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A B S T R A C T

Oil-soluble catalysts present promising methods to enhance the efficiency of heavy oil extraction and processing. 
This study synthesized and characterized an oil-soluble aluminum oleate catalyst and conducted a comparative 
analysis of its catalytic efficiency in CO2 and N2 atmospheres for heavy oil processing via aquathermolysis at 300 
◦C for 24 hours. The results indicated that the reaction system in a CO2 atmosphere exhibited, achieving a more 
substantial reduction in viscosity and asphaltene content compared to the N2 atmosphere. The upgrading process 
also improved the H/C ratio and reduced sulfur content, highlighting the effectiveness of aromatization and 
desulfurization reactions. Infrared spectral analysis data revealed an increase in the (C––C/CH₃+CH₂) ratio and a 
decrease in the (CH₂/C––C) and (RSO₃H/C––C) ratios compared to heavy oil. These findings open new avenues 
for developing heavy oil processing technologies using aquathermolysis in the presence of aluminum oleate, 
significantly enhancing the efficiency of the upgrading process.

1. Introduction

The upgrading of heavy oil is one of the key tasks of the modern oil 
industry aimed at meeting the growing energy needs. Heavy oil is 
characterized by high density and viscosity, as well as the presence of 
heteroatoms such as sulfur, nitrogen, and oxygen, which significantly 
complicates its development and processing [1]. Thermal extraction 
methods are widely used for the effective exploitation of heavy oil fields, 
which allow for reducing the viscosity of oil and improving its flow
ability in reservoirs [2,3]. The steam injection process, which involves 
the continuous and cyclic introduction of hot liquid into oil reservoirs, 
facilitates the heating of the oil-bearing layer, which in turn reduces 
viscosity and improves the mobility of heavy oil [4]. However, despite 
the widespread use of this method, it faces a number of limitations. The 
main issues include low efficiency in complex geological formations, 
high energy costs for steam production, significant water consumption, 
and carbon emissions caused by the combustion of fossil fuels [5,6].

In response to these challenges, alternative approaches are being 
explored, with aquathermolysis emerging as a promising technology. 
This method offers the potential for more efficient utilization of thermal 
energy and reagents in the decomposition of heavy hydrocarbons, which 

can lead to reduced oil viscosity and improved flowability. The incor
poration of CO2 or N2 in aquathermolysis represents a promising avenue 
for enhancing heavy oil processing efficiency. Introducing CO2 into the 
process helps reduce the viscosity of heavy oil by swelling the oil matrix, 
thereby improving the mobility of hydrocarbons and increasing recov
ery rates [7–9]. Moreover, Anne-Christine et al. conducted a study 
evaluating the environmental consequences and benefits of CO₂ storage 
in active oil reservoirs, focusing on a site in Texas. It was found that the 
reservoir has a large capacity for CO₂ storage, and emissions from the 
process are minimal. Enhanced oil recovery (EOR) activities are virtu
ally carbon-neutral when comparing the net storage potential to gaso
line emissions from the additional oil extracted [10]. It’s known that 
employing an inert N2 atmosphere prevents undesirable oxidative re
actions and stabilizes process parameters. The combined injection of 
nitrogen and steam can further enhance the efficiency of steam distil
lation by lowering steam pressure and facilitating the maintenance of 
higher temperatures [11,12].

Lee et al. observed a 7–25 % increase in oil production when using 
CO₂ as a carrier gas compared to N₂ under similar testing conditions 
[13]. Similarly, Masri found that retorting Jordan oil shale under CO2 
yielded a slightly higher oil output (31.65 gal/ton) than under N2 
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(30.8 gal/ton), with a greater proportion of shorter-chain aliphatic hy
drocarbons [14].

The application of oil-soluble catalysts in aquathermolysis is of 
particular interest. Such catalysts increase the selectivity and efficiency 
of the decomposition of complex hydrocarbon molecules, contribute to 
the reduction of viscosity, and increase the content of lighter and more 
valuable components. In this area, work was conducted by Yun-Rui Li 
and co-authors, which revealed the high efficiency of oil-soluble iron 
oleate catalysts in the process of heavy oil cracking. The studies 
demonstrated a viscosity reduction of 86.1 % during aquathermolysis at 
a temperature of 200 ◦C for 24 hours [15]. Furthermore, the work of N. 
N. Petrukhina et al. using an oil-soluble catalyst based on Ni, Co car
boxylates combined with tetralin in the aquathermolysis process at 300 
◦C for 5 hours shows a viscosity reduction of 98 %. A composite catalyst 
containing 0.2 % copper aromatic sulfonate was used to heat heavy 
bitumen oil at 280 ◦C for 24 hours. It was noted that the viscosity of the 
heavy oil decreased by 95.5 % [16]. Vakhin et al. demonstrated that 
catalytic aquathermolysis using nickel tallate on oil-saturated crushed 
core samples at 300◦C increased saturated hydrocarbon concentration 
while decreasing resin and asphaltene content [17].

Recent studies have enhanced the process of upgrading heavy oil 
using various methods, including composite catalysts based on transi
tion metal salts and alkalis. Zhou et al. demonstrated that adding NaOH 
to CuSO4 reduces oil viscosity by 81.43 % at 300 ◦C, improving catalytic 
activity through the formation of Cu and CuOx [18]. Aluminum catalysts 
also exhibit properties that inhibit the formation of undesirable 
by-products, making them particularly promising for aquathermolysis of 
heavy oil. Specifically, Yasser et al. investigated nano catalysts Al 
(H2PO4)3 at 250 ◦C in a N2 gas environment, demonstrating a substantial 
increase in heavy oil thermolysis efficiency, with the yield of the fraction 
boiling below 200 ◦C nearly tripling compared to the initial sample and 
exceeding the control variant by over 50 % [19]. Research by Ronal de la 
Cruz Parejas and co-authors indicated a viscosity reduction in the 
aquathermolysis of heavy oil by 12.9 % using Al2O3-NiO and by 13.4 % 
using TiO2 at 250 ◦C over 12 hours, confirming the variety of catalysts 
capable of influencing the viscosity of heavy oils [20].

Despite extensive research in the field of deep processing of heavy 
crude oil, the creation of an effective technology for converting it into 

light distillates remains a relevant task. Aluminum-based catalysts play a 
key role in the processing of heavy crude oil due to their acidic prop
erties, facilitating the carbon-ion mechanism reactions necessary for the 
hydrogenation and isomerization of heavy hydrocarbon fractions, as 
well as ensuring the thermal stability of the process [21]. Although 
numerous studies have been conducted on various metal oleates, an 
analysis of the existing literature indicates a lack of attention to the 
characteristics and potential of aluminum oleate as an independent 
catalyst.

The innovativeness of this research lies in the synthesis and appli
cation of oil-soluble catalysts based on aluminum oleate, which ensure 
uniform distribution throughout the volume of heavy oil during the 
aquathermolysis process. Upon heating and exposure to water, 
aluminum oleate hydrolyzes, leading to the formation of active nano
particles AlxOy/AlOH. These nanoparticles are evenly dispersed in the 
oil phase, which contributes to an increase in the catalytic activity of the 
system by enhancing the surface area and the number of active sites. The 
experimental conditions under which aluminum oleate interacts with 
10 g of water and gases CO₂ and N₂ at a pressure of 40 bar and a tem
perature of 300 ◦C are unique and have not been previously considered 
in the literature. These conditions also highlight the novelty of our 
approach and could significantly enhance the efficiency of heavy oil 
processing.

The aim of the study is to assess the impact of aluminum oleate on the 
aqueous thermolysis of heavy oil in CO2 and N2 atmospheres to deter
mine optimal conditions that promote viscosity reduction and increase 
the yield of light distillates. To achieve this goal, methods such as 
infrared spectroscopy, elemental analysis, gas chromatography, and 
other analytical techniques will be used.

2. Experimental section

2.1. Preparation of oil-soluble catalysts (aluminum oleate)

Aluminum oleate was synthesized by mixing 10 mmol of aluminum 
sulfate [Al2(SO4)3⋅18 H2O] with 20 mmol of oleic acid (C17H33COOH). 
The oleic acid was dissolved in ethanol and stirred for 20 minutes. Then, 
NaOH was added to achieve a pH of 9, and sodium oleate 
(C17H33COONa) was slowly combined over 5 minutes. The resulting 
aluminum oleate was filtered, washed with ethanol, and dried at 30 ◦C.

1- С17Н33СООНþNaOH → C17H33COONaþH2O
2- Al2(SO4)3 þ 3 C17H33COONa → 2Al(C17H33COO)3 þ 3Na2SO4

2.2. Catalytic aquathermolysis reaction of heavy oil

2.2.1. Materials and methods
We employed a sample of heavy oil obtained from the Ashal’cha oil 

field situated in the Tatarstan Republic of Russia. The characteristics of 
the heavy oil, along with analysis errors for various parameters, are 
outlined in Table 1.

2.2.2. Experimental setup and condition
A laboratory experiment was conducted to study the effect of an oil- 

soluble catalyst, aluminum oleate, in CO2 and N2 atmospheres on the 
catalytic aquathermolysis of heavy oil. The experiment was performed 
in a 300-mL high-pressure stainless steel HP/HT 4560 reactor (Parr USA; 
Fig. 1). The reaction mixture was prepared by mixing 50 g of heavy oil, 

Table 1 
Characteristics of the heavy oil utilized.

Parameter Viscosity mPa⋅s, 20 ◦C Elemental content (%) SARA fractions (%)

C H N S O Saturates Aromatics Resins Asphaltenes

Error ( ± wt%) 1 0.5 0.5 0.03 0.2 0.05 0.3 0.5 0.4 0.2
​ 4000 81.98 11.12 0.38 5.54 0.98 25.6 32.3 34.5 7.6

Fig. 1. Schematic diagram of a laboratory high-pressure batch autoclave.
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10 g of distilled water, and 1 g of aluminum oleate, dissolved in tetralin 
(in a 1:1 ratio) at an atmospheric pressure of 40 bar. The reactor was 
then sealed and purged with CO2 or N2 for 10 minutes to remove air. 
Next, CO2 or N2 was introduced into the autoclave to achieve an initial 
pressure of 40 bar, and the mixture was heated to 300◦C for 24 hours, 
resulting in a final pressure of 80–110 bar. After that, the product 
mixture was cooled to 25 ◦C to stop the reaction.

Table 2 presents data from experiments on non-catalytic and cata
lytic aquathermolysis in an atmosphere of CO2 and N2.

2.3. Analytical procedures

2.3.1. FTIR spectroscopy
To analyze the structural composition of oil, including resins and 

asphaltenes extracted before and after treatment, Fourier FT-IR spec
troscopy was performed using a Bruker Tensor II FTIR instrument, 
achieving a resolution of 4 cm1 over a wavelength range of 
400–4000 cm− 1.

2.3.2. Thermogravimetric analysis
The thermal stability of the synthesized R-PPG surfactant was 

assessed using a Netzsch STA 449 F1 Jupiter simultaneous thermal 
analyzer (30–600 ◦C, 5 ◦C/min heating rate, 50 mL/min airflow). 
Thermogravimetric (TG) data were analyzed using NETZSCH Proteus 
Analysis v5.2.1 and Kinetics Neo 2.1.2.2 software.

2.3.3. X-ray diffraction analysis
The catalyst was characterized by X-ray diffraction (XRD) using a 

Shimadzu XRD-7000S diffractometer (Cu Kα radiation, 40 kV, 40 mA, 
5◦/min scan rate, 5–100◦ 2θ).

2.3.4. SEM and EDX analysis
A Carl Zeiss Merlin field emission scanning electron microscope (FE- 

SEM) equipped with an Oxford Instruments Aztec X-Max energy 
dispersive X-ray (EDX) spectrometer (127 eV resolution) was used for 
analysis (9 mm working distance, 20 kV accelerating voltage).

2.3.5. Ultimate analysis
The elemental composition of the heavy oils, both before and after 

upgrading, was analyzed using the Perkin Elmer 2400 Series II analyzer 
(Perkin Elmer, MA, USA). This instrument enables the measurement of 
carbon, hydrogen, nitrogen, oxygen, and sulfur content in the oil.

2.3.6. SARA-analysis
Heavy oil composition was determined using SARA analysis (GOST 

32269–2013 and ASTM D 4124–09). Asphaltenes were precipitated 
from 1.0 g of oil using 40 volumes of n-hexane. Maltenes were separated 
into saturated hydrocarbons, aromatic hydrocarbons, and resins using a 
chromatographic column packed with neutral alumina (calcined at 450 
◦C for 3 h).

2.3.7. Viscosity measurements
Viscosity measurements (20–80 ◦C, 10 ◦C increments) of the initial 

and hydrothermally treated oils (with and without chemical agents) 
were performed using a FUNGILAB Alpha L rotational viscometer (TL5 

spindle, 6.7 mL sample) equipped with a HUBER MPC K6 thermostat. 
Shear rate was calculated as 1.32 *RPM (manual). RPM was adjusted for 
temperature and torque (50–90 %). The viscometer exhibited a relative 
error of ± 1.0 % and high reproducibility (<0.2 % deviation).

2.3.8. Atmospheric distillation
Atmospheric distillation of crude oil and its processed products was 

carried out at the ARH-LAB-03 unit (max. 400◦C, 220 V, 750 W), which 
consists of a heater and a condenser.

2.3.9. Proton nuclear magnetic resonance
¹H NMR spectra were acquired using a Bruker Avance 400 spec

trometer (400.1 MHz, CDCl₃ solvent) and FTIR spectra using a Bruker 
Tensor spectrometer (KBr plates).

2.3.10. Gas chromatography-mass spectrometry (GC-MS)
The saturated and aromatic hydrocarbon fractions in heavy oil 

samples (both before and after aquathermolysis) were examined using 
GC/MS (Chromatek-Crystal 5000.2) equipped with a mass spectro
metric detector (214.2.840.083–10 with an ADVIS ion source). Data 
processing was performed on total ion current as well as ions with m/z 
57, which correspond to normal and iso-alkanes. For the analysis of 
aromatic hydrocarbons, total ion current (TIC) data included the 
recording of ions at m/z 91, 105, 119, and 133 for alkylbenzenes and at 
m/z 128, 142, 156, 170, and 184 for naphthalenes, in addition to m/z 
178, 192, 206, and 220 for phenanthrenes. Used a CR-5ms capillary 
column: 30 m × 0.25 mm ID, 0.25 µm film thickness, with helium as the 
carrier gas. The temperature program was linear (100–150 ◦C at 
12.5 ◦C/min; 150–310 ◦C at 3 ◦C/min), followed by an 8-min isothermal 
hold at 300 ◦C. MS conditions: 70 eV ionization energy, 270 ◦C ion 
source temperature, 50–500 Da scan range (1 scan/s, unit resolution). 
Hydrocarbon identification utilized NIST library and literature data.

2.3.11. Experimental safety protocols
The experiments were carried out in the HP/HT 4560 reactor (Parr 

USA), which has a capacity of 138 bar and 500◦C, with the imple
mentation of the following safety protocols:

2.3.11.1. System integrity checks. - Initial leak tests utilizing nitrogen 
gas at the operating pressure (maintained for 30 minutes with a 
permissible pressure ≤ loss of no more than 1 bar per hour).

2.3.11.2. Safety mechanisms. -The automatic safety relief valve is 
designed to operate at 110 % of the normal operating pressure.

-Activation of an emergency temperature shutdown (occurs 
through). thermocouple trigger.

-Continuous pressure monitoring (utilizing both electronic and me
chanical). detection devices.

3- Carbon Dioxide Handling Procedures
- Controlled pressure increase with real-time monitoring
- Protocols for gradual filling (at a rate of less than 5 bar/min).

2.3.11.3. Operator protection. - Control and operation of equipment 
from a distant laboratory facility.

- Polycarbonate protective barriers
- Protective gloves designed for high-temperature applications 

(capable of withstanding temperatures of up to 600 ◦C) and safety 
eyewear.

2.3.11.4. Emergency protocols. - Automatic system shutdown in 
response to abnormal pressure conditions.

- Provision of controlled airflow via the exhaust system.
- Emergency evacuation protocols

Table 2 
Codes of samples.

Sample Code

Heavy oil Heavy oil
Heavy oil+H2O+N2 Blank-N2

Heavy oil+H2O+CO2 Blank-CO2

Heavy oil+Tetralin+H2O+N2 HT-N2

Heavy oil+ Tetralin+H2O+ CO2 HT-CO2

Heavy oil+ Aluminum oleate+ Tetralin+H2O+N2 H(AL)T-N2

Heavy oil+ Aluminum oleate+ Tetralin+H2O+ CO2 H(AL)T-CO2
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3. Results and discussion

3.1. Characterization of aluminum oleate (FT-IR, TGA, XRD, SEM and 
EDX)

FT-IR spectra of oleic acid and aluminum oleate are shown Fig. 2. In 
the spectral analysis, two peaks emerged at 2920 and 2855 cm− 1, rep
resenting the symmetrical and asymmetrical –CH2 stretching modes. 
Another minor peak appeared at 3011 cm− 1, corresponding to the ν(C- 
H) of the C-H bond adjacent to the cis C––C bond. Additionally, a faint 
shoulder was observed at 2960 cm− 1, attributed to the asymmetrical 
–CH3 vibration mode. The broad signal spanning from 3500 to 2500 is 
indicative of the O–H stretching band of the acid, known to exist in a 
dimeric form due to hydrogen bonding. The prominent band at 
1708 cm− 1 was linked to the ν(C––O) of the carboxyl group, signifying 

the presence of free oleic acid. A comparison of the spectra between 
aluminum oleate and pure oleic acid revealed two new peaks at 
1584 cm− 1 and 1466 cm− 1, characteristic of the symmetric νs (COO − ) 
and νas (COO − ) stretch vibrations, respectively. These outcomes sug
gest that oleic acid chemisorbs onto the AlxOy in the form of a 
carboxylate.

Fig. 3 illustrates the results of thermogravimetric analysis (TGA) of 
aluminum oleate and oleic acid, conducted in an argon atmosphere at a 
heating rate of 10 ◦C/min. The analysis showed significant differences in 
the thermal behavior of these substances.

At 40◦C - 200 ◦C, aluminum oleate demonstrates a mass loss of 16 %, 
while oleic acid shows only 0.3 %, which is presumably due to the 
desorption of adsorbed moisture. Further heating to 300 ◦C leads to the 
dissociation of the oleate ligand in aluminum oleate and the formation of 
catalytically active centers, accompanied by a mass loss of 32.2 %. 

Fig. 2. FT-IR spectra of aluminum oleate and oleic acid.

Fig. 3. TGA curves of aluminum oleate and oleic acid.
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Under similar conditions, oleic acid loses 10.2 % of its mass.
At a temperature of 500 ◦C, the total mass loss is 73.9 % for 

aluminum oleate and 97.5 % for oleic acid. This indicates a significantly 

higher thermal stability of aluminum oleate compared to oleic acid. In 
the temperature range of 500–1000 ◦C, the mass of the samples 
remained virtually unchanged.

Fig. 4. XRD spectra of solid products improved to 300 ◦C after being separated from oil using aluminum oleate catalysts.

Fig. 5. SEM images (a, b), nanoparticle size frequency, and EDX analysis of aluminum oleate after aquathermolysis.
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The obtained data confirm the high thermal stability of aluminum 
oleate, making it a promising candidate for use as a catalyst in aqua
thermolysis processes.

The results of X-ray diffraction analysis (Fig. 4) demonstrate that the 
precursor of the aluminum oleate catalyst predominantly decomposes 
into AlO(OH) particles after catalytic cracking. Clear peaks corre
sponding to various crystal planes of AlO(OH) are observed in the 
diffraction patterns, which is confirmed by data from the JCPDS 

database (01–083–1505).
The surface morphology and elemental composition of the catalyst 

obtained after aquathermolysis were investigated using SEM and EDX, 
as illustrated in Fig. 5. The SEM analysis revealed that the particles 
possess an uneven and porous structure, which enhances the contact 
area between the catalyst and heavy oil, thereby improving catalytic 
activity. The EDX results confirmed the presence of aluminum and ox
ygen in the nanoparticles, consistent with the expected elemental 
composition of AlxOy /AlOH.

Fig. 6 illustrates the combined effect of the oil-soluble catalyst 
(aluminum oleate) and CO2 on the process of aquathermolysis. Under 
aquathermolysis conditions, aluminum oleate undergoes hydrolysis, 
forming active nanoparticles AlxOy/Al(OH), which are evenly dispersed 
in the oil phase. The mechanism of action of the catalyst AlxOy/Al(OH) is 
based on the adsorption and activation of hydrocarbon molecules 
through acidic centers located on the surface of nanoparticles. This 
process occurs via a radical chain mechanism that initiates a series of 
transformations, including dehydrogenation, hydrogenation, and isom
erization. Furthermore, carbon dioxide (CO2) serves as a heat carrier and 
solvent in the oil phase, facilitating the availability of reactive compo
nents for the catalyst. This, in turn, significantly enhances the efficiency 

Fig. 6. Schematically presents the mechanism of catalytic aquathermolysis of heavy oil using aluminum oleate in a CO2 atmosphere.

Fig. 7. Composition of the gas from the products of aquathermolysis conversion.

Table 3 
Elemental composition of extra heavy oil and products of aquathermolysis.

Samples Elemental content (wt%)

C H S N O H/C

Heavy oil 81.98 11.12 5.54 0.38 0.98 1.63
Blank-N2 82.14 12.1 4.58 0.33 0.85 1.77
Blank-CO2 82.32 12.6 4.12 0.21 0.75 1.84
HT-N2 82. 27 12.44 4.16 0.32 0.81 1.81
HT-CO2 82.98 12.93 3.91 0.18 0.67 1.87
H(AL)T-N2 82.28 12.59 4.14 0.22 0. 77 1.84
H(AL)T-CO2 83.26 13.27 3.33 0.14 0. 56 1.91
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of the catalytic process by easing the cleavage of hydrocarbon chains 
containing C-heteroatoms and leads to the formation of lighter hydro
carbons as a result of hydrogenation. In contrast to carbon dioxide, 

nitrogen (N2), being an inert gas, does not participate directly in 
chemical reactions; however, it is essential for maintaining pressure in 
the reaction system, which is necessary to achieve optimal conditions for 

Fig. 8. Group composition of heavy oil and products of aquathermolysis.

Fig. 9. Viscosity of heavy oil and products of aquathermolysis.

Fig. 10. Fractions of atmospheric distillation of heavy oil before and after aquathermolysis.
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catalytic reactions.
Fig. 7 demonstrates the analysis of the gas composition, indicating 

the relationship between the concentrations of methane (CH₄), hydro
carbons C₂–C₅, and hydrogen sulfide (H₂S) with the experimental con
ditions. The increase in methane in the presence of CO₂ suggests a 
possible reduction reaction of CO₂ by hydrogen, leading to the formation 
of water and methane:

CO₂ + 4H₂ → CH₄ + 2 H₂O [22]. Fluctuations in H₂S concentration 
indicate the thermal decomposition of heavy hydrocarbons and their 
sulfur-containing components, which is more pronounced in the pres
ence of CO2 compared to N2. This fact highlights the significant role of 
catalysts and CO2 in catalytic cracking processes.

3.2. Elemental composition of heavy oil

Research has been conducted to study the changes in the elemental 
composition of heavy oil and the products of the aquathermolysis con
version reaction. The results of this study are presented in Table 3.

The aquathermolysis of heavy oil in CO2 and N2 environments was 
conducted both with and without the use of aluminum oleate as a 
catalyst. In both cases, a reduction in sulfur content was recorded: 
without a catalyst by 25.6 % (Blank-CO2) and 17.3 % (Blank-N2) 
compared to the initial heavy oil, while with aluminum oleate by 40 % 
(H(AL)T-CO2) and 25.3 % (H(AL)T-N2) relative to the initial material. 
This indicates an effective breaking of the C–S bond under the influence 
of the catalyst and CO2, which is due to specific interactions that lower 

Fig. 11. IR spectra of heavy oil (a), resin (b), and asphaltene (c) fractions before and after aquathermolysis.
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the activation energy for the reaction, facilitating the formation of active 
intermediate compounds and selective action on the molecules [23,24]. 
Moreover, in all conducted experiments, an increase in the atomic ratio 
of H/C was observed, reaching 1.91 (H(AL)T-CO2) and 1.84 (H(AL) 
T-N2) in the presence of aluminum oleate. This increase is associated 
with several factors: Carbon dioxide reduces the interfacial tension, 
improving the availability of reagents between the oil and the catalyst 
[25–27]. The interaction of CO2 with AlxOy/AlOH modifies the active 
centers of the catalyst, enhancing its activity in hydrogenation, isom
erization, and the breaking of C-heteroatom bonds, leading to the for
mation of more saturated hydrocarbons [28]. This effect is specific to the 
CO2 environment and is less pronounced in the N2 environment.

3.3. Group compositions analysis SARA

Fig. 8 shows that the Blank-CO2 and Blank-N2 samples demonstrate a 
significant reduction in resin content (12.8 % and 6.1 %) and asphal
tenes (18.4 % and 6.6 %) compared to heavy oil. In the case of using 
aluminum oleate, the H(AL)T-CO2 and H(AL)T-N2 samples showed a 
more pronounced reduction in resins by 31 % and 11.9 %, respectively, 
as well as asphaltenes by 34.2 % and 15.8 % compared to heavy oil.

The reduction of resins and asphaltenes due to the aquathermolysis 
of heavy oil is attributed to several key mechanisms. The increased 
temperature and pressure during aquathermolysis enhance the ther
mochemical decomposition of heavy hydrocarbons [16]. Furthermore, 
the use of CO2 aids in the liquefaction of asphaltenes and resins, 
increasing their solubility and facilitating the decomposition of heavy 
hydrocarbons [29,30]. This results in a transition from more complex 
structures of resins and asphaltenes to simpler molecular forms. More
over, in a CO2 environment, there is active interaction with AlxOy/AlOH, 

which enhances its catalytic activity and leads to effective cracking and 
dehydrogenation reactions [31]. These processes contribute to the 
degradation of resins and asphaltenes, ultimately resulting in a reduc
tion of their concentration in the final products.

3.4. Viscosity analysis

The viscosity measurement results of heavy oil and products of cat
alytic aquathermolysis are shown in Fig. 9.

The viscosity of aquathermolysis products decreased proportionally 
based on the process conditions compared to the viscosity of heavy oil. 
The experimental conditions Blank-CO2 and Blank-N2 demonstrated 
viscosity reductions of 59 % and 23 %, respectively, at a temperature of 
20 ◦C compared to heavy oil.The use of an aluminum oleate catalyst led 
to an even more significant viscosity reduction: in the samples H(AL)T- 
CO2 and H(AL)T-N2, viscosity reductions of 74.8 % and 57.5 %, 
respectively, were observed relative to the viscosity of heavy oil. These 
results indicate that the high solubility of CO2 in the oil phase enhances 
interaction with heavy oil, which, in turn, facilitates deeper penetration 
into the structure of high molecular weight compounds [32]. On the 
contrary, Nitrogen (N2) is an inert gas characterized by high heat ca
pacity and the ability to create pressure. It is nearly insoluble and does 
not engage in chemical reactions with hydrocarbons [33]. Moreover, the 
acidic properties of AlxOy/Al(OH) promote the flow of reactions by the 
carbon-ionic mechanism, accelerating hydrogenation and isomerization 
reactions. This leads to the decomposition of large hydrocarbons into 
smaller and branched chains [15]. The interaction of CO2 with 
AlxOy/AlOH also helps to loosen the molecular structure and reduce 
intermolecular forces, leading to the transformation of the normal 
structure of hydrocarbons into a branched form, thereby further 

Table 4 
Spectral FT–IR сoefFicients of heavy oil, resin, and asphaltene fractions before and after aquathermolysis.

Coefficient Samples CH2/C––C C––C/CH3 þCH2 CH3/CH2 C––C/ CH3 R-CO/ C––C RSO3H/ C––C

Oil Heavy oil 8.10 0.15 1.80 0.27 0.43 1.31
​ Blank-N2 6. 45 0.19 1.84 0.25 0.38 1.28

Blank-CO2 7.69 0.31 1.89 0.17 0.25 1.18
HT-N2 7.56 0.24 1.86 0.22 0.32 1.23
HT-CO2 7.75 0.34 1.92 0.15 0.24 1.13
H(AL)T-N2 7.62 0.28 1.91 0.19 0.29 1.2
H(AL)T-CO2 7.84 0.36 1.95 0.13 0.20 1.0

Resins Heavy oil 2.80 0.34 1.62 0.31 1.2 1.19
​ Blank-N2 2.85 0.22 1.65 0.3 1.16 1.17

Blank-CO2 2.96 0.29 1.75 0.28 0.96 1. 11
HT-N2 2.89 0.24 1.67 0.27 1.11 1.15
HT-CO2 3.0 0.3 1.78 0.25 0.92 1.04
H(AL)T-N2 2.91 0.26 1.7 0.26 0.99 1.12
H(AL)T-CO2 3.1 0.32 1.81 0.24 0.90 0.97

Asphaltenes Heavy oil 1.38 0.37 1.2 0.44 1.71 1.27
​ Blank-N2 1.23 0.39 1.23 0.37 1.67 1.25

Blank-CO2 1.3 0.47 1.34 0.29 1.58 1.19
HT-N2 1.26 0.41 1.27 0.33 1.64 1.23
HT-CO2 1.33 0.54 1.37 0.25 1.44 1.17
H(AL)T-N2 1.29 0.46 1.30 0.31 1.61 1.2
H(AL)T-CO2 1.36 0.58 1.40 0.22 1.42 1.14

CH2/C=C) =D1450/D1600, aliphaticity. (C=C/CH3+CH2) = D1600/D720ю1380, aromaticity. CH3/CH2 = D1380/D720, branching. (C=C/ CH3)= D1600/D740ю860 degree of condensation. (R-C=O/ C=C) 

=D1700/D1600, degree of oxidation. (RSO3H/C=C) = D1030/D1600, degree of sulfurization.

Table 5 
1 H NMR analysis of the heavy oil and products of aquathermolysis.

Samples HA, % Hά, % Hβ, % Hγ, % fA HAU/CA BI σ

Heavy oil 16.95 13.28 41.81 27.96 0.324 1.185 0.338 0.281
Blank-N2 13.78 13.63 44.56 28.03 0.238 1.530 0.321 0.331
Blank-CO2 10.85 14.23 45.30 29.62 0.181 1.820 0.332 0.396
HT-N2 12.57 13.79 44.75 28.89 0.207 1.708 0.329 0.354
HT-CO2 8.15 14.45 47.03 30.37 0.141 2.035 0.329 0.470
H(AL)T-N2 11.10 14.20 45.25 29.45 0.184 1.818 0.330 0.390
H(AL)T-CO2 7.04 15.12 47.44 30.4 0.111 2.515 0.324 0.518
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decreasing the viscosity of heavy oil.

3.5. Atmospheric distillation of heavy oil

Fig. 10 demonstrates that both non-catalytic and catalytic aqua
thermolysis in a CO2 environment, compared to N2, results in a signifi
cantly higher share of light fractions, particularly gasoline (boiling point 
up to 200◦C) and diesel fuel (200–300◦C). The catalytic activity of 
aluminum oleate in the process of aquathermolysis contributed to a 
significant increase in the yield of light fractions (gasoline + diesel, 
boiling up to 300 ◦C). The initial yield of heavy oil, which was 10.72 %, 
increased to 46.4 % in the H(AL)T-CO2 sample and to 28.24 % in the H 
(AL)T-N2 sample. This is explained by the high potential of carbon di
oxide (CO2) for intermolecular interaction, and its contact with water 
(H₂O) leads to the formation of carbonic acid, which exhibits acidic 
properties. As a result, in an acidic environment, an ion (H⁺) is formed, 
which participates in the chemical reaction mechanism of isomerization, 
thereby increasing the share of isomers.

СО2 + Н2О = Н2СО3 [34]
H2CO3 ⇌ H+ + HCO3- [35]
The addition of AlxOy/AlOH further increases the yield of light 

fractions and accelerates both hydrogenation and isomerization re
actions. Consequently, this process enhances the quality characteristics 
of gasoline and diesel fractions obtained from heavy oil. In contrast, N2 
does not exhibit significant reactivity.

3.6. Analysis FTIR of aquathermolysis products

Fig. 11 shows that infrared spectroscopy (IR) of heavy oil (a), resin 
(b), and asphaltene (c) fractions before and after aquathermolysis 

demonstrates significant changes in the functional groups of oil samples 
in the range from 400 cm− 1 to 4000 cm− 1. These changes indicate the 
effectiveness of the process in improving the quality of heavy oil.

The data analysis in Table 4 compares the relative values of spectral 
coefficients for different groups.

The analysis of asphaltene fractions and heavy oil before and after 
aquathermolysis revealed a decrease in aliphaticity coefficients and an 
increase in aromaticity, caused by dehydrocyclization reactions and 
dehydrogenation of naphthenes leading to the formation of aromatic 
compounds (arenes) [36]. In contrast to asphaltenes, resins show an 
increase in aliphaticity and a decrease in aromaticity, which may be 
related to the hydrogenation of unsaturated compounds and the isom
erization of aromatic structures into aliphatic ones [37]. The analysis of 
sulfur content, recalculated to sulfoxides (R-S(=O)-R), showed a more 
significant decrease in the presence of AlxOy/AlOH nanoparticles, which 
possess acidic centers and the ability to dissolve CO₂, creating conditions 
for increased catalytic activity. This, in turn, accelerates reactions and 
reduces the activation energy required to break C–S bonds. As a result, 
more efficient desulfurization of oil occurs, ultimately leading to its 
improvement [38,39].

3.7. Nuclear magnetic resonance

The 1H-NMR spectra examined heavy oil before and after aqua
thermolysis. The distribution of hydrogen atom types includes: HA- 
aromatic hydrogen (9.0–6.0 ppm), Hα-aliphatic hydrogen on Cα, adja
cent to aromatic rings (4.0–2.0 ppm), Hβ-aliphatic hydrogen on Cβ and 
CH2, as well as CH for Cβ near aromatic rings (2.0–1.0 ppm), and Hγ- 
aliphatic hydrogen on Cγ and CH3 for Cγ, which is adjacent to aromatic 
rings (1.0–0.5 ppm). This classification was achieved using chemical 

Fig. 12. The GC-MS spectra of saturated hydrocarbons before and after catalytic thermolysis.
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shifts and integral areas. Furthermore, structural parameters of the ar
omatic hydrocarbons were calculated, including aromaticity (fA), 
condensation aromaticity (HAU/CA), branching index (BI), and con
version rate in aromatic rings (σ), employing enhanced methods 
developed by Brown-Ladner.1–4 [40–42].

The results presented in Table 5 demonstrate that both in non- 
catalytic and catalytic aquathermolysis, there is a decrease in the level 
of aromaticity (fA) and an increase in the aromaticity condensation 
coefficient (HAU/CA). This indicates that aromatic compounds are 
being transformed into less aromatic or aliphatic structures, which 
contributes to the formation of more stable aromatic compounds with a 
reduced tendency for further decomposition. Moreover, the coefficient 
of aromaticity condensation (HAU/CA) of heavy oil products from 
aquathermolysis conversion in a CO2 environment is higher than in an 
N2 environment. This is because CO2 can promote better mixing and 
dissolution of aromatic hydrocarbons, which increases the condensation 
coefficient. At the same time, N2has a less pronounced effect on the 
condensation of aromatic compounds, leading to a lower coefficient in 
this environment. The decrease in the branching index (BI) indicates 

processes of dehydrogenation and dealkylation, leading to the removal 
of side alkyl chains from hydrocarbon molecules and, consequently, to a 
reduction in the number of branches in their structure. Thus, aqua
thermolysis not only leads to a change in the composition of hydrocar
bons but also increases the stability of the resulting compounds [43].

3.8. Analysis of GC-MS spectra

Chromatographic analysis of fractions of saturated hydrocarbons 
extracted during the aquathermolysis of heavy oil (Fig. 12) shows dy
namic changes in their composition. We observe that the peak maximum 
shifts to the left, indicating an increase in the relative content of low 
molecular weight n-alkanes and iso-alkanes. This phenomenon is asso
ciated with the breakdown of long-chain alkanes, leading to the for
mation of more volatile and short-chain homologues. Hydrogenation 
and aromatization reactions may also contribute to the observed 
changes. However, interactions with (AlxOy/AlOH) and CO2 promote 
more intense destruction of high molecular weight compounds, which is 
manifested in the increased intensity of n-alkane peaks with a retention 

Fig. 13. The GC–MS spectra (TIC) of aromatics hydrocarbon fractions before and after catalytic thermolysis.

Y.I.I. Abdelsalam et al.                                                                                                                                                                                                                        Journal of Analytical and Applied Pyrolysis 191 (2025) 107151 

11 



time of less than 10 minutes. This effect allows tracking the dynamics of 
changes in the composition of saturated hydrocarbons over time. At later 
stages of the chromatogram analysis, clear and intense peaks are pre
served, which may indicate the stabilization of the hydrocarbon 
composition and the completion of key degradation processes.

Chromatographic analysis of the total ion current (TIC) of the aro
matic fraction of heavy oil samples subjected to aquathermolysis 
(Fig. 13) shows significant changes in the composition of these fractions 
under the influence of catalytic treatment. In the initial stages of the 
study, peaks corresponding to alkylbenzenes (C10-C13) and tetralins are 
detected and recorded before the eighth minute of chromatographic 
analysis. The presence of a catalyst (AlxOy/AlOH) in the midst of CO2 
leads to significant modifications of the chromatographic profile of the 
samples. At the same time, a decrease in the intensity of peaks charac
teristic of alkylbenzenes and alkyltetralins is noted, along with the 
emergence of new peaks, indicating transformations in the composition 
of aromatic hydrocarbons. It has been established that in the sample 
treated with a catalyst and CO2, a more pronounced transformation of 
low-boiling aromatic compounds is observed. At later stages of the 
process, a significant decrease in peak intensity is observed, which may 
indicate the deep transformation or destruction of most of the original 
compounds. At the same time, a greater diversity of peaks is recorded in 
the CO2 environment compared to using N2, which may indicate more 
complex reaction processes occurring under catalytic reaction 
conditions.

4. Conclusions

This work presents the mechanism of action of an oil-soluble catalyst 
based on aluminum oleate and CO2 in the process of aquathermolysis. 
Under aquathermolysis conditions, aluminum oleate undergoes hydro
lysis, forming active nanoparticles AlxOy/Al(OH), which are uniformly 
dispersed in the oil phase, catalyzing hydrogenation and isomerization 
reactions. Meanwhile, CO2 acts as a heat carrier and solvent, which, in 
combination with the catalyst’s action, enhances overall catalytic ac
tivity and facilitates more effective interaction with oil components, 
thereby improving its processing. The research results indicate that the 
use of aluminum oleate in the presence of CO2 significantly increases the 
upgrading efficiency compared to the use of N2. The interaction of CO2 
with aluminum oleate modifies the active centers of the catalyst, 
increasing its efficiency in dehydrogenation, hydrogenation, and 
breaking C-heteroatom bonds, leading to a significant increase in the H/ 
C ratio (1.91), a reduction in viscosity (74.8 %), as well as a decrease in 
sulfur content (40 %) and asphaltenes (34.2 %) in oil samples compared 
to heavy oil. Additionally, the yield of light fractions (gasoline + diesel) 
increases to 300 ◦C from 10.72 % to 46.4 %, respectively. These results 
highlight the importance of selecting the medium for catalytic processes, 
opening new prospects for improving the efficiency of heavy oil pro
cessing. Further research should focus on optimizing process parameters 
and studying other catalysts and combined methods to enhance 
upgrading efficiency, including pilot and industrial tests.
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