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A B S T R A C T   

In a study aimed at exploring novel methods for enhancing hydrocarbon extraction from shale reservoirs, we 
conducted an experimental study to model the effects of thermal steam treatment on high-carbon, low-perme-
ability Domanic shale in the presence of sodium metal nanoparticles. We characterized the mineral composition 
of the rock samples and evaluated the yield and quality of extracted hydrocarbons before and after treatment. 
Our results demonstrated an increase in extract yield with increasing treatment temperature. Notably, we 
observed a significantly augmented effect when we introduced sodium nanoparticles into the reaction system, 
enabling a 100 ◦C reduction in treatment temperature while maintaining comparable capabilities for extracting 
organic matter. It was found that the experimental products exhibited enrichment in saturated hydrocarbons, 
coupled with a decrease in resinous-asphaltenic substances. Within the saturated fraction, we observed a shift 
towards lighter alkanes and cycloalkanes (C12–C14). Moreover, it has been found that the highest yield of low 
molecular weight liquid hydrocarbons is acheived in the experiment involving sodium nanoparticles at 250 ◦C. 
Upon further increasing the temperature to 300 ◦C, we noted a decline in liquid hydrocarbon content, accom-
panied by an increase in gaseous hydrocarbons (C1–C4). Besides, thermal steam treatment substantially reduced 
the proportion of sulfur-containing aromatic compounds, such as alkylbenzothiophenes, dibenzo- and naph-
thothiophenes, in the aromatic fraction. The addition of sodium nanoparticles facilitated near-complete desul-
furization of this fraction. Moreover, we observed a significant reduction in the total sulfur content of the 
extracted organic matter. Hydrothermal treatment in the presence of nanoparticles induced transformations in 
the kerogen structure and structural and phase changes in the mineral components of the shale.   

1. Introduction 

Despite the ongoing transition towards renewable energy sources, oil 
and natural gas remain the principal energy resources in the modern era 
(Zou et al., 2016). While nations worldwide are exerting significant ef-
forts to develop sustainable alternatives, petroleum products are likely 
to prevail as the predominant fuel for transportation, agricultural ma-
chinery, military equipment, and a crucial feedstock for the petro-
chemical industry in the foreseeable future (Fallis, 2013). The continued 
exploitation of crude oil will potentially serve as a vital catalyst for 
economic growth and societal development in industrialized countries 

over an extended period (Fallis, 2013). 
For the last decades, a keen interest has emerged in developing 

technologies that enable the economically viable exploration of un-
conventional hydrocarbon resources (Foda, 2015). This interest stems 
from the depletion of conventional oil reservoirs (Aguilera et al., 2009). 
Particular attention has been directed towards shale oil and gas forma-
tions (source rocks) (Aadnøy and Looyeh, 2019), fueled by the sub-
stantial volume of potential resources this type of feedstock presents. 

Within the Republic of Tatarstan, the oil-bearing shale formations 
are represented by the Domanic complex, which was formed under 
conditions of uncompensated depressions and troughs from the early 
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Semiluki to the late Tournai periods (Morozov et al., 2022). The 
Domanic formations, characterized by a high concentration of organic 
matter, are considered source rocks and consist of silicified limestones, 
dolomites, and marlstones, exhibiting varying degrees of cavernosity 
and fracturing (Liang et al., 2020). A unique feature of these formations 
is the presence of kerogen, a substance possessing oil-generating po-
tential that can transform into mobile hydrocarbons under specific 
conditions (Kravchenko et al., 2018; Vandenbroucke, 2003). 

The intricate structure of the formations and the coexistence of hy-
drocarbons in both free and bound states within the rock (Gabrielsen, 
2010) complicates the mechanism of exploiting the Domanic deposits, 
necessitating the search for novel and efficient development technolo-
gies. Existing horizontal drilling and hydraulic fracturing techniques 
allow for the extraction of only light oil – the analog of "tight oil" in the 
United States (Ibatullin, 2017). However, the paramount objective in the 
development of this class of reservoirs is to harness their potential re-
serves concealed within the kerogen (Kravchenko et al., 2018; Agrawal 
and Sharma, 2018). In nature, the transformation of kerogen into syn-
thetic oil occurs spontaneously over geological timescales (millions of 
years) due to the gradual increase in pressure and temperature during 
sedimentation (Kalmykov et al., 2017). To obtain hydrocarbons from the 
organic matter of kerogen within realistic timescales, an additional 
external impact on the kerogen-bearing rock is required (Karpov et al., 
1998). Recent years have witnessed a surge in research dedicated to the 
conversion of kerogen’s organic matter into mobile hydrocarbons 
through thermal treatment (Kalmykov et al., 2017; Onishchenko et al., 
2019; Vakhin et al., 2024; Kayukova et al., 2016; Bychkov et al., 2015; 
Behar et al., 2010; Liang et al., 2015; Zhang et al., 2014). In the pursuit 
of optimal technologies, complex methods, including thermochemical 
approaches (Galukhin et al., 2019; Al-Mishaal et al., 2022; Tajik et al., 
2023; Kravchenko et al., 2016) employing various catalysts, have been 
explored. These catalysts have already demonstrated their efficacy in 
enhancing the production of another unconventional hydrocarbon 
resource – heavy, high-viscosity oils. For instance, Mikhailova et al. 
(2020) investigated the influence of oil-soluble metal carboxylates of Fe, 
Co, and Cu on the properties and hydrocarbon generation from the 
carbonate-siliceous rocks of the Domanic deposits. Experimental evi-
dence revealed an increase in the yield of extracts from the rock for-
mations in the presence of a metallic catalyst within the reaction system. 
Additionally, several studies have been conducted on the effects of sub- 
and supercritical water (Nasyrova et al., 2020a, 2020b, 2021), CO2 
(Kayukova et al., 2020), and 1-propanol (Nasyrova et al., 2022) on the 
transformation of organic matter in the Domanic formations. Kayukova 
et al. (2019) highlighted the potential use of iron-containing catalysts to 
intensify the oil extraction process from the Domanic formations, with 
natural minerals such as pyrite and hematite serving as precursors for 
these substances. Nevertheless, several obstacles remain, including low 
coverage of catalyst exposure due to the extremely low permeability of 
the rocks, heterogeneity of the deposits across the area and section, and 
high costs, which limit the feasibility of large-scale application of these 
technologies. 

The implementation of nanoparticles is being actively explored by 
many researchers as a potential solution to the majority of challenges 
associated with enhanced oil recovery methods (Sun et al., 2017; Shayan 
Nasr et al., 2021). This perspective is attributed to their diminutive size 
relative to pore channel dimensions, enabling them to penetrate the rock 
formation with minimal impact on permeability (Alomair et al., 2014). 
According to Alomai et al. (Alomair et al., 2014), the utilization of 
nanoparticles ranging from 1 to 100 nm in size presents opportunities 
for the extraction of oil from low-permeability reservoir pore spaces of 
approximately 5–50 μm. In addition to their ultra-small dimensions, 
nanoparticles possess another advantageous attribute: an exceptionally 
high surface area-to-volume ratio, resulting in a substantial proportion 
of surface atoms (Zhang and Liu, 2001), which enhances their reactivity. 
Furthermore, the majority of the nanoparticles widely employed in 
chemical enhanced oil recovery methods are considered 

environmentally benign materials compared to chemical substances. For 
instance, a significant portion of silica (SiO2) nanoparticles is composed 
of silicon dioxide, which constitutes a principal component of sandstone 
(Sun et al., 2017), while alumina (Al₂O₃) nanoparticles are a constituent 
of clays. In their work (Maghzi et al., 2012) Maghzi et al. conducted 
investigations into the influence of nanofluids on rock wettability and 
uncovered the ability of SiO2 nanoparticles to alter the wettability of 
shales from oil-wet to water-wet. Other studies (Sitnov et al., 2019; Aliev 
et al., 2021; Lakhova et al., 2017) have reported that the utilization of 
nanodispersed transition metal-based catalysts leads to a reduction in 
the viscosity of the extracted oil, an increase in the content of saturated 
hydrocarbons, and an enhanced yield of lighter fractions. 

Synthesizing the findings from research in this domain, it is evident 
that the quest for effective technologies to develop the high-carbon, low- 
permeability Domanic deposits and their analogs has never been more 
pressing. Devising productive technologies necessitates a multifaceted 
approach, aimed at realizing the oil-generating potential of the Domanic 
formations while simultaneously enhancing the reservoir’s porosity and 
permeability characteristics. This realization prompted us to conduct 
investigations focused on improving the oil recovery from Domanic 
rocks through the application of an organodispersion of metallic sodium 
nanoparticles, which demonstrated promising results in our previous 
study on the upgrading of heavy oil from the Ashalcha field (Katnov 
et al., 2023). We hypothesize that the dispersed metallic sodium, 
injected via hydraulic fracturing technology, will interact with the for-
mation water, liberating gaseous hydrogen and heat through the 
following reaction:  

2Na + 2H2O → 2NaOH + H2
↑ + 279.2 kJ                                              

The highly mobile active hydrogen, owing to its minute size, can 
readily penetrate the pores of the reservoir formation. Additionally, the 
temperature rise to 60 ◦C or higher, generated by this exothermic 
chemical reaction, increases the gas volume within the pores and en-
hances the fluidity of all oil fractions, particularly the heavier compo-
nents. Concurrently, at temperatures of 60 ◦C and above, the 
transformation of kerogen into the liquid phase commences (60 ◦C 
marks the onset of the oil window), accompanied by a substantial 
reduction in the viscosity of paraffins and asphaltenes (35–45 mPa s and 
48–55 mPa s, respectively, at 60 ◦C). Parallelly, the NaOH ions lower the 
interfacial tension through the activation of aromatic compounds, 
facilitating their hydrogenation. For paraffins and asphaltenes (heavy 
oil fractions), this process may proceed via sulfide bridges, leading to a 
reduction in their molecular weight, akin to the mechanism observed in 
the presence of a copper-containing catalyst (Aliev et al., 2021), as 
illustrated in Fig. 1. 

A number of studies have demonstrated the upgrading of heavy oil in 
the presence of sodium ions (Gray, 2019; Kosachev et al., 2022) through 
the removal of bound sulfur, facilitated by the interaction of sodium ions 
with mercaptans present in bitumen, which undergo transformation into 
mercaptides. 

Upon contact between the alkali and oil, a reaction occurs with the 
organic acids contained in the oil (primarily naphthenic acids), mainly 
involving carboxyl groups, resulting in the formation of surface-active 
substances that contribute to the reduction of interfacial tension at the 
oil-water phase boundary and enhance the water wettability of the rock. 

As a consequence of the aforementioned processes, the pores become 
liberated from the heavy oil fractions, leading to improved porosity and 
permeability characteristics of the productive formation. Additionally, 
chemical conversion and viscosity reduction of the heavy oil are ach-
ieved, the culminating effect of which is an increase in oil recovery. 

The objective of the present work is to evaluate the influence of an 
organodispersion of metallic sodium nanoparticles on the mineral 
composition of rocks and the transformation of the organic matter (OM) 
contained therein during hydrothermal treatment, using the high- 
carbon, low-permeability Domanic deposits as a case study. 
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2. Experimental section 

The object of investigation was rock samples obtained from the 
Domanic deposits of the Ashalcha field, located on the western slope of 
the South Tatar Arch, within the Cheremshano-Yamashinsky structural 
zone of the second order. The rock samples were studied before and after 
hydrothermal treatment at varying temperatures, both in the presence 
and absence of sodium nanodispersion. 

The preparation of the nanosuspension employed a method 
described in (Tang et al., 2018), wherein metallic sodium was cut into 
pieces and transferred into a liquid paraffin medium according to the 
scheme illustrated in Fig. 2. Subsequently, this mixture was heated to the 
melting point of sodium, and once the sodium pieces melted into 
spherical, glistening globules, dispersion was carried out in an UP200Ht 
ultrasonic generator at an amplitude of 70% and the corresponding 
power. 

The resulting suspension with a grayish-purple hue was subjected to 
cooling by immersing the chemical beaker into a larger container filled 
with cold water. The obtained sodium nanosuspension was analyzed 
using dynamic light scattering with a Brookhaven ZetaPlus nanoparticle 
analyzer. 

The thermobaric treatment of the Domanic rock was conducted in a 
ChemRe SYStem VR-201 reactor autoclave (300 mL volume) coupled 
with a Khromatek Kristall 5000 gas chromatograph. The initial pressure 
was set at 10–10.2 bar, with target temperatures of 150, 200, 250, and 
300 ◦C, and a holding time of 24 h. The model system comprised a 
mixture of 100 g of Domanic rock crushed to a 0.25 mm fraction and 25 
g of a 20% sodium suspension in Nefras C4-155/205 (20 g of Nefras C4- 
155/205 in the case of the control sample). To prevent direct contact 
with water, a glass container filled with distilled water in a rock-to- 

water mass ratio of 100:10 was immersed in the center of the reactor 
(Fig. 3). 

Upon completion of the experiment, the gaseous phase was removed 
from the autoclave after determining the component composition, fol-
lowed by the unloading of the rock for subsequent analysis using a suite 
of instrumental methods. 

To conduct the analysis, a gas phase sample was taken from the 
autoclave through a gas outlet via a special gas line leading to the 
chromatograph. During the chromatographic process, the gas sample 
was separated on a packed column (Hayesep Q, 1.5 m × 2 mm, 80/100 
mesh) into hydrogen sulfide and carbon dioxide, which were then 
detected using a TCD-1 detector. On the NaX column (2 m × 3 mm, 60/ 
80 mesh), hydrogen, oxygen, and nitrogen were separated and detected 
using a TCD-2 detector. The separation of hydrocarbon gases was per-
formed on a capillary column (CR-1 PONA, 100 m × 0.25 mm × 0.5 μm) 
and detected using a flame ionization detector. The temperature pro-
gram was: (35 ◦C; 13 min) → (10 ◦C/min; 45 ◦C; 15 min) → (1 ◦C/min; 
60 ◦C; 15 min) → (2 ◦C/min; 240 ◦C; 41 min). Helium was used as the 
carrier gas, with a pressure of 323 kPa at the inlet of the capillary col-
umn and a flow rate of 15 mL/min through the packed columns. The 
obtained analysis results were processed using the "Chromatec Analytic 
3.1″ software (Chromatec). 

Bitumoids were extracted from the rock before and after the exper-
iments in a Soxhlet apparatus, employing a solvent mixture of chloro-
form, benzene, and isopropyl alcohol in a 1:1:1 ratio, offering varying 
degrees of polarity. 

The fractional composition of the extracts was determined by the 
SARA analysis method in accordance with ASTM D2007 recommenda-
tions. Asphaltenes were precipitated by the addition of a 40-fold excess 
of the aliphatic solvent hexane. The maltenes were fractionated using a 
glass chromatographic column packed with aluminum oxide calcined at 
450 ◦C. Separation into saturated hydrocarbon, aromatic hydrocarbon, 
and resin fractions was achieved through sequential elution with 
appropriate solvents. Saturated hydrocarbons were dissolved in 220 mL 
of n-hexane, aromatic hydrocarbons in 200 mL of toluene, and resins 

Fig. 1. Mechanism of destruction of C–S bonds (Aliev et al., 2021).  

Fig. 2. Scheme for obtaining sodium nanodispersion.  Fig. 3. Diagram of contacting reagent loading.  
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were washed off the adsorbent with a mixture of 150 mL of toluene and 
50 mL of isopropanol. 

The analysis of the group and individual compositions of saturated 
and aromatic hydrocarbons was performed using a GC-MS system 
comprising a Chromatech-Crystal 5000 gas chromatograph coupled 
with an ICQ mass-selective detector (USA). The obtained results were 
processed using the Xcalibur software. A 30 m × 0.25 mm capillary 
column CR-5ms was employed for the analysis. Helium was used as the 
carrier gas at a flow rate of 1 mL/min and a temperature of 310 ◦C. The 
optimized oven temperature program began with an initial ramp from 
100 to 150 ◦C at a rate of 3 ◦C/min, followed by a ramp from 150 to 
300 ◦C at a rate of 12 ◦C/min, and a subsequent isothermal hold until the 
end of the analysis. The components of the saturated and aromatic 
fractions were identified using the NIST mass spectral library and 
literature sources (Gordadze et al., 2010). 

The structural group composition of resins and asphaltenes was 
determined by Fourier-transform infrared (FTIR) spectroscopy using a 
Spectrum two PERKIN ELMER spectrometer equipped with a UATR 
(Single Reflection Diamond) accessory for the Spectrum Two. The dried 
asphaltenes and resins were placed on the accessory and pressed using a 
manual press to obtain maximum absorption, after which the mea-
surements were performed. The measurement range was 4000-450 cm− 1 

with a resolution of 4 cm− 1. 
The sulfur content in the bitumoids was determined using an energy- 

dispersive X-ray fluorescence spectrometer, Spectroscan SUL. This 
analyzer is capable of measuring ultra-low sulfur concentrations from 
0.0003 to 5 wt% and is designed for determining the mass fraction of 
sulfur in crude oil and petroleum products in accordance with GOST R 
51947-2002, GOST R EN ISO 20847-2010, and GOST 305-82. The in-
strument was calibrated using a series of standard mineral oil samples, 
similar in physicochemical properties to diesel fractions, with known 
sulfur contents ranging from 0.00036 to 0.1 wt%. The bitumoid samples 
were initially dissolved in diesel with a known sulfur content of 0.5–1%, 
and the resulting mixture was analyzed for sulfur content, after which 
the data were recalculated for the original bitumoid. 

The mineral composition of the original rock and the rock subjected 
to steam-thermal treatment in the presence and absence of sodium 
nanodispersion was investigated by X-ray powder diffraction (XRD) 
using a Shimadzu XRD-7000S diffractometer equipped with a nickel 
monochromator on the diffracting beam, a step size of 0.0008 A− 1, and a 
single point exposure time of 3 s; and a D2 PHaser Bruker diffractometer 
with CuKα radiation (λ = 1.54060 nm). The processing of diffraction 
spectra and identification of the crystalline phases present were per-
formed using the original interactive computer system EVA (version 
4.0), designed for the study of sedimentary rocks and soils, and incor-
porating specialized ICDD-2010 databases. 

3. Results and discussion 

3.1. Influence of metallic sodium nanoparticles on organic matter 
transformation during hydrothermal treatment of high-carbon rocks 

During thermobaric exposure of the Domanic rock, an increase in the 
yield of extractable bitumoids from the core is observed. As evident from 
the results presented in Fig. 4, in the control experiments, an over three- 
fold increase in extract yield is achieved at a temperature of 300 ◦C with 
increasing temperature. In the presence of sodium nanoparticles in the 
reaction system, the increment is even more substantial – at an experi-
ment temperature of 150 ◦C, the extract yield doubles, whereas a similar 
increase in bituminosity is observed in the control sample at 250 ◦C. 
Thus, the application of metallic sodium nanoparticles offers the 
advantage of reducing the steam-thermal treatment temperature by 
100 ◦C while maintaining a comparable capacity for organic matter 
extraction, undoubtedly reducing the economic costs associated with 
heating the heat transfer medium. 

The results of the conducted experiments indicate the realization of 

the generation potential of the Domanic kerogen during steam-thermal 
treatment, as evidenced by the formation of a significant amount of the 
so-called "synthetic oil" (Kalmykov et al., 2017). The addition of a so-
dium nanosuspension during steam-thermal treatment may lead to an 
increase in the oil recovery from the Domanic deposits, as our previous 
studies (Katnov et al., 2023) on the interaction between the Ashalcha 
field oil and a sodium organodispersion demonstrated the possibility of 
its upgrading, viscosity reduction, and hydrogen sulfide capture. 

Hydrothermal treatment of the rock is accompanied by the release of 
hydrocarbon (CH4, C2H4, C2H6, C3H8, etc.) and inorganic gases (H2, O2, 
N2, CO, and CO2). As can be seen from the data presented in Table 1, the 
yield of hydrocarbon gases increases with increasing steam-thermal 
treatment temperature: in the control samples from 0.02 to 2.87 wt%, 
and in the samples with metallic sodium from 0.31 to 4.17 wt%. 
Notably, in the control sample, a substantial change in gas yield with a 
value of 2.87 wt% is observed only at 300 ◦C, as clearly illustrated in 
Figure A1 (Appendix 1). Among the inorganic gases, the trends are less 
unambiguous. In the control samples, the concentration of carbon di-
oxide, hydrogen sulfide, and hydrogen increases with increasing treat-
ment temperature, while the oxygen content decreases. The application 
of sodium nanoparticles during steam-thermal treatment promotes an 
increase in hydrogen and oxygen content, and a reduction in the pro-
portion of carbon dioxide and hydrogen sulfide in the evolved gases. The 
hydrothermal treatment was conducted in a gaseous nitrogen environ-
ment, accounting for its maximum trace in the gas samples. 

The formation of H2S in the experiments is indicative of destructive 
processes occurring along the aliphatic S–S and S–C bonds of heter-
oatomic organic matter compounds. Additionally, in the experiments 
involving metallic sodium nanoparticles, pyrite, which undergoes 
transformation into hematite during the treatment process as estab-
lished by the X-ray diffraction analysis data presented below, may serve 
as an additional source of sulfur for H2S formation. In the control sam-
ples, with increasing hydrocarbon gas concentration, the oxygen content 
decreases, and the proportion of carbon dioxide increases. The majority 
of carbon dioxide, as suggested by many researchers (Zhao et al., 2012; 
Clark et al., 1983; Kruse and Dinjus, 2007), is released through the 
decarboxylation of carbonyl-containing compounds in bitumen (alde-
hydes, ketones, and esters (Lewan, 1997; Tumanyan et al., 2015)) via 
the water-gas shift reaction under aquathermolysis conditions: CO +
H2O → CO2 + H2. Additionally, the oxidative degradation of hydro-
carbons is indicated by the reduction of O2 in the composition of the 
released gases. As the temperature increases, more organic matter is 
involved in these processes, resulting in a higher proportion of carbon 
dioxide and hydrogen in the gas cap in the control samples. 

The interaction of sodium nanoparticles with water generates a large 
amount of hydrogen, leading to a shift in the direction of redox re-
actions, as indicated by the increased concentration of oxygen in the 
released gases. In experiments with metallic sodium, which creates an 

Fig. 4. Yield of extracts before and after experiments.  
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alkaline environment when reacting with water, the water-gas shift re-
action does not proceed towards the formation of molecular hydrogen 
(Ross and Nguyen, 1983). Instead, CO predominantly reacts with the 
alkali to form formates: CO + NaOH → HCOONa. These formates then 
participate in hydrogenation and hydrogenolysis reactions (illustrated 
below with compound X):  

X + HCOONa → XH− Na+ + CO2                                                           

XH− Na+ + H2O → NaOH + XH2                                                          

In this case, an ionic mechanism of hydrogenation and hydrogenolysis is 
realized, i.e., the breaking of carbon-heteroatom bonds with the addi-
tion of a hydride ion and the subsequent regeneration of the hydroxide 
ion. Additionally, the sodium hydroxide produced from the interaction 
of sodium nanoparticles with water reacts with hydrogen sulfide and 
carbon dioxide, forming water-soluble sodium sulfide and sodium car-
bonate, respectively, thereby minimizing their presence in samples 
containing nanoparticles. 

The formation of C1–C4 hydrocarbon gases indicates the occurrence 
of destructive processes involving the cleavage of C–C bonds. At a 
temperature of 300 ◦C, the amount of evolved gaseous hydrocarbons 
increases substantially, and further temperature elevation may lead to a 
decrease in the proportion of liquid saturated hydrocarbon fractions due 
to alkane destruction and an increase in the proportion of gaseous 
products with chain lengths of C1–C4. This finding is corroborated by the 
work of Bychkov et al. (2015), who, while investigating the possibility of 
obtaining hydrocarbon fluids from the Bazhenov Formation rocks dur-
ing hydrothermal treatment, established that increasing the treatment 
temperature enhances the proportion of gaseous hydrocarbons, and at 
temperatures above 450 ◦C, all extracted organic matter is converted 
into gaseous products. In this case, no oil fractions were present, and the 
kerogen was substantially graphitized. 

Analysis of the group composition of the extracts reveals a general 
trend – with increasing treatment temperature, the proportion of satu-
rated hydrocarbons increases while the resin-asphaltenic substances 

(RAS) decrease (Table 2), indicating the predominance of hydrogena-
tion, hydrogenolysis, and isomerization reactions over condensation 
reactions. 

In the control sample, the proportion of saturated and aromatic hy-
drocarbons increases almost linearly with increasing temperature. 
Meanwhile, the addition of a sodium organodispersion allows for the 
observation of such positive changes even at the minimum treatment 
temperature. However, further increasing the treatment temperature to 
300 ◦C alters the pattern of organic matter transformation, leading to a 
reduction in the proportion of saturated hydrocarbons in the extract 
composition, which, as noted above, indicates their transition to the 
gaseous state. 

It is noteworthy that when comparing the fractional composition of 
the control sample and the sample with sodium nanoparticles, which 
exhibit similar bituminosity values (Fig. 4) at temperatures of 250 and 
150 ◦C, respectively, differences in the fractional ratios are observed. 
These differences are expressed as a simultaneous increase in the satu-
rated hydrocarbon fraction by 14 wt% and a decrease in the RAS fraction 
by 10 wt% in the presence of sodium nanoparticles compared to the 
control sample. When conducting a comparative analysis of the extract 
fractional composition, it is essential to consider that the synthetic oil 
formed during the hydrothermal treatment comprises both products of 
the original oil transformation and oil generated from kerogen decom-
position. Thus, the increase in the content of lighter fractions in the 
experiment products may be attributed, firstly, to the destruction of 
resins from the original oil, as indicated by the decrease in their content 
in the group composition of the extracts, and secondly, to kerogen 
decomposition and the simultaneous transformation of high-molecular- 
weight compounds into low-molecular-weight ones. The increase in the 
asphaltene content after the experiments is evidently due to kerogen 
destruction. 

In addition to quantity, it is crucial to evaluate the composition of the 
hydrocarbon compounds obtained during hydrothermal treatment. 
Fig. 5 presents the chromatograms of the saturated fraction of the 
original bitumoid and the experiment products under various 
conditions. 

In the original chromatogram, peaks corresponding to both normal 
and isoprenoid alkanes, as well as a small quantity of cyclic alkanes, are 
present. The maximum component content in the original sample cor-
responds to tetradecane (C14H30), followed by a gradual decrease in the 
abundance of hydrocarbons with longer carbon chains. The chromato-
grams of the transformed saturated fractions exhibit a significant in-
crease in lighter hydrocarbons, eluting before the eighth minute – 
alkanes and cycloalkanes with compositions of C12–C14, with the 
maximum corresponding to tridecane (C13H28). In the post-experiment 
samples, the quantity of paraffin hydrocarbons with compositions of 
C15–C30 remained comparable in intensity to their content in the original 
sample; however, the peak heights corresponding to these compounds 
are relatively low due to the increased abundance of C12–C14 
components. 

In the sample with sodium nanoparticles at a treatment temperature 
of 150 ◦C, compared to the control sample at 250 ◦C with a similar 

Table 1 
Gas composition of the experimental products.  

Experiment Temperature Content, wt. % 

С1 С2 С3 С4 Н2 О2 N2 CO2 H2S Sum 

150 ◦C, control 0.002 0.002 0.007 0.013 0.000 0.688 98.061 0.969 0.008 100 
200 ◦C, control 0.007 0.005 0.015 0.027 0.000 0.139 94.285 5.074 0.015 100 
250 ◦C, control 0.026 0.019 0.028 0.033 0.014 0.141 87.334 11.872 0.107 100 
300 ◦C, control 0.796 0.824 0.769 0.482 0.151 0.083 81.447 13.633 1.354 100 
150 ◦C, +Na-NP 0.187 0.061 0.033 0.029 2.635 1.012 95.817 0.006 0.015 100 
200 ◦C, +Na-NP 0.468 0.154 0.069 0.038 2.762 1.067 95.321 0.013 0.017 100 
250 ◦C, +Na-NP 1.332 0.454 0.145 0.091 2.699 0.932 93.929 0.013 0.014 100 
300 ◦C, +Na-NP 2.802 0.842 0.337 0.185 2.730 0.506 92.665 0.012 0.012 100 

С1- С4-alkanes and alkenes with the corresponding number of carbon atoms. 

Table 2 
Group composition of bitumen before and after experiments.  

Experiment Temperature Extracts Group composition, wt. % 

Saturates Aromatics Resins Asphaltenes 

Initial sample  
10.36 21.69 46.95 21.00 

Post thermal steam exposure 
150 ◦C 24.14 13.45 42.04 20.37 
200 ◦C 19.76 14.06 33.72 32.46 
250 ◦C 33.12 16.94 18.25 31.69 
300 ◦C 40.81 17.42 22.71 19.06 
Post thermal steam exposure in the presence of Na nanoparticles 
150 ◦C 47.48 13.36 17.44 21.72 
200 ◦C 43.97 10.54 12.87 32.61 
250 ◦C 45.21 12.71 13.88 28.20 
300 ◦C 39.89 14.23 18.61 27.28  
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extract yield, the content of lighter hydrocarbons with compositions of 
C10–C15 is 10% higher (Fig. 6), indicating bitumoid upgrading in the 
presence of nanoparticles. 

The highest relative content of C10–C15 alkanes, equal to 95.74%, is 
observed during thermal treatment of the rock at 250 ◦C in the presence 
of a sodium nanodispersion (Fig. 6). With a subsequent increase in 

temperature to 300 ◦C, a redistribution of the alkane ratios occurs, with 
an increase in the proportion of C16–C34 compounds. Evidently, in the 
C10–C15 alkane molecules, C–C bond hydrogenolysis occurs, leading to 
the transition of low-molecular-weight hydrocarbons into the gaseous 
fraction, consistent with the gas chromatography data (Table 1), which 
registers an increase in the proportion of C1–C4 hydrocarbons in the gas 

Fig. 5. Chromatograms of the saturated fraction of the studied samples.  
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composition. 
Fig. 7 shows chromatograms of the aromatic fraction (according to 

TIC) of the studied samples. 
The chromatograms of the samples after the experiments exhibit 

significant differences compared to the chromatogram of the original 
bitumoid. While the original sample predominantly contained alkyl-
benzenes and alkylbenzothiophenes, the chromatograms of the trans-
formed aromatic fractions display an increase in peaks corresponding to 
alkylnaphthalenes and alkyltetrahydronaphthalenes (alkyltetralins). 
Furthermore, in all experiments involving metallic sodium treatment, an 
enhancement in the peaks corresponding to naphthalenic and phenan-
threnic hydrocarbons is observed, accompanied by an increase in the 
content of alkyldiphenyls. These observations suggest the occurrence of 
destructive processes involving the aromatic fragments derived from 
high-molecular-weight organic matter components, including kerogen. 

Furthermore, during steam-thermal treatment, the content of sulfur- 
containing compounds – alkylbenzothiophenes, dibenzo- and naph-
thothiophenes – is significantly reduced (Fig. 8). However, it is neces-
sary to consider, as evident from Fig. 4, the substantial contribution of 
synthetic oil to the fractional distribution of the extracted organic 
matter. The decrease in the proportion of sulfur-containing aromatic 
hydrocarbons in the control sample may only occur due to the increased 
proportion of synthetic oil, which exhibits a distinct fractional compo-
sition compared to the original sample. Concurrently, fluctuations in 
content with increasing temperature could be a consequence of changes 
in the composition of the additionally extracted organic matter. 
Alongside this, the addition of sodium nanoparticles during steam- 
thermal treatment facilitates near-complete desulfurization of the aro-
matic fraction (Fig. 8), which cannot be solely attributed to the 
increased proportion of synthetic oil in the sample of extracted sub-
stance. According to literature sources (De et al., 2021), metallic sodium 
is known to interact with aromatic sulfur-containing compounds, 
forming bifunctional compounds that adsorb on the surface of the rock. 
The use of sodium in nanoparticle form is expected to intensify this 
process due to the increased surface area of contact. Notably, in the case 
of dibenzothiophene, a compound belonging to this class, the removal of 
sulfur from the molecule occurs without the loss of the hydrocarbon 
radical (De et al., 2021). The appearance and increase of compounds 
with phenanthrene and hydrophenanthrene structures in the aromatic 
fraction at treatment temperatures of 250 ◦C and 300 ◦C can occur due to 
the transformation of the resin fraction in the extracted bitumen, as 
shown in Table 2, where their amount decreases. It is worth noting that 
the main contribution to the growth of the phenanthrene and hydro-
phenanthrene content in the aromatic fraction is made by hydro-
phenanthrenes, which form through the hydrogenation of 
phenanthrenes by active hydrogen released during the interaction of 

sodium with water. However, synthesizing the results of the SARA 
analysis (Table 2) and the distribution of compounds in the aromatic 
fraction (Fig. 8), it is necessary to highlight that with the use of sodium 
nanoparticles, a portion of the transformed aromatic hydrocarbons un-
dergoes migration to other fractions, which becomes particularly 
noticeable at temperatures starting from 200 ◦C. Additionally, under the 
experimental conditions, following the interaction of sodium with 
water, one of the reaction products is an alkali, which is capable of 
actively interacting with sulfur-containing compounds, serving as an 
additional factor contributing to their removal. The evolved hydrogen 
sulfide subsequently reacts with the same sodium hydroxide, as evi-
denced by its absence in the gases (Table 1), forming sodium sulfide, 
which transitions into the aqueous phase. 

The issue of sulfur removal from crude oil and petroleum products is 
highly relevant for a variety of reasons (Duarte et al., 2011; Shang et al., 
2013; Mohebali and Ball, 2016). In this study, particular attention has 
been devoted to this aspect: in addition to the aforementioned indicators 
of the removal of sulfur-containing substances from the aromatic hy-
drocarbon fraction during steam-thermal treatment in the presence of 
sodium nanoparticles, we conducted an investigation of the total sulfur 
content in the extracted and treated organic matter samples using an 
energy-dispersive X-ray fluorescence spectrometer (Spectroscan SUL). 
The results demonstrated a significant reduction in sulfur content from 
6.53 to 7.97 wt% in the original and control (at 250 ◦C) samples, 
respectively, to 2.69 wt% in the oil subjected to steam-thermal treat-
ment at 250 ◦C in the presence of metallic sodium nanoparticles. 

The degree of structural transformation of the resin-asphaltenic 
constituents of the extracts before and after the autoclave experiments 
was evaluated by Fourier-transform infrared (FTIR) spectroscopy. The 
structural group composition of the resin-asphaltenic substances (RAS) 
was determined based on the intensity of characteristic absorption 
bands in the IR spectra (Figs. 9 and 10, A2-A5), and the optical densities 
of the absorption bands were used to calculate the spectral coefficients 
(Tables 3 and 4): Car = D1600/D720 (aromaticity); Cox = D1710/D1465 
(oxidation); Cbr = D1380/D1465 (branching); Cal=(D720+D1380)/D1600 
(aliphaticity); Csul = D1030/D1465 (sulfur content). 

Infrared spectroscopy data indicate that hydrothermal exposure to 
rock leads to a reduction in the content of alkyl CH3 and CH2 groups. 
This effect is particularly noticeable in asphaltenes, as evidenced by the 
decreased height of the absorption band peaks at 1465 cm− 1 (Figs. 9 and 
10). The spectra of transformed resins reveal that steam thermal impact 
on the rock in control samples does not affect the content of alkyl groups. 
However, the addition of sodium nanoparticles significantly reduces 
their presence. Furthermore, after hydrothermal treatment in the pres-
ence of sodium nanoparticles, as mentioned earlier, there is a reduction 
in sulfur-containing components. This reduction manifests as a decrease 
in the content of sulfonic groups (1420-1000 cm− 1) with an increase in 
treatment temperature and sulfoxide groups S––O (1225-980 cm− 1) in 
the resins after hydrothermal processing with metallic sodium 
nanoparticles. 

A comparison of the spectral coefficients of the resinous-asphaltene 
fractions of experimental products and the original bitumoid indicates 
an increase in the degree of aromaticity in their structure upon hydro-
thermal treatment. This is evidenced by the increase in the Car coeffi-
cient values. The aliphaticity coefficient, as expected, decreased since it 
represents the percentage content of aliphatic fragments relative to ar-
omatic structures and is inversely proportional to the aromaticity coef-
ficient. The increase in the oxidation coefficient signifies a rise in the 
content of carbonyl groups C––O in the transformed resins and asphal-
tenes. The branching coefficient, which characterizes the structure of 
paraffin chains, changes insignificantly overall, but it noticeably de-
creases in asphaltenes after hydrothermal treatment in the presence of 
sodium nanoparticles. 

Therefore, according to infrared spectroscopy data, in the trans-
formed resins and asphaltenes, there is an increase in the content of 
highly condensed aromatic fragments and a decrease in aliphatic 

Fig. 6. Relative content of alkanes in the studied samples.  
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structures. In asphaltenes, after experiments with the application of 
sodium nanoparticles, there is a reduction in their degree of branching. 
The denser packing of aromatic rings in the structure of the resinous- 
asphaltene components of the experimental products results from the 
intensive decomposition of the kerogen structure, leading to the for-
mation of large asphaltene-like products with subsequent detachment of 
alkyl chains. It is known that the degradation of kerogen is a staged 
process: at the first stage, heteroatomic high-molecular organic 

compounds are formed, from which hydrocarbon components are 
released upon secondary degradation (Behar et al., 2008, 2010). The 
reduction in the branching coefficient in asphaltenes after experiments 
with metallic sodium is likely associated with the detachment of alkyl 
chains from condensed structures and their subsequent transition to 
saturated hydrocarbons. This finding is corroborated by the study of 
SARA analysis data (Table 2). 

Fig. 7. Chromatograms of the aromatic fraction of the studied samples.  
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3.2. The influence of sodium metal nanoparticles on the mineral 
composition and structure of rocks during their hydrothermal treatment 

Metallic sodium, besides its active impact on organic matter, also 
influences the mineral components of the rock. X-ray phase analysis data 
show that the original rock sample contains 59% calcite, 29% quartz, 
10% potassium feldspar (microcline), 1% dolomite, and 1% pyrite 
(Fig. 11). 

The investigation of the mineral composition of rock subjected to 
steam-thermal treatment at various temperatures indicates a minimal 
effect of these processes on its composition - the composition of the rock 
after control experiments is comparable to that of the original rock, with 

the exception of mica appearing as temperatures in the experiments 
increase (Fig. 12). 

The addition of a sodium nanodispersion during hydrothermal 
treatment of rocks leads to a loss of equilibrium in the system and is 
accompanied by a phase transition of some minerals into others. Ac-
cording to the analysis, rock samples subjected to steam-thermal treat-
ment at temperatures of 200–300 ◦C in an alkaline environment, while 
predominantly containing quartz (16–22%), include up to 6% tridymite. 
The polymorphic transformation into tridymite is related to changes in 
the crystal structure of quartz and is determined by the presence of very 
small amounts of certain impurities or mineralizers, primarily alkaline 
ions (Holmquist, 1961). This transformation is accompanied by changes 
in the volume of the crystal lattice and a decrease in the mineral’s 
density, which may cause the occurrence of micro-strains in the rock. 

Pyrite is identified in the composition of the original rock. Pyrite, 
being the most common sulfide mineral in the Earth’s crust found in 
various genetic types of deposits, its association with carbonates and 
organic matter is quite common (Ma et al., 2023). XRF data suggest that 
as a result of hydrothermal treatment of the rock at temperatures of 
200–300 ◦C in the presence of sodium nanodispersion, pyrite transforms 
into hematite—the highest oxide state of iron, a chemically more stable 
mineral in thermal processes. Hematite in a finely dispersed mass has 
hardness less than one, indicating practically no cohesion between in-
dividual particles (Li et al., 2017). 

Upon steam-thermal impact at 150 ◦C in the presence of metallic 
sodium, the monoclinic modification of tobermorite – clinotobermorite - 
is detected on the X-ray spectrum. According to Mitsuda et al. (1992), 
tobermorite can form under specific conditions during autoclave treat-
ment with steam of lime-silica mixtures in the presence of alkaline ions 
in the liquid phase. 

The analysis of rock samples subjected to hydrothermal treatment at 
temperatures of 150–250 ◦C in the presence of sodium nanodispersion 
revealed the presence of boehmite and zeolite, which is presumably 
related to metasomatic replacement processes and hydrolysis of micro-
cline under the influence of temperature, pressure, pH, environment 
chemistry, etc. Boehmite, an aluminum hydroxide, is one of the main 
alumina-bearing minerals of bauxites, usually dispersed and found in 
weakly crystalline or cryptocrystalline form. Zeolites are hydrated alu-
minosilicates, mainly of Ca and Na. Compared to anhydrous alumino-
silicates like microcline, zeolite group minerals are characterized by 
lower hardness, lower specific gravity, lower refractive indices, and are 
more easily decomposed by acids (Król and Florek, 2022). 

Therefore, hydrothermal treatment of rock in the presence of sodium 
nanoparticles is accompanied by structural (transition of quartz to tri-
dymite) and phase (transformation of pyrite into hematite, etc.) changes 

Fig. 8. Relative content of aromatic hydrocarbons in the studied samples.  

Table 3 
Spectral coefficients of the resin fraction.  

Experiment Temperature Spectral coefficients 

Сar Сox Сbr Сal Сsul 

Initial sample  
0.60 0.22 0.78 4.00 0.78 

Post thermal steam exposure 
150 ◦C 0.60 0.22 0.78 4.00 0.56 
200 ◦C 0.67 0.36 0.82 3.75 0.73 
250 ◦C 0.67 0.40 0.80 3.50 0.70 
300 ◦C 0.63 0.45 0.82 3.40 0.91 
Post thermal steam exposure in the presence of Na nanoparticles 
150 ◦C 0.71 0.44 0.78 2.80 0.67 
200 ◦C 0.86 0.36 0.82 2.67 0.64 
250 ◦C 1.00 0.75 0.88 2.17 0.75 
300 ◦C 0.88 0.70 0.90 2.43 0.90  

Table 4 
Spectral coefficients of the asphaltene fraction.  

Experiment Temperature Spectral coefficients 

Сar Сox Сbr Сal Сsul 

Initial sample  
0.88 0.50 1.00 2.57 0.80 

Post thermal steam exposure 
150 ◦C 0.75 0.50 1.00 2.67 0.75 
200 ◦C 0.83 0.57 1.00 2.60 0.86 
250 ◦C 0.83 0.71 1.00 2.60 0.71 
300 ◦C 0.88 0.56 1.00 2.43 0.78 
Post thermal steam exposure in the presence of Na nanoparticles 
150 ◦C 1.00 0.44 0.89 2.33 0.67 
200 ◦C 1.00 0.50 0.88 2.17 0.75 
250 ◦C 1.00 0.63 1.00 2.14 0.88 
300 ◦C 1.00 0.44 0.89 2.14 0.78  
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Fig. 9. IR spectra of the resin fraction of the studied samples.  

Fig. 10. IR spectra of the asphaltenes fraction of the studied samples.  

Fig. 11. X-ray diffraction pattern of a rock sample from the Domanic deposits of the Ashalcha Field.  
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in mineral components. Besides, the structure of kerogen contained in 
the rock is altered. The described changes in mineral components and 
kerogen could significantly affect the filtration-capacity properties of 
the Domanic deposits, as the void space of the rocks is transformed after 
each heating stage by forming new voids and channels that connect 
existing pores. This was shown in the work of Gilyazetdinova et al. 
(Giliazetdinova and Korost, 2017) who examined the transformation of 
void space in Domanic deposits of the South Tatar Arch during the 
simulation of hydrocarbon fluid generation. 

4. Conclusions 

Thus, the use of an organodispersion of metallic sodium nano-
particles in the hydrothermal treatment of formations with hard-to- 
recover reserves, including high-carbon, low-permeability rocks of 
Domanic formations and their analogs, is a promising method for 
enhancing oil flow and increasing overall reservoir recovery. This 
method can be recommended for application on a pilot scale. Beyond the 
evident advantages of using sodium in thermal extraction methods, 
which, upon interaction with water, generates additional heat, fosters 
the formation of gaseous hydrogen and active alkali, it positively in-
fluences the processes in oil extraction. Specifically, in the presence of 
sodium nanoparticles in the reaction system, the processes of kerogen 
destruction and high-molecular heteroatomic compounds of resinous- 
asphaltene substances are intensified, leading to the formation of free 
hydrocarbons, thereby facilitating their more complete extraction from 
the rock. In the group composition of extracts, the proportion of satu-
rated hydrocarbons increases while the resinous-asphaltene substances 
decrease. A significant rise in the proportion of lighter hydrocarbons is 
observed in the saturated fraction. The addition of sodium nanoparticles 
during steam-thermal treatment nearly entirely removes sulfur from the 
aromatic fraction. The overall sulfur content in the extracts also signif-
icantly decreases from 6.53 to 7.97 wt% in the original and control (at 
250 ◦C) samples respectively, to 2.69 wt% in the presence of metallic 
sodium. Subsequently, the sodium hydroxide formed after the interac-
tion of sodium with water reacts with the released hydrogen sulfide and 
carbon dioxide, forming sodium sulfide and sodium carbonate, respec-
tively, which are removed in the aqueous phase, as evidenced by the 

absence of H2S and CO2 in the gases. 
The most optimal condition for hydrothermal treatment using so-

dium nanoparticles was found to be a reaction temperature of 250 ◦C, 
with further increases in treatment temperature leading to the loss of 
liquid hydrocarbons due to intense gas formation. It is also noteworthy 
that the addition of sodium nanodispersion offers the advantage of 
lowering the steam-thermal treatment temperature by 100 ◦C while 
maintaining a similar capacity for extracting organic matter. 

Hydrothermal treatment of rock in the presence of sodium nano-
particles results in structural and phase transformations of mineral 
components, accompanied by changes in the volume and density of the 
rock. In addition, the structural composition of kerogen contained in the 
rock changes. The combination of these factors leads to the trans-
formation of the void space in the rock and affects the filtration capacity 
properties of reservoirs. 

For a more comprehensive understanding of the transformation of 
the void space in low-permeability high-carbon Domanic deposits and 
the conversion of sulfur-containing components of the extracted organic 
matter during hydrothermal treatment in the presence of sodium 
nanoparticles, further research becomes a necessity. 
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Appendix 1

Figure A1. Temperature dependence of the yield of hydrocarbon gases during thermal steam treatment of Domanic rock.  
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