MDBT (Figure 4d) is an indirect indicator for decomposition degree of kerogen and further
destruction of its high-molecular fragments. For transformed samples, the given ratio increased from
0.67 to 0.86, in contrast to the initial rock sample (Figure 4c).

The studies about the SCW technique for shale rock require the selection of a method that can
provide knowledge about the converted products’ structure and composition. One of the informative
instrumental methods is considered the FTIR spectroscopy, which allows for the evaluation of
transformations not only in various hydrocarbons, but also in functional groups, at natural and
technology-related processes [42,43]. The IR spectra of the obtained hydrocarbon groups are presented
in Figure 5. Table 4 shows the FTIR structural parameters of hydrocarbon groups as a function of the
experimental conditions.
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The composition of saturated hydrocarbons, according to IR spectroscopy, includes aliphatic CH2

and CH3 structural groups at 1380–1465 cm−1. With an increase in the experimental temperature, the
values of the spectral indices of the fractions of saturated hydrocarbons practically do not change.

A-Factor is an indicator determining the ratio of intensities of IR absorbance bands aliphatic CH2

and CH3 structures to aromatic C=C bonds [44–46].

A− Factor =
I
(
2857cm−1

)
+ I
(
2925cm−1

)
I(2857cm−1) + I(2925cm−1) + I(1630cm−1)

C-Factor represents the intensity of the absorbance band of oxygenated functional groups versus
aromatic ring in hydrocarbons [44].

C− Factor =
I
(
1710 cm−1

)
I(1710 cm−1) + I(1630 cm−1)
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Table 4. Structural parameters of hydrocarbon groups before and after sub-CW and SCW experiments.

Object Structural Parameters

CH3/CH2 Ratio A-Factor C-Factor Aromaticity Degree of Condensation

Saturated hydrocarbons
Initial 0.04 0.55 0.99 0.34 1.17

Sub-CW 0.04 0.53 0.99 0.37 1.14
SCW 0.04 0.54 0.97 0.24 1.45

Aromatic hydrocarbons
Initial 0.62 0.95 0.34 1.19 0.88

Sub-CW 0.57 0.95 0.42 1.21 0.83
SCW 0.63 0.89 0.23 1.15 0.55

Resins
Initial 0.70 0.86 0.39 3.28 0.94

Sub-CW 0.61 0.84 0.42 1.09 0.38
SCW 0.71 0.71 0.44 2.89 0.40

Asphaltenes

Initial 0.60 0.74 0.21 0.46 0.19
Sub-CW 0.62 0.71 0.17 0.65 0.24

SCW 0.67 0.62 0.16 1.26 0.27

Carbene–carboids

SCW 0.99 0.28 0.09 3.16 0.22

CH3/CH2 ratio is an indicator of the length of the aliphatic chain and the branching degree of
aliphatic fragments [47,48].

CH3/CH2 ratio =
I
(
2957 cm−1

)
I(2925 cm−1)

Aromaticity is related to the relative peak intensity of aromatic C–H stretching versus aliphatic
C–H stretching [49].

Aromaticity =
I
(
3050 cm−1

)
I(2897 cm−1)

The degree of condensation reflects the degree of aromatic substitution as compared to ring
condensation [50,51]. The degree of condensation is determined as the intensity of aromatic C–H
stretching divided to aromatic C=C stretching intensity. With an increase in the degree of ring
condensation, the value of this parameter decreases.

Degree o f condensation (DOC) =
I
(
3050 cm−1

)
I(1600 cm−1)

The composition of saturated hydrocarbons, according to IR spectroscopy, includes aliphatic CH2

and CH3 structural groups at 1380–1465 cm−1. With an increase in the experimental temperature, the
values of the spectral indices of the fractions of saturated hydrocarbons practically do not change.

In the spectra of aromatic hydrocarbons, absorption bands of 1600 cm−1 и650–900 cm−1 are
identified corresponding to C=C and C–H bonds in aromatic structures. The intense band in the
region of 1380 cm−1 characterizes the CH3 structures stretching vibrations in aromatic hydrocarbons.
Low-intensity bands also appear with peaks at 1710 and 1030 cm−1, which are characteristic of
stretching vibrations of the C–O bonds in the carbonyl groups and S=O bonds in the sulfoxide groups.
With increasing temperature, the aromatic triplet in the range of 650–900 cm−1 in the IR spectra
of aromatic hydrocarbons becomes more intense. Aromatic hydrocarbons after the experiment in
SCW condition are characterized by a low value of DOC (0.55 versus 0.88). This indicates that C=C
bonds of aromatic rings prevail over C-H bonds in aromatic structures. In the resins’ spectra before
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and after the experiments, an absorption band of 870–880 cm−1 is detected, which indicates the
presence of 1, 3-substituted aromatic rings. The band of 810–820 cm−1 reflects the presence of 1,2,3,4
or 1,4-substituted benzene fragments in the composition of the resins, while the band of 750 cm−1

represents monosubstituted structures. After autoclave experiments, resins become more aromatic,
as evidenced by an increase in the intensity of the 750 and 1600 cm−1 absorption bands. Decreasing the
values of DOC from 0.94 to 0.4 is due to aromatization process in SCW. The transformed resins are
distinguished not only by an increase in the content of aromatics, but also aliphatic by CH3 and CH2

structures, corresponding to 2857–2957 and 1380–1465 cm−1 absorption bands. Oxidation of resins in
SCW increases the value of C-factor from 0.39 to 0.44 that characterizes a ratio of oxygenated functional
groups to aromatic hydrocarbons.

The hexane insoluble asphaltenes fraction in the initial rock was 29.02 wt.%. According to
IR spectroscopy (Figure 3), asphaltenes include polycondensed aromatic fragments containing
carbonyl, carboxyl, and aliphatic functional groups. The spectrum of asphaltenes after sub-CW
and SCW experiments differs from the spectrum of the initial asphaltenes by decreasing intensity of
2857–2957 cm−1 bands, corresponding to aliphatic CH3 and CH2 structures. Increasing aromaticity and
decreasing A-Factor values indicate the conduction of aromatization processes of asphaltenes in SCW.

Oxygen-containing C-O bonds in the asphaltenes’ structure after SCW experiment are destroyed,
which is indicated by a decrease in the intensity of the absorption bands of C–O–C and S=O functional
groups at 1160 and 1030 cm−1. It is also confirmed by decreasing the C-factor from 0.21 to 0.16. However,
the content of O–H structures in transformed asphaltenes increase (from the intensity 3342 cm−1

absorption band). A significant number of such oxygen-containing O–H structures was observed in
carbene–carboids, the formation of which may be due to the following reasons. Firstly, kerogen of
Domanic shales contains a significant amount of oxygen. Particularly, oxygen-containing bonds are
revealed to be dominating in Domanic shales of Middle Volga [52]. Kerogen contains monosaccharide
units of n-alkyl chains, substituted by alcohol, ketone, and aldehyde groups [52], as well as long-chain
C19–C32 carboxylic acids [53]. Hence, during decomposition of kerogen structure free oxygen and
oxygen-containing fragments, which were in fractions of asphaltenes and carbene–carboids, may be
released. Secondly, water may participate in oxidation-reduction reactions of transforming heavy
hydrocarbons in the rock composition [39]. Thus, carbene–carboids were formed in SCW due to
kerogen oxidative destruction. The specific feature of such compounds is the absence of long alkyl
chains and the presence of only short CH3 structures, which is confirmed by a high value of CH3/CH2

Ratio—0.99.
In connection with the development of Domanic strata and their high enrichment with trace

elements [54,55], it is of interest to study their distribution both in the composition of the recovered oil
and in the rocks. Metals create many problems in the extraction and processing of heavy hydrocarbons,
for example, in terms of their impact on the environment and processing processes, poisoning the
catalysts. At the same time, their positive influence can be distinguished—in particular, the possibility
of associated extraction from Domanic rocks of a number of valuable industrial and rare metals, such
as V, Ni, Co, Mo, etc., and in addition, the catalytic properties of metals in rocks under exposure on
the layer of thermal methods in the processes of its development. Information on the distribution of
trace elements in rocks allows us to draw conclusions about the genesis of hydrocarbons and about
processes that affect the formation of their composition [56].

The following trace elements were determined by isotope mass spectrometry in the rocks,
asphaltenes, and carbene–carboids: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Li, Cd, Sb, Ba, Mo, Ga, Ge,
As, and Se (Figure 6). The predominant trace elements in the composition of the rocks are Ti, Fe,
Ni, and Zn. Asphaltenes contain the highest concentration of V, Fe, Ni, and Zn. The impact of SCW
on Domanic rock leads to a decrease in the concentration of V in the structure of asphaltenes from
1442 to 634 ppm and Ni from 852 to 508 ppm, compared with asphaltenes from the original rock
sample. This is consistent with previously obtained electron paramagnetic resonance data [32], which
showed a decrease in the VO2+ concentration in the converted asphaltenes after processing the rock
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in the SCW medium. It should be noted that, in the composition of formed carbene–carboids, the
Ni content significantly prevails over the V content in contrast to asphaltenes. In the composition of
carbene–carboids and transformed asphaltenes, as well as in rock samples, the highest concentrations
occur in trace elements V, Mn, Fe, Ni, and Zn, which are probably associated with the transition of trace
elements from kerogen and rock minerals to the composition of asphaltenes and carbene–carboids
in the sub-CW and SCW environment. Thus, trace elements in rocks and experiment products can
exhibit catalytic activity in transformation of high-molecular components of heavy oil and insoluble
kerogen in sub-CW and SCW.
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Figure 6. Distribution of trace elements in (a) rock samples, (b) asphaltenes, and (c) carbene–carboids
of Domanic shales before and after sub-CW and SCW experiments.

4. Conclusion

Our work has led us to conclude that sub-CW and SCW provide conduction of intensive processes
on transformation of high-molecular components of heavy oil and insoluble kerogen of Domanic
shales into light mobile crude oil. The thermal processes of kerogen decomposition and tar-asphaltene
substances’ destruction occur more intensively in the SCW than in the sub-CW medium, and they
lead to a decrease in the oil-generation potential of rock from 23.7 to 3.7 mg/g and an increase
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in the productivity index from 0.06 to 0.48 mg/g. In the products of the experiment in SCW, an
increase in saturated hydrocarbons content was found to increase by more than two times. In sub-CW
condition at 320 ◦C and 17 MPa, OM is particularly decomposed, and some parts of asphaltenes and
high-molecular n-alkanes C22-C30 are extracted. The products of the experiments differ in the content
and composition of aromatic hydrocarbons from the initial ones with an increased content of light
hydrocarbons of 2,5-dimethylbenzothiophene C10H10S and 1-methylnaphthalene C11H10 and a reduced
content of higher-molecular-weight aromatic compounds, such as 7-ethyl-2-methylbenzo[b]thiophene
C11H12S, methyldibenzothiophenes C13H10S, and alkylated C2-dibenzothiophenes C14H12S. Intensive
decomposition of heavy aromatics, resins, and asphaltenes, as well as insoluble kerogen in SCW, is
followed by the formation of insoluble coal-like compounds such as carbene–carboids. Their formation
is due to kerogen oxidative destruction, which is confirmed by increasing intensity of absorption
band in FTIR spectra, corresponding to O–H structures of asphaltenes and carbene–carboids after
experiments. The distribution of trace elements in rocks, asphaltenes, and carbene–carbides was shown
before and after sub-CW and SCW exposure. It was established that SCW affects the decomposition
of asphaltenes’ structures containing V and Ni trace elements. In the composition of transformed
asphaltenes and formed carbene–carboids, as well as in rock samples, the highest concentrations occur
in trace elements V, Mn, Fe, Ni, and Zn, which are probably associated with the transition of trace
elements from kerogen and rock minerals to the composition of asphaltenes and carbene–carboids in
the sub-CW and SCW environment.

The results of this study allow us to expand our knowledge of the transformation of heavy oil
components and kerogen in sub-CW and SCW environment to select the optimal conditions for the
development of these low-permeability organic-rich Domanic deposits.
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