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Abstract
The demand for fuel from unconventional sources is increasing all over the world, however, there are still special and strict 
regulations regarding the methods of enhanced oil recovery as well as the content of the oil produced, including the amount of 
sulfur. In-situ combustion (ISC) is an attractive thermal method to enhance oil recovery and in-situ upgrading process. In this 
work, copper (II) oleate and copper (II) stearate were used for the oxidation of extra heavy oil with high sulfur content in the 
ISC process using a self-designed porous medium thermo-effect cell (PMTEC) and visual combustion tube. Using PMTEC 
the catalytic performances of the synthesized oil-soluble copper (II) oleate and copper (II) stearate and kinetic parameters 
such as activation energy using Ozawa-Flynn-Wall method were studied. The X-ray diffraction (XRD) and high-resolution 
field emission scanning electron microscopy were used to examine the characteristics of in-situ synthesized CuO nanoparti-
cles during oxidation. As shown, the presence of oil-soluble copper (II) stearate and copper (II) oleate reduced oil viscosity 
from 9964 to 8000 and 6090 mPa˙s, respectively. Following ISC process in porous media in the presence of copper (II) oleate, 
the high sulfur extra heavy oil upgraded, and its sulfur content decreased from 10.33 to 6.79%. Additionally, SARA analysis 
revealed that asphaltene and resin content decreased in the presence of oil-soluble catalysts. During the oxidation reaction, 
homogeneous catalyst decomposed into nanoparticles, and heterogeneous catalyst is distributed uniformly in porous media 
and played an active role in the catalytic process. It should be noticed that, these kind of oil-soluble catalysts can be novel 
and highly potential candidates for initiation and oxidation of extra heavy oil in order to decrease the viscosity, enhanced oil 
recovery and production of the upgraded oil.
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Abbreviations
CSS  Cyclic steam stimulation
EOR  Enhanced oil recovery
FD  Fuel deposition
FESEM  High-resolution field emission scanning elec-

tron microscopy
GC  Gas chromatography
HTO  High-temperature oxidation
ISC  In-situ combustion
LTO  Low-temperature oxidation
OFW  Ozawa-Flynn-Wall
PMTEC  Porous medium thermo-effect cell
SAGD  Steam-assisted gravity drainage
SARA   Saturate, Aromatic, Resin and Asphaltene
VCT  Visual combustion tube
XRD  X-ray diffraction

List of symbols
A  Constant pre-exponential factor  (s−1)
Eα  Activation energy (kJ/mol)
g(α)  The integral expression of kinetic model 

function
R  The universal gas constant (8.314 J/mol K)
Tα  The temperature at conversion α
�  The linear heating rate (K/min)

Introduction

In-Situ Combustion (ISC) is one of the thermal methods 
for recovery of heavy and extra heavy oil. The air enters 
the oil reservoirs, and chemical or electrical operations or 
other materials and catalysts lead to ignition and temperature 
rise. The combustion process is accompanied by a decrease 
in the viscosity of the oil and a decrease in the amount of 
sulfur and heavy compounds (Castanier and Brigham 2003; 
Kök and Gul 2013; Deniz-Paker and Cinar 2017; Ismail and 
Hascakir 2020; Zhao et al. 2023). In comparison to other oil 
recovery techniques such as cyclic steam stimulation (CSS) 
(Wang et al. 2018a) and steam-assisted gravity drainage 
(SAGD) (Wang et al. 2020), the ISC method has unique 
advantages, including low heat loss due to the combustion 
process that occurs in reservoirs as well as abundant air sup-
ply (Varfolomeev et al. 2022). This process generates a sig-
nificant amount of heat. Through this heat, the viscosity of 
heavy oil is reduced, thus increasing its mobility toward the 
production well for recovery (Al-Saffar et al. 2000). With 
such a high percentage of failed projects in the 1960s and 
the low probability of ISCs being successful, it might be 
argued that ISCs are a very complex and currently not well-
understood process. As long as it is designed properly for 
the right type of reservoir, this process can recover oil with 
a significant percentage of crude oil-in-place (Sarathi 1999).
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Three distinct zones of chemical and physical reaction 
were found in the ISC process, including 1) low-tempera-
ture oxidation (LTO), T < 350 °C, 2) fuel deposition (FD), 
T ∼350–450 °C, and 3) high-temperature oxidation (HTO), 
T > 450 °C (Varfolomeev et al. 2016; Kök et al. 2018; Meh-
rabi-Kalajahi et al. 2018, 2022; Zhao et al. 2024). The crude 
oil is oxidized in the first region, forming hydroperoxides, 
alcohols, aldehydes, ketones, as well as methane, ethane, 
CO, and  CO2, which are gaseous products (Babapour Golaf-
shani et al. 2023; Mehrabi-Kalajahi et al. 2024). The second 
stage uses pyrolysis to decompose the obtained products of 
the previous process into coke, which is then provided a fuel 
in the third stage to ensure propagation through a well and 
stability of the combustion process (Sadikov et al. 2018; 
Yuan et al. 2019; Rojas et al. 2021). One of the main reac-
tions taking place in the third stage is the combustion of 
coke.

Regarding the recovery of heavy and extra-heavy oil from 
reservoirs, ISC technology has been considered a suitable 
option due to its low cost and low energy requirement for 
increasing oil production (Ismail et al. 2018; Popov et al. 
2021). Taking advantages of the ISC, this process still suf-
fers from some points, such as the difficulty of initiating the 
combustion and the instability of the combustion front in 
porous media, which make it difficult to enhance oil recov-
ery (Xu et al. 2018; Abishev et al. 2018; Yuan et al. 2022). A 
number of factors can be used to overcome these disadvan-
tages, including improving the combustion process using oil-
soluble catalysts (Rezaei et al. 2013; Galukhin et al. 2016; 
Sadegh Mazloom et al. 2020; Zhao et al. 2020; Babapour 
Golafshani et al. 2021; Mehrabi-Kalajahi et al. 2021a, 2022; 
Saifullin et al. 2022).

Recently, metal-based catalysts have attracted more 
attention because of their capability to oxidize and crack 
hydrocarbons in porous media (Lin et al. 2017; Wang et al. 
2018b; Lei et al. 2020). It is noteworthy, though, that both 
LTO and HTO onsets can be reduced by applying metal-
based catalysts, including metal oxides and water-soluble 
nanoparticles (Kok and Bagci 2004; Mehrabi-Kalajahi et al. 
2021a; Zhao et al. 2021b; Yuan et al. 2021). Since these 
kinds of catalysts are insoluble, poorly distributed in crude 
oil environments, and don’t make direct contact with crude 
oil during oxidation, they don’t generate much interest. In 
light of these negative aspects of metals, metal oxides, and 
water-soluble metal nanoparticle catalysts and precursors, 
ISC technology has emphasized the need for other targeted 
species of catalysts and precursors which are widely avail-
able and more readily soluble in crude oils, a controversial 
issue that continues to persist (Ramírez-Garnica et al. 2008). 
In previous works from our group, it was shown that when 
oil-dispersed or oil-soluble metal-based catalysts with a 
high capacity state are used in crude oil environments in 
the ISC process, the stability of combustion fronts changes 

dramatically (Babapour Golafshani et al. 2021, 2023; Meh-
rabi-Kalajahi et al. 2021b). The use of oil-soluble and oil-
dispersed catalysts in porous media has been contemplated 
recently due to their widespread distribution in crude oil and 
their potential to enhance oil recovery and reduce viscosity 
(Zhao et al. 2020, 2021a; Mehrabi-Kalajahi et al. 2021a). 
Previous research by our team has shown that iron oxide 
coated with oleic acid  (Fe2O3@oleic acid) is widely distrib-
uted in heavy oil, including liquid oil and porous media. This 
leads to a decrease in the ignition temperature and oxida-
tion temperature in both the LTO and HTO stages of heavy 
oil (Mehrabi-Kalajahi et al. 2021a). It is possible to obtain 
in-situ metal oxide nanoparticles and achieve uniform dis-
persion of particles in the presence of oil-soluble catalysts. 
For instance, NiO nanoparticles were generated in-situ and 
deposited in coke-like residue to increase the rate at which 
asphaltenes oxidize (Amrollahi Biyouki et al. 2018).

During upgrading and refining to provide transportation 
fuels and petrochemicals, heavy oil and extra heavy oil still 
requires desulfurization and viscosity reduction (Javadli and 
De Klerk 2012; Mozhdehei et al. 2019; Urazov and Sviri-
denko 2021). For in-situ upgrading of heavy oil and extra 
heavy oils through the ISC process, stable combustion fronts 
are required. When oil-soluble catalysts are present, the ISC 
process can provide a stable combustion front, enhancing 
the quality of the combustion processes and reducing the 
amount of fuel that is deposited. Additionally, a proper com-
bustion process can reduce the sulfur concentration and, in 
turn, upgrade the extra-heavy oil. In the catalytic reaction, 
it has been suggested that desulfurization of the heavy frac-
tions contributes most to the reduction of viscosity of heavy 
oil. Several transition metal catalysts have been reported to 
create strong interaction with heavy oil structures and act as 
catalytic centers in the reaction (Rosales et al. 2006; Li et al. 
2013). The result is that some large hydrocarbon molecules 
become partially unstable, which results in their decomposi-
tion into smaller oil components (Zhao et al. 2021a).

The purpose of this study is to investigate the possibility 
of upgrading extra heavy oil by reducing its viscosity and 
desulfurization in the presence of catalysts dispersed in oil 
with in-situ combustion process. To simulate and investi-
gate the oxidation of extra heavy oil in porous media under 
airflow rate and displacement processes, a porous medium 
thermo-effect cell (PMTEC) and visual combustion tube 
(VCT) have been developed, which are accessible and not 
expensive. Aiming to improve the quality of extra heavy 
oil and decrease its viscosity and sulfur during the oxida-
tion process, we investigated the effect of two different oil-
soluble transition metal-bearing catalysts. Certain catalysts 
contain organic ligands in their structure that make them 
oil-soluble, distinguishing them from other metal-based 
catalysts (Amanam and Kovscek 2017; Amrollahi Biyouki 
et al. 2018; Yuan et al. 2021). This property enables better 
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distribution in extra-heavy oil, making them highly promis-
ing for accelerating the oxidation process of this type of oil. 
The organic ligands help lower activation energy parameters 
and promote the production of coke, further enhancing their 
potential.

Experimental

Materials

An extra heavy oil sample was selected in this study. Table 1 
displays the extra heavy oil’s physical and chemical char-
acteristics. TatChemProduct provided the silica gel (Acros 
24,037), (Kazan, Russia). Based on the ASTM D 4124 
standard, the SARA analysis of extra heavy oil was car-
ried out. Using a PerkinElmer 2400 Series (II) analyzer in 
accordance with ASTM (P/N 0240-1289), the initial extra 
heavy oil and upgraded oils’ elemental composition (C, H, 
N, and S) were analyzed (Varfolomeev et al. 2015).

Preparation of copper (II) stearate and copper (II) 
oleate

The analogous procedure we employed in our earlier 
researches (Sadikov et al. 2018; Yuan et al. 2019) was used 
to synthesize the copper (II) stearate and copper (II) oleate 
in the lab. For this purpose, we have used the saponification 
reaction method for synthesizing oil-soluble copper-based 
catalysts in the mixed solvent of water and ethanol in the 
presence of oleic acid, stearic acid, and copper salt (1 & 2).

After the extraction, the product was filtered and repeat-
edly washed with distilled water and ethanol (1:1) mixtures.

Extra heavy oil oxidation experiments

The oxidation of extra heavy oil was studied using the self-
designed porous medium thermo-effect cell (PMTEC) and 
visual combustion tube (VCT), both with and without oil-
soluble catalysts. The temperature variations occurring 

(1)R − COOH + NaOHR − COONa + H
2
O

(2)R − COONa + CuSO4(R − COO)2Cu + Na2SO4

during the combustion reactions were observed using these 
well-designed equipment. The scheme of a PMTEC is shown 
in Fig. 1. To measure external temperatures (T1) and sam-
ple temperatures (T2), thermocouples were placed inside 
silica gel particles prior to and inside the oil samples. The 
ceramic heater had the following heating schedule. Follow-
ing a 10 min thermal hold at 50 °C for the ambient tem-
perature, the heater began to heat up to 700 °C at a rate of 
10 °C/min. The extra heavy oil and silica gel were mixed at a 
ratio of 1 to 2 to prepare the sample for the PMTEC studies, 
and 1.5 g of the combined mass was added to the system. 
1% was chosen as the catalyst’s optimum concentration for 
the extra heavy oil oxidation based on our prior study. Air 
was fed into the reactor at a rate of 0.2 l/min throughout the 
reactions. The more comprehensive details on PMTEC have 
been disclosed in our earlier works (Yuan et al. 2019, 2020). 
The self-designed Visual Combustion Tube (VCT) is used 
to study the oxidation of extra heavy oils in porous media 
at laboratory scale and under specific airflow conditions. 
The movement of the combustion front, the recovery rate of 
the recovered oil, and an examination of its characteristics 
using the SARA technique are the oxidation parameters in 
porous media that this equipment can provide. The sample 
(extra heavy oil + silica gel) was placed within a 1.5 cm-
diameter, transparent quartz tube to prevent further interac-
tion between the sample and the tube wall. For the purpose 
of tracking the movement of the combustion front during 
the oxidation, a thermometer was placed inside the tube at a 
fixed distance from the entrance of the sample. To provide 
the high temperature conditions for the start of the oxida-
tion reaction in the sample, an electrical heater was attached 
around the quartz tube. Extra heavy oil and porous media 
(silica gel) have a ratio of 1 to 3, respectively. Within the 
oxidation reaction, the airflow was adjusted to 0.25 l/min. 
By using the viscosity measurement and SARA method, the 
recovered upgraded oils were examined individually (Meh-
rabi-Kalajahi et al. 2022).

Kinetics calculation extra of heavy oil combustion

Kinetic analysis of the crude oil oxidation has been widely 
measured using isoconversional methods. In this work, 
for the analysis of the activation energy (Eα), we have 
used Ozawa-Flynn-Wall (OFW) as the isoconversional 
method. It is possible to categorize regarding to the integral 

Table 1  Extra heavy oil’s characteristics

*The viscosity was measured at 50 °C

Sample Viscosity* mPa‧s Elemental analysis (%) SARA analysis (%)

C H N S H/C Saturate Aromatic Resin Asphaltene

Extra heavy oil 9964 79.07 9.83 0.78 10.33 12.43 20.6 32.9 23.3 23.1
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mathematical manipulations of the equations of Arrhenius 
(Vyazovkin et al. 2014; Yuan et al. 2021) (3):

where (A) constant pre-exponential factor (or simply the 
pre-factor) has been provided and it has units of  s−1, R is the 
universal gas constant (8.314 J/mol K), Eα is the activation 
energy of the reaction (kJ/mol), and f(α) that describes the 
reaction mechanism for multi-step kinetics. Therefore the 
presented equation is used as the OFW method (4):

where β is the linear heating rate (in the unit of K/min), 
g(α) is the integral expression of kinetic model function, 
and Tα is temperature at conversion α. The activation energy 
(Eα) has been estimated by plotting ln(β) versus 1/T (K−1) 
at conversion α.

Characterization of obtained solid products using 
XRD and FESEM

The X-ray diffraction (XRD) technique was employed for 
the study of extra heavy oil + catalyst following isothermal 
treatment at high temperatures. It was conducted using a 
desktop diffractometer, model number MD-10 (Rodicon, 
St. Petersburg, Russia), outfitted with a position-sensitive 
detector and a Fe-K radiation source (with a wavelength of 
1.93728 nm). In terms of angular accuracy for the position 

(3)
d�

dt
= A × e

−
E�

RT × f (�)

(4)ln (�) = ln

(

AE�

Rg(�)

)

− 5.33 − 1.05 ×

(

E�

RT�

)

of the reflex, the diffractometer operates in a Debye-Scherer 
geometry and has a tolerance of roughly 0.02°. At room 
temperature, XRD patterns with a step of 0.015° were cap-
tured in the range of 17–130°. The characterization of the 
generated particles during the oxidation process was carried 
up in this investigation using a high-resolution field emis-
sion scanning electron microscopy (FESEM) fitted with an 
energy dispersive X-ray (EDX) analysis equipment (Aztec, 
Oxford Instruments) (Yu et al. 2011).

Results and discussion

The combustion process of extra heavy oil 
under airflow in PMTEC

We investigated the properties of extra heavy oil and the 
effect of catalysts on oxidation reactions using PMTEC. In 
these experiments, the synthesized catalysts were introduced 
to the extra heavy oil environment and porous media using 
solvent  (CH2Cl2) and mechanically mixed very well in order 
to obtained homogeneous sample. It should be noticed that, 
due to the boiling point of the dichloromethane, during the 
mixing process it will evaporated. The PMTEC experiments 
recorded three different temperature curves: (1) the environ-
ment temperature (T1), (2) the sample temperature (T2), and 
(3) the temperature difference between the environment and 
the sample (T2T1). T1, which illustrates the heating process 
of the inert atmosphere, contains no samples. T2 displays the 
temperature of the oil sample in the porous medium based 
on the interactions of the extra heavy oil with the injected air 

Fig. 1  Graph of the PMTEC
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during the heating process. The difference between T1 and 
T2, which results from both chemical and physical reactions 
occurring in the porous medium, equals the net increase in 
temperature of these two dissimilar contents. The tempera-
ture profiles of extra heavy oil acquired from PMTEC are 
shown in Fig. 2. The fact that the initial ambient temperature 
(T1) and sample temperature (T2) were similar demonstrates 
the porous media’s ability to maintain a constant tempera-
ture. The oxidation began in the reactor and produced the 
temperature differential over time when the heat treatment 
process was increased. In effect of the small amount evapo-
ration of light fractions of oil and small amount of moisture 
absorbed by silica gel, there was a negative temperature 
differential between 85 and 130 °C. Interesting combustion 
temperature peaks were seen in the sample temperature (T2) 
curve in the ranges of 221–295 °C. Notably, the temperature 
profile produced from PMTEC shows the shoulder before to 
the oxidation peak temperature. This shoulder can be attrib-
uted to the initial phases of oxidation and the exothermic 
action of oxygen addition activities (Pu et al. 2019).

The Fig. 3 and Table 2 illustrate the effect of copper (II) 
oleate and copper (II) stearatre on extra heavy oil oxidation 
when combined with a dynamic 0.2 l/min airflow. Copper 
(II) oleate and copper (II) stearatre demonstrate that their 
presence has significant effect on the oxidation intervals. 
The PMTEC experimentation’s data here are dissimilar 
from those of the differential scanning calorimetry experi-
ment (DSC). For instance, the peak that was produced in 
these experiments is referred to as low-temperature com-
bustion process (LTC), as opposed to low-temperature oxi-
dation (LTO), which was produced in DSC experiments. 
The LTC was seen to be pushed into the lower temperatures 
in the presence of oil-soluble copper (II) oleate and cop-
per (II) stearatre as catalysts. As it is seen, with catalysts, 
the temperature range of the combustion process declined 
from 221–295 to 213–284 and 219–285 °C, respectively. 
Additionally, the peak combustion temperatures dropped 

from 240 to 233 and 236 °C. The presence of oleic acid and 
stearic acid as organic ligands during the pre-combustion 
stage can also promote the oxidation reactions since they 
contain carboxylic acid as the favorable and promising prod-
uct. In comparison to other copper-based research, the inclu-
sion of organic ligands in the catalysts’ structure enhanced 
the dispersion of oil-soluble catalysts in extra heavy oil. In 
this study, the on-set temperature of LTC decreased from 
239 to 213 °C with the presence of copper (II) oleate com-
pared to CuO nanoparticles. (Amanam and Kovscek 2017). 
Compared to other studies, the use of in-situ synthesized 
nanoparticles as the active form of catalyst has been found 
to be more effective than the ex-situ synthesizing process in 
terms of improving the oxidation performance and reduc-
ing the viscosity of the produced oil (Amrollahi Biyouki 
et al. 2018). This is due to the fact that the in-situ process 
allows for better control over the size, shape, and distribution 
of the nanoparticles, resulting in an increased surface area 
and more efficient catalytic activity. Additionally, the in-situ 
method minimizes the agglomeration of nanoparticles, lead-
ing to a more uniform dispersion throughout the oil matrix 
and improved catalytic performance. These factors contrib-
ute to the superior performance of the in-situ synthesized 
nanoparticles as an active catalyst.
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Table 2  Temperature range information for extra heavy oil oxidation 
with and without catalysts at the heating rate of 10 °C/min

Range of possible temperature error value (°c)

Sample LTC

Temperature 
range (°C)

Temperature 
peak (°C), 
(*)

Extra heavy oil 221–295 240 (± 1)
Extra heavy oil + copper (II) oleate 213–284 233 (± 0.75)
Extra heavy oil + copper (II) stearate 219–285 236 (± 0.5)
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Impact of catalysts on the apparent activation energy 
of extra heavy oil oxidation reaction in the porous medium

To understand the effect of oil-soluble catalysts on the kinet-
ics parameters of extra heavy oil oxidation, Eα was valued 
by OFW method. According to oxygen consumption during 
oxidation process at different heating rate the kinetic param-
eters were calculated. Figure 4 displayed the dependence 
of activation energy on conversion degree. It can be seen 
that due to oil-solubility of catalysts especially copper (II) 
oleate at the beginning of the oxidation reaction the value of 
activation energy is lower in the presence of catalysts, which 
shows in low temperate regions the effect of copper (II) 
oleate is higher than copper (II) stearate. It can be attributed 
to oxygen addition reaction that oleate can accelerated the 
oxidation reaction even in LTO stage. As can be seen from 
Fig. 4 with the increasing of conversion degree (α) both val-
ues of Eα with copper (II) oleate and copper (II) stearate are 
lower than without catalyst. The similarity of these catalysts 
in higher α can be related to formation of the same active 
from of catalysts (CuO) in high temperate regions. The 
results showed that the application of oil-soluble catalysts 
have good enough catalytic effect on the oxidation of extra 
heavy oil in porous media. The lower activation energy vales 
support the idea that the oxidation reaction in the presence 
of oil-soluble catalysts occur easier in a lower temperate.

Catalysts effect on extra heavy oil properties 
during oxidation in porous medium using VCT

Figure 5 displays the thermocouple-recorded combustion 
front propagation and temperature outline of extra heavy 
oil oxidation in porous medium. The porous media’s fixed 
thermocouple provided combustion front spreading infor-
mation and monitored the coke combustion’s heat effect. 
The inclusion of oil-soluble catalysts accelerated the spread 

of the combustion front relative to the absence of catalyst 
conditions, as indicated by the temperature profile observed 
by the thermocouple. The combustion front’s spread was 
promoted more effectively by copper (II) oleate than by cop-
per (II) stearate. To explore the chemical changes occurring 
during the oxidation process in the structure of the crude oil, 
the produced oils following the ISC process were evaluated 
by viscosity measurments and SARA method. According 
to Table 3, the viscosity reduced from 9964 to 8000 and 
6090 mPa‧s in the presence of copper (II) stearate and cop-
per (II) oleate, respectively. Based on the SARA analysis, 
the asphaltene and resin contents in recovered oils decreased 
from 23.1, 23.4 to 8.1, 10.2 and 7.6, 8.4% respectively, with 
the addition of the oil-soluble copper (II) stearate and cop-
per (II) oleate. According to Table 3, when copper (II) stea-
rate and copper (II) oleate were present, the amount of the 
saturate fractions after ISC improved from 20.6 to 42.9 and 
46.1%, respectively. According to the oxidation results of 
using copper (II) stearate and copper (II) oleate as oil-solu-
ble catalysts in this work and  CoFe2O4@oleic acid,  Fe2O3@
oleic acid,  TiO2@oleic acid, α-Fe2O3 and γ-Fe2O3 as oil-dis-
persed catalysts in previous works (Golafshani et al. 2019; 
Mehrabi-Kalajahi et al. 2021a, b; Yuan et al. 2021), it can be 
said that the use of oil-soluble copper (II) oleate, due to its 
high dispersion in ultra-heavy oil, produced a greater effect 
in reducing the oxidation temperature and promoting the 
ultra-heavy oil process. Gas chromatography (GC) was used 
to examine the carbon number variations in the achieved 
saturated fractions. As demonstrated in Fig. 6, the presence 
of catalysts, particularly copper (II) oleate, led to a drop in 
weightier alkanes and a rise in lighter alkanes. This may be 
connected to the process of in-situ upgrading of extra heavy 
oil and catalytic cracking of heavyweight components during 
the oxidation process.

Contaminants and high molecular weight hydrocarbons 
including nitrogen, sulfur, aromatics, asphaltenes, and heavy 
metals make up the majority of extra heavy oils. Sulfur is 
regarded as the most dangerous unwanted contaminant 

Fig. 4  Dependence of activation energy (Eα) on the degree of conver-
sion (α) obtained from OFW method, inset: average activation energy
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among these substances (Houda et al. 2018). Desulfuriza-
tion is one of the most significant steps in upgrading oil 
in a refinery. Oxidation can reduce nitrogen and sulfur 
concentrations in crude oils through the transformation of 
these elements into acids (Kansha et al. 2022). It has been 
developed a number of desulfurization processes, including 
atmospheric distillation residue desulfurization as well as 
hydrogen desulfurization (Gary et al. 2007). The develop-
ment of alternative nonhydrogenation processes has made 
significant progress. Desulfurization by adsorption and oxi-
dative desulfurization are some of the processes for produc-
ing ultra-low sulfur fuel. Due to its characteristic towards 
high oxidative reactivity and sulfur molecules, oxidative 
desulfurization with an oxidizing agent has received sig-
nificant attention (Houda et al. 2018). Herein, the elemental 
compositions of initial extra heavy oil and the produced oils 
after in-situ combustion with and without oil-soluble cata-
lysts were listed in Table 3. In the produced oils, carbon, 
hydrogen, and the H/C ratio all increased with ISC and ISC 
with oil-soluble catalysts. In contrast, nitrogen and espe-
cially sulfur decreased with ISC and ISC with catalysts. The 
application of oil-soluble copper (II) stearate and copper (II) 
oleate in the ISC improved desulfurization and eliminated 
more sulfur from extra heavy oil. The elemental analysis 
experiments showed that, in the presence of copper (II) stea-
rate and copper (II) oleate, respectively, the sulfur content 
decreased from the initial extra heavy oil’s 10.33 to 7.28 and 
6.79%. In addition, the inclusion of copper (II) oleate, as an 
effective catalyst, enhanced the recovery factor and produc-
tion of upgraded oil during the oxidation process of crude 
oil in porous medium from 44.7 to 52.6%.

Examination of in‑situ transformation of catalyst 
within the oxidation of extra heavy oil

To better understand of catalytic oxidation mechanisms and 
in-situ transformation of oil-soluble copper-based catalysts 
in oxidation reactions, the isothermal oxidation experiments Ta
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of extra heavy oil + copper (II) oleate in porous media car-
ried out based on two combustion zone obtained from VCT 
at 500 and 800 °C. The samples’ XRD patterns at 500 and 
800 °C are shown in Fig. 7A. The copper oxide is synthe-
sized in-situ at higher temperatures (800 °C) as a result of 
the decomposition of  CuSO4, which is interestingly detected 
at 500 °C due to the high sulfur concentration in the extra 
heavy oil structure. Reflexes associated with CuO are seen 
to be slightly stretched, which is consistent with their mod-
est size as copper oxide nanoparticles (Babapour Golafshani 
et al. 2021). The SEM images of solid products produced 
by isothermal oxidation are shown in Fig. 7B. It is obvious 
that the acquired product morphologies at 500 and 800 °C 
differ from each other. The agglomerated and adhered par-
ticles are visible in the SEM image at 500 °C, but at higher 
temperatures, these accumulated particles were disseminated 
into the sample’s residual bulks and produced morphologies 
with greater porosities than at lower temperatures. Overall, 

it is clear from XRD and SEM that the in-situ synthesize 
of copper oxides is crucial to the process of oxidizing extra 
heavy oil, especially at high temperature oxidation (HTO). 
Earlier, it was established that the primary factor affecting 
the catalytic oxidation reaction of the heavy oil’s asphaltene 
is the dispersion of the nanoparticles inside of coke residue 
(Hosseinpour et al. 2014).

Conclusions

In this study, the copper (II) stearate and copper (II) oleate as 
oil-soluble catalysts were synthesized and studied in the ISC 
process of extra heavy oil for in-situ upgrading process and 
enhancing oil recovery. The PMTEC and VCT were applied 
to investigation of both oil-soluble catalysts in porous media 
for extra heavy oil oxidation. The following are the main 
results of the current study:

Fig. 7  A XRD patterns, and 
B SEM images of the sample 
of copper (II) oleate + extra 
heavy oil following oxidation in 
porous media at 500 and 800 °C

A)

B)

Copper (II) oleate + oil, 500 °C

Copper (II) oleate + oil, 800 °C
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1. Catalysts shifted the combustion temperature of extra 
heavy oil to lower temperatures, which in the presence 
of copper (II) oleate decreased from 240 to 233 °C.

2. Kinetic calculations showed that the average activation 
energy decreased from 90 to 70 kJ/mol in the presence 
of copper (II) oleate as the superior catalyst.

3. The combustion experiments using VCT showed that 
the applying copper-based catalysts accelerated the oil 
displacement in porous media. Furthermore, after ISC 
process with the addition of catalysts, the produced 
oil’s viscosity and the content of sulfur decreased from 
9964 mPa˙s and 10.33% to 6090 mPa˙s and 6.79% in the 
presence of copper (II) oleate.

4. The presence of oil-soluble copper (II) oleate reduced 
the heavy fractions share (resin + asphaltene) from 46.5 
to 16%, and increased the lighter fractions share (satu-
rate + aromatic) from 53.5 to 84%.

5. Results from XRD and SEM confirmed that during 
the oxidation process, the organic parts of oil-soluble 
catalyst decomposed and the CuO nanoparticles in-situ 
formed.

6. Low-cost and manageable precursors can be used to 
manufacture these types of catalysts. These novel cata-
lysts compared to others metal-based catalysts have high 
potential for the ISC process of extra heavy oil, which 
can enhance oil recovery and in-situ upgrading process, 
as they possess unique characteristics compared to other 
metal-based catalysts.
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