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In order to improve the heavy oil quality, the electromagnetic (EM) heating method with the addition of metal
catalysts has been considered. Oil-soluble catalyst precursors, which consist of a ligand and a metal, prevent their
clumping and precipitation by dispersing nanoparticles in oil. Unfortunately, no research was found to inves-
tigate the effect of adding this type of catalyst on increasing the efficiency of EM heating and optimizing the
recovery of heavy oil. The aim of this paper was to propose nickel-adipic (NOSC) as an oil-soluble catalyst
precursor to increase the efficiency of EM heating. A set of 2.45 GHz industrial magnetrons was used as the
microwave radiation source with the addition of 1 wt% NOSC (containing 0.39 % Ni) at time intervals of 3, 6 and
9 min. At 9 min, asphaltene and resin content decreased by 21.91 % and 40.07 %, and saturate and aromatic
content increased by 11.13 % and 41.3 %, respectively. In addition, the viscosity also showed a decrease of about
60 %. Elemental analysis showed 11 %, 13 % and 20 % reduction of sulfur after 3, 6 and 9 min, respectively.
According to the results of GC-MS, the content of n-Cpc—C3z compared to the control sample (ACO) was reduced
by 2 times in 6 min. In addition, observing the increase in the content of naphthalenes and light alkylbenzenes in
aromatic compounds was a proof of the effectiveness of the NOSC catalytic system in heavy oil upgrading. This
paper presents a promising approach to enhance the performance of EM heating in heavy crude oil recovery.

1. Introduction

Nowadays, the need for energy resources is increasing rapidly with
the technological advancement and population growth [1-3]. Nearly 70
% of the world’s oil reserves are heavy crude oil (HCO) and bitumen. In
general, HCO because of high viscosity and presence of heteroatoms in
its composition has many technical and economic problems [4-6]. The
thermal methods can be introduced as one of the most widely used
techniques in reducing the viscosity and improving HCO quality [7-10].
The purpose of conventional thermal oil recovery methods is to improve
HCO recovery by increasing reservoir temperature, removing heavy
compounds and reducing oil viscosity. Aqueous thermal recovery such
as fire flooding, hot water injection, steam injection and steam assisted
gravity drainage (SAGD) is known as one of the most common thermal
methods of HCO recovery [11,12]. Unfortunately, environmental and
economic limitations, as well as incompatibility with specific types of
HCO reservoirs, such as deep reservoirs, heterogeneous formations, etc.,
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can create challenges for these methods.

Recently, the electromagnetic (EM) heating technique has been
considered to solve these challenges [13,14]. Ritchey [15] first proposed
this method in 1956. Microwaves are EM waves with a frequency range
of 300 MHz to 300 GHz, which corresponds to wavelengths of 1 mm to 1
m [16]. Current research shows that using EM heating can resulted in
saving a significant amount of energy and time [17-20].

The EM heating can be described as polar molecules absorb micro-
wave radiation and oscillate, and due to these fluctuations at the mo-
lecular level, EM radiation is converted into heat energy.

It is obvious that, the excessive presence of asphaltenes and resins is
one of the most important factors in the high viscosity of HCO [21,22].
Thereby, these compounds, due to their dielectric properties, have a
high ability to absorb microwave radiation compared to aromatic and
saturated compounds. Hence, by absorbing microwave radiation, the
temperature of the reservoir increases and the heat produced is gradu-
ally distributed through other dielectric materials in the system.
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[17,23,24]. On the other hand, the absorption of microwave radiation
by asphaltene and resin molecules leads to the formation of hot spots at
the molecular level. The created hot spots cause cracking and removal of
long chain molecules or their conversion into smaller chain molecules
[25,26]. It is evident that the result of all these interactions is a reduction
in viscosity and an increase in the recovery efficiency of HCO.

This is apparent that the role of nanoparticles in reducing the vis-
cosity of HCO during EM heating and other thermal methods is very
essential to improve oil mobility. Significant research has been carried
out in the field of nanocatalysts in the thermal recovery of HCO and
viscosity reduction [27-32]. In particular, this type of catalyst has raised
the recovery efficiency due to the high surface to volume ratio which has
the ability to create more contact surface with the surrounding envi-
ronment of HCO [33]. Li et al. [34] studied the upgrading of HCO by
carbon nanocatalysts under microwave irradiation. They concluded that
carbon nanocatalysts could increase oil recovery efficiency at 150 °C.
Also, carbon nanocatalysts diminish viscosity and the time required to
recover HCO compared to conventional methods. Vakhin et al. [35]
conducted research based on the use of EM heating in the presence of
iron-based nanoparticles. They believed that the presence of iron-based
nanoparticles under microwave treatment had a significant effect on
breaking and converting high-molecular weight compounds to light—
molecular weight compounds, as well as reducing the viscosity of HCO.
The time parameter plays a key role in EM heating, because if during this
process, the heating rate does not match with time, Probability of losing
light oil compounds and increasing viscosity is extremely high. Taheri
Shakib et al. [36] used nanoparticles of titanium oxide (TO), super
active carbon (CA) and iron (Fe), under microwave radiation for
different time periods of 2, 4, 6, 8 and 10 min. The results obtained from
the experiments showed that the CA had a considerable effect in
reducing the viscosity within 6 min due to having the highest capacity to
absorb microwaves. Moreover, the highest amount of desulfurization in
6 min was done by CA nanoparticles.

One of the disadvantages of using metals and their oxides is the lack
of dissolution and accumulation in HCO. This phenomenon reduces the
efficiency of the catalytic system [37,38]. Accordingly, researchers have
proposed the use of oil-soluble catalytic systems as a solution to this
problem. In general, oil-soluble catalysts consist of an organic ligand
such as carboxylic acids and transition metals. The mechanism of this
type of catalytic system is that metal is dispersed in oil by an organic
ligand, so that it prevents from accumulating and clumping [39-42].

Fan et al.[43] showed in their research that both types of catalysts
soluble in water and oil have the ability to facilitate the aquathermolysis
of crude oil. Temurali Khalmrodov et al. [42] by developing an oil-
soluble nanocatalytic system, reported a decrease in viscosity and an
acceptable increase in the ratio of hydrogen to carbon using the aqua-
thermolysis method.

By reviewing the research conducted in the field of HCO recovery by
thermal methods, unfortunately no attention has been paid to the
simultaneous use of oil soluble catalysts and EM heating technique
[40,44-48]. Therefore, nickel-adipate as an oil-soluble catalyst pre-
cursor was proposed to improve the performance of EM heating. Adipic
acid is an organic ligand and its advantages include easy accessibility,
economical and environmentally friendly. Moreover, different time in-
tervals were suggested to detailed review the effectiveness of the cata-
lytic system. To present the results, experiments such as viscosity
measurement, Fourier transform infrared (FTIR), scanning electron
microscope (SEM), spectrometer (EDX), Group Composition SARA,
elemental analysis, X-ray diffraction (XRD) and gas chromatogra-
phy-mass spectrometry (GC-MS) were performed.

2. Experimental sections
2.1. Materials

Adipic acid, Nickel (II) nitrate hexahydrate, NaOH, ethanol,
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methanol, n-hexane, and toluene were obtained from Sigma Company.
The HCO sample was selected the Ashalcha heavy crude oil (ACO) field
from the Republic of Tatarstan (Russia). The chemical and physical
properties of ACO are shown in Table 1.

2.2. Synthesis of NOSC

The experimental setup includes a beaker, a dropping funnel, and a
mechanical stirrer, all maintained at room temperature. This arrange-
ment allows for the controlled addition of reagents and efficient mixing,
ensuring the successful formation of the desired NOSC product. In order
to prepare NOSC, Adipic acid and Nickel (II) nitrate hexahydrate were
dissolved separately in a 1:2 M ratio in ethanol and mixed for 1 h. The
pH of the adipic acid + ethanol solution was adjusted to 9 by using
sodium hydroxide. Then, the solution of Nickel (II) nitrate hexahydrate
+ ethanol was added drop by drop and stirred for 2 h. Consequently, the
precipitates were washed with ethanol and water to remove excess
ligand and metal salt. The obtained NOSC was dried at the room tem-
perature for 18 h.

2.3. Sample preparation and experiment procedure

The samples containing 20 g of ACO and 2 wt% of catalyst precursor
(containing 0.39 % nickel) were prepared to investigate the effect of the
oil soluble catalyst precursor using EM heating in 3, 6, and 9 min. The
heating was no more than 70 °C in order to study the influence of the
microwave field. For this purpose, the chamber was cooled and micro-
wave irradiation was interrupted every 1 min. A schematic of the mi-
crowave apparatus used in this study is shown in Fig. 1.

A set of industrial magnetrons with a frequency of 2.45 GHz was used
as a source of microwave radiation. The transmission of radiation from a
set of magnetrons to the reactor is carried out using a waveguide path.
Finally, the abbreviated nomenclature of the samples during this study is
shown in Table 2.

2.4. Analytical procedures

2.4.1. SEM and EDX analysis

Merlin field emission scanning electron microscope (Carl Zeiss)
equipped with AZtec X-Max energy dispersive spectrometer (Oxford
Instruments) was used. Spectrometer resolution 127 eV. To reduce the
possible error of EDX analysis, the working distance of 9 mm and the
accelerator voltage of 20 kV were selected.

2.4.2. XRD analysis

With the aim of investigating the phase composition and structure of
NOSC, the phase composition and structure of NOSC, a Shimadzu
XRD-7000S automatic powder diffractometer (Kyoto, Japan) was used.
X-ray diffraction was performed with 40 kW scanning voltage and 40
mA current through Cu Ka radiation. The scanning angle was in the
range of 5-90° 26 and with a speed of 5 /min.

2.4.3. SARA analysis

According to ASTM D2007 standards, the oil samples were divided
into four groups: saturated, aromatic, resin and asphaltene. The oil/
n-hexane mixture was prepared in a ratio of 1:40. After 12 h, asphal-
tenes were separated from maltene by filtration. A glass chromato-
graphic column (20x 500 mm) filled with ALO, that was previously
calcined at 450 °C for 3.5 h, was used to separate maltenes.

2.4.4. Viscosity measurements

After completing the EM heating process, the samples were placed at
room temperature for 24 h to stabilize. The viscosity of ACO and samples
containing NOSC at different times was measured and analyzed by
Fungilab Alphal viscometer (Valencia, Spain) at 20 °C. TL5 spindle was
used to measure samples. The amount of oil needed to evaluate the
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Table 1
Physical and chemical information of ACO.
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Viscosity at 20 C (mPa x s) Density (g x cm ™) API gravity

Elemental content (%)

SARA analysis (%)

C H N S (6] saturates aromatics resins asphaltenes
2950 0.973 13.8 82.02 11.52 0.45 577 0.24  27.39 31.14 34.81 6.66
3. Results and discussion
3.1. Characterization of NOSC
Mag“jmi’ 3.1.1. XRD and FT-IR spectroscopy results
In order to confirm the formation of the complex, XRD and FT-IR
analysis were performed.
- ACO XRD analysis showed the possibility of forming a complex between
Cam NOSC nickel and Adipic acid due to the presence of new peaks at 23, 30, 48, 64,
Coﬁiﬂ 67 and 70 (20) (Fig. 2). According to the literature, carboxylic acid
Electromagnetic groups show four main peaks in FTIR spectra: 3300-2500 cm ™! (O-H

field

Fig. 1. Schematic of the microwave device used for EM heating of the ACO.

Table 2
The samples under investigation in brief.
Number  Samples Conditions
1 ACO Ashalcha Heavy Crude Oil
2 blank -3 ACO without catalyst precursor During 3, 6 and 9 min
min under EM heating
3 blank -6
min
4 blank -9
min
5 NOSC -3 ACO with catalyst precursor During 3, 6 and 9 min under
min EM heating
6 NOSC -6
min

7 NOSC -9
min

viscosity was 6.7 ml. Data were gathered when the spring torque was in
the range of 60-90 %. It should be noted that the maximum relative
error of the equipment was assumed about 1 %.

2.4.5. Elemental analysis

Elemental composition including carbon, hydrogen, nitrogen, oxy-
gen, and sulfur present in oil and samples after EM heating treatment
were analyzed. Then the H/C ratio was calculated for each sample ac-
cording to the data.

2.4.6. FTIR analysis

FT-IR spectroscopy measurements to identify functional groups of
the catalyst and samples before and after treatment (ACO, asphaltenes
and, resins), using a Bruker Tensor II FTIR infrared spectrometer in the
wavelength range of 400 and 4000 cm — 1 were performed.

2.4.7. GC-MS analysis

Chromatic-Crystal 5000 gas chromatography with ISQ detector
(USA) was used to examine the fraction of saturated and aromatic
compounds. The sample volume was 0.1 Apl. Chromatography was
performed in linear temperature programming mode from 60 °C to
280 °C. Mass spectrum data processing was done using Xcalibur
program.

stretching), 1760 em™! (C=0 stretching), 1440-1395 em™! (O-H
bending) and 1210-1320 ecm~! (C-O stretch). Fig. 3 shows that the
peaks corresponding to 3300-2500 cm ! (O-H stretching), 1440-1395
cm~! (O-H bending) and 1210-1320 em~! (C-O stretching) undergo
significant changes with the formation of NOSC. These changes indicate
the involvement of carboxylic acid groups in the complexation process,
which is consistent with the successful synthesis of NOSC through metal
carboxylate ion interactions. [41,49]. The sharp peak at 3573 cm ! in
the NOSC spectrum is due to the free OH group of ethanol [50].

3.1.2. SEM and EDX analysis

As seen in Fig. 4, SEM and EDX techniques were performed to
analyze the morphology, size and elemental composition of the NOSC.
According to the results, the size of most NOSC particles is almost less
than 100 nm. The specific surface area of these nanoparticles is
increased due to the quasi-spherical structure (surface to volume ratio).
It is predicted that increasing the specific surface area and the
compaction of nanoparticles can enhance the probability of random
collision between oil molecules and catalyst. It has also been proven that
nanoparticles with smaller sizes have a great ability to absorb EM ra-
diation and propagate heat transfer efficiency [51]. Moreover, the main
elements of carbon (58.03 %), oxygen (26.97 %), and nickel (13.97 %)
were observed in the EDX data analysis (Fig. 4c). The identification of
oxygen and carbon elements can be argued by their presence in adipic
acid structure. The available impurities originate from the materials
necessary for the analysis preparation. Finally, a purity of ~99 % can be
considered for NOSC due to the high content of Ni, C and O elements.
Due to the high content of carbon, nickel and oxygen elements, 99 %=~
purity is not far from expected for NOSC. Also, the location and ratio of
different elements of EDX analysis were presented in the supplementary

% NOSC

50000

40000

30000

Intensity

20000

10000

T T T T

20 40 60 80 100
20 (deg.)

Fig. 2. XRD patterns of synthesized NOSC.
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information section (Fig. S1 and Table S1).

3.2. Upgrading of ACO under EM heating by NOSC

This study was designed with the aim of optimizing the recovery of
heavy oil using oil-soluble catalyst precursor under EM heating. The
improvement of ACO quality was evaluated by analytical methods such
as Group Composition (SARA) analysis, viscosity, FT-IR spectroscopy,
elemental analysis and GC-MS.

3.2.1. Group composition (SARA) of ACO after EM heating treatment

Fig. 5 shows the results of SARA for samples with and without NOSC
in 3, 6, and 9 min compared to ACO.

All samples under EM heating show acceptable reduction of
asphaltene contents. The highest amount of asphaltene reduction is
related to NOSC-9 min with 26.88 %. The decreasing trend of resin
content was observed in all samples. The maximum reduction is related
to NOSC-9 min about 40 %. Obviously, due to the presence of O, N and S

Free OH
-OH
-OH

C-0
C-OH

———NOSC

— Adipic acid

N I I 1 N I N I N 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber, (cm™)

Fig. 3. FT-IR spectra of Adipic acid and NOSC.

Frequency of particle size (%)

35

elements in asphaltenes and resins, they have a high ability to absorb
500 microwaves. The rotation of polar molecules placed in an alternating EM
field has a significant effect on increasing the efficiency of EM heating
[52]. The high dielectric properties of polar compounds cause large
carbon molecules to crack and break during treatment. In addition, the
phenomenon of secondary cracking also occurs with the formation of a
hot zone [53]. Note that, during the cracking of asphaltene and resin due
to the high thermal conductivity of the oil, the lighter compounds
contents will also change. Of course, based on many studies, it can be
concluded that the rate of conversion of heavy compounds into light
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Fig. 4. SEM images (a), the nanoparticle size frequency (b), and EDX analysis (c) of NOSC.
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Fig. 5. Group Composition (SARA) of ACO after EM heating treatment.

compounds is higher than the rate of light compounds losing. According
to the results, with the increase of heating time, the amount of saturation
and aromatic compounds increased, that the highest increase in saturate
and aromatic content by NOSC-9 min was 10.5 % and 41.3 % respec-
tively. On the other hand, the increase of saturation and aromatic
compounds after 9 min for the sample without catalyst was 5.95 % and
22.41 %, respectively. Moreover, the content of resins decreased by
20.55 % and asphaltenes by 21.77 %. From the above data, it can be
concluded that the presence of NOSC during EM heating has a significant
effect in reducing the content of heavy compounds and increasing light
compounds. It is assumed that, these increases in contents originated
from the cracking of long-chain hydrocarbons and the conversion of
them to shorter—chain hydrocarbons.

3.2.2. ACO viscosity reduction after EM heating treatment

The viscosity diagram of ACO and samples with and without catalyst
in 3, 6, and 9 min (T=20C and different shear rate) intervals are pre-
sented in Fig. 6.

According to the obtained data, the viscosity of crude oil diminished
in all samples. Changes were not noticeable for samples without NOSC.
On the other hand, the samples containing the catalyst showed prom-
ising results, so that the maximum viscosity reduction of about 60 % was

4500 =10
=@ blank-3min
4000 ~9= blank—6min
Q= blank-9min
~—@—NOSC-3min
@ 35004 —2—NOSC-6min
S: == NOSC-9min
£ 3000 -
£
2 2500 4
Q
&
> 2000
1500
1000 T T T T

T
0.4 0.6 0.8 1.0 1.2 14

Shear rate, s™!

Fig. 6. Dynamic viscosity of ACO under EM heating treatment with Different
shear rates at 20°C.
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observed for NOSC-9 min.Asphaltenes and resins due to their polar
nature have a high capacity to absorb microwave radiation [54]. The
presence of nickel nanoparticles along with these compounds creates a
wider range of hot zones. As a result, more cracking and breaking occurs,
and the viscosity reduction increases [55]. In addition, many free radi-
cals are also produced during these interactions, which, because of their
high instability, have a high potential for polymerization and produce
long chain compounds. It is predicated that, the use of oil-soluble
catalyst precursor prevents the formation of these polymer compounds
and can guarantee the irreversibility of viscosity.

3.2.3. Elemental analysis of ACO after EM heating treatment

The composition of ACO elements (CHNOS), before and after expo-
sure to EM heating in the presence of NOSC was shown in Table 3.

According to the results that in all samples, the amount of oxygen
increased compared to ACO after treatment. It is assumed that this in-
crease is due to the presence of air during the experiment and the pro-
vision of conditions for the oxidation process. Meanwhile, with the
passage of time, the amount of oxygen showed a downward trend. It can
be concluded that with the increase of irradiation time, the effect of
oxidation reactions has decreased. Also, desulfurization was observed in
all samples after EM heating, and the highest amount of desulfurization
corresponding to NOSC-9 min was 20.28 wt%. There are several the-
ories about the cause of the decrease in sulfur content. Firstly, sulfur has
a high potential to absorb microwave radiation. Hence, it is affected to a
greater extent [17,56]. This hypothesis can be clearly seen in blank
samples. Secondly, due to the creation of hot zones in the area of
asphaltene and resin accumulation, the possibility of breaking C-S
bonds is very high [57]. Thirdly, the catalyst acts by weakening the n
bonds between asphaltenes molecules and also by breaking the C-S
bonds and prevents their aggregation [58]. By comparing the blank and
NOSC samples, it can be seen that with the presence of NOSC, the
desulfurization process occurred to a greater extent. The nitrogen values
have also decreased due to the property of absorbing microwave radi-
ation. In addition, the ratio of hydrogen to carbon in the sample con-
taining NOSC increased compared to blank and ACO, and in the
meantime, NOSC-9 min has recorded the highest value with an increase
of 8.97 %. It is worth mentioning that increase in the H/C ratio could be
attributed to the breaking of multiple carbon-carbon bonds, cracking,
reducing the content of large asphaltene and resin molecules, and in-
crease of saturate and aromatic content. It is worth mentioning that,
increase in H content indicates that a hydrogenation reaction is likely
occurring upon EM heating. Heavy oil molecules undergo a series of
reactions called hydrocracking by splitting the hydrocarbon chain and
breaking the C-C, C-S, C-O and C-N bond, as well as hydrogenating
olefins during the hydrogenation reaction, which increases the content
of saturated hydrocarbons[59-61]. In general, by comparing the data, it
can be concluded that the presence of NOSC and the increase in the
duration of radiation, as complementary factors, have led to an
acceptable improvement in the quality of ACO.

3.2.4. NOSC morphology and EDX analysis after EM heating

By means of SEM and EDX analysis, the possible changes in the size,

Table 3
Elemental composition of ACO after EM heating experiments.

Elemental Analysis (wt.%)

C H N S o H/C
ACO 82.02 11.52 0.45 5.77 0.24 1.673
blank-3 min 82.10 11.33 0.44 5.72 0.41 1.644
blank-6 min 82.13 11.56 0.43 5.63 0.25 1.676
blank-9 min 82.16 11.72 0.43 5.42 0.27 1.698
NOSC-3 min 82.60 11.49 0.40 5.10 0.41 1.656
NOSC-6 min 82.40 11.93 0.36 5.01 0.30 1.724
NOSC-9 min 82.18 12.61 0.29 4.6 0.32 1.828
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composition and morphology of NOSC particles after the EM heating 9600 NOSC_9 min
process were analyzed and shown in Figs. 7 and 8. In all samples, with 7200 -
the passage of treatment time, the nanoparticles kept their spherical 4800 S
shape and compactness, and on the other hand, the size of these particles 2400 A -
has increased Fig. 7. This phenomenon can occur due to the absorption 9600 A ‘1&* A, -
of microwaves by nickel, which leads to the collapse of the particles and 2 120 NOSC=6 min
the formation of NiySy. [62]. 2 ss00] S
In EDX analysis, all samples contained some elemental sulfur as = 2400 7
shown in Fig. 8 and the maximum sulfur content was observed for 0600 o A D
NOSC-9 min of approximately 8 %. =l CO
It should be noted that the location and ratio of different elements of e S
EDX analysis were presented in the supplementary information section 2400 L‘LA 7 ﬂ
Figs. S2 — Tabl 2 - . P
(Figs. S2 — S4 and Tables S S4) ok *ﬁﬁz_.s A -

5.0
Energy (KeV)
3.2.5. XRD analysis

The XRD patterns of solids remaining after EM heating at 3, 6, and 9 Fig. 8. EDX curves of NOSC after EM heating treatment at different times.
min are presented in Fig. 9.

Significant amounts of Ni,Sy (x = 2.548,7,9 and y = 2, 6, 8) appeared
in different peaks, indicating the effective role of NOSC in the
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Fig. 7. SEM images and particle size frequency of NOSC after EM heating treatment at different times.
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Fig. 9. XRD patterns of solids remaining after EM heating at 3 (a), 6 (b), and 9 (c) minutes.

desulfurization of ACO during the EM heating process. It is interesting
that with increasing treatment time, the desulfurization process also
showed an increasing trend. This phenomenon can be related to two
factors, which are the increase of catalyst activity and the successive
failure of weak C-S bonds. As shown in Fig. 10, increasing the temper-
ature caused the thermal decomposition of NOSC during the process.
The formation of nickel oxide is one of the side products of this
decomposition. In the continuation of the reactions, NiO forms Ni,Sy in
contact with the sulfur present in asphaltenes and thus produces free
radicals. The free radicals produced are subsequently transferred to
lighter parts. In addition, Ni,Sy is an active form of cracking catalyst that
causes the formation of unsaturated hydrocarbons, which indicate an

0
(:i + NiO + H,0
0

CH,Nio, __t°

1.2-Cyclohexanedione

Fig. 10. NOSC performance during the EM process (Reproduced with permis-
sion from [38]. Copyright 2019 American Chemical Society.).

increase in the light fractions of the oil composition.

3.2.6. FT-IR study

Qualitative analysis of ACO and resin and asphaltene fractions after
microwave irradiation in the presence of NOSC was studied by FT-IR
spectroscopy. Employing FT-IR spectroscopy provides valuable insights
into the structural changes of ACO and the analysis of functional groups
following the EM heating process in a system containing NOSC [63,64].
The results are shown in Fig. 11 and Fig. S5.

Spectral coefficients including aliphatic (C;), aromaticity (Cy),
branching (C3), condensation (C4), oxidation degree (Cs) and sulfuri-
zation (Cg) were calculated in order to quantitatively investigate the
structural changes with the separation of oil, resins and asphaltenes
(Table. 4). Meanwhile, the calculation methods and indicators of each of
the coefficients are explained in the supplementary information.

During EM heating in the absence of NOSC, the aliphatic nature of
ACO and resin (C;) and aromatic content (Cy) did not change signifi-
cantly. On the contrary, with NOSC, the spectral coefficients of C;
decreased and C; increased. This increase occurs significantly after the
process, which is carried out by the cracking reactions of aliphatic ele-
ments and the condensation of aromatic structures through radical
recombination processes. Moreover, increased oxidation levels (Cs)
occur when carbon-heteroatom bonds undergo hydrolysis to form phe-
nols and alcohols. This intensification of oxidation is indicative of
oxidative cracking, which is supported by elemental composition anal-
ysis. In addition, the significant decrease in sulfur content (Cg) not only
leads to the decomposition of sulfur compounds through C-S bonds, but
also indicates the presence of —SO groups, the conversion of sulfides to
sulfoxides. Furthermore, the data obtained for asphaltenes showed that
the aliphatic content (C) increases with the decrease of branching (Cs)
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Fig. 11. FT-IR spectra of ACO (a), resin (b), and asphaltene (c) fractions under EM heating with NOSC systems at different times.
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Table 4
FT-IR spectral coefficients of ACO, resin, and asphaltene fractions before and
after EM heating treatment with NOSC systems at different times.

coefficient Samples Cy Cy C3 Cy Cs Ce

0il ACO 0.82 0.15 1.61 0.23 3.25 1.59
blank-3 min 0.82 0.15 1.65 0.24 3.65 1.59
blank-6 min 0.82 0.15 1.63 0.25 3.40 1.59
blank-9 min 0.81 0.15 1.70 0.25 3.36 1.58
NOSC-3 min 0.77 0.15 1.75 0.25 4.04 1.51
NOSC-6 min 0.78 0.15 1.77 0.25 3.73 1.55
NOSC-9 min 0.75 0.16 1.76 0.25 3.96 1.55
Resins ACO 0.42 0.21 1.18 0.18 1.31 2.77
blank-3 min 0.44 0.21 1.22 0.18 1.10 2.56
blank-6 min 0.40 0.23 1.22 0.21 1.26 2.54
blank-9 min 0.45 0.21 1.24 0.20 1.28 2.36
NOSC-3 min 0.40 0.23 1.27 0.27 0.92 2.21
NOSC-6 min 0.45 0.22 1.38 0.29 0.84 2.27
NOSC-9 min 0.35 0.26 1.27 0.31 0.72 2.06
Asphaltenes ACO 1.54 0.40 1.05 0.42 0.74 1.13
blank-3 min 1.53 0.40 1.06 0.42 0.73 1.12
blank-6 min 1.56 0.41 1.06 0.42 0.73 1.12
blank-9 min 1.53 0.41 1.10 0.42 0.74 1.12
NOSC-3 min 1.52 0.42 1.10 0.44 0.72 1.10
NOSC-6 min 1.58 0.40 1.80 0.41 0.73 1.20
NOSC-9 min 1.51 0.42 1.10 0.41 0.74 1.11

due to the condensation process of asphaltene molecules. The reduction
of the sulfurization coefficient in the resin (Cg) indicates a reduction in
the concentration of sulfur-containing hydrocarbons, which can be
consistent with the formation of Nix-Sy [65-67].

3.2.7. GC-MS study

In order to analyze the saturated fractions of ACO before and after
the EM heating process, GC-MS analysis was performed and the relevant
results are presented in Figs. 12, 13 and 14.

As shown in Fig. 13, the content of n-C;(o—Cj5 increased from 6.19 wt
% to 17.43 wt% during 6 min of EM heating in the presence of NOSC. In
addition, the content of n-Cy4-C3y was reduced compared to ACO in all
samples. It is interesting that in 6 min the amount of these compounds is
reduced by two times. On the contrary, except for NOSC-9 min, no
significant change in isoalkanes content was observed in other samples.
It should be noted that, the configuration of the naphthenic hump
changes, reflecting branched alkanes that cannot be separated on the
chromatographic column. Therefore, the intensity of the left part of the
hump, corresponding to branched alkanes of lower molecular weight,
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Fig. 12. Chromatograms of the saturated fraction of ACO after EM heating
(with and without NOSC) at different times.
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Fig. 13. The contents of n-alkanes before and after microwave treatment with
and without NOSC at different times.

increases. This phenomenon indicates the degradation of large asphal-
tene molecules that contain alkyl substituents. During the EM heating
process, an oxidation-reduction reaction occurs, which helps to weaken
the bonds, thereby accelerating the degradation process of the asphal-
tene bundles [68,69]. The change in the total content of saturated hy-
drocarbons is shown in Fig. 14.

The sample treated for 9 min containing the NOSC showed the
maximum change of alkanes by 20 %. Obviously, the content of cyclo-
alkanes also changes depending on the duration of microwave exposure,
so that for NOSC-6 min, the content of cycloalkanes increases twice, and
the content of hopanes and homohopanes decreases almost propor-
tionally. Isoalkanes are more easily oxidized than the corresponding n-
alkanes, so during the chemical oxidation of ACO, the amount of iso-
alkanes decreased. In light oils, C;0—C;g n-alkanes are usually present in
maximum concentration. In heavy oils, the maximum distribution of n-
alkanes is shifted to the Cy4-Cs; region and higher. during the analysis
the content of gopans and homogopans should not be forgotten, because
the reduction of these groups is evidence of a deep degradation in the
composition of the oil [70]. It should be noted that these changes might
be the result of the combined action of the catalyst and the microwave
field.

The results related to the composition of aromatic fractions are
presented in Figs. 15, 16, 17 and 18. As can be seen, Fig. 15 indicates the
chromatogram of aromatic fractions based on total ion current and
different ions for the most important aromatic compounds.

Significant changes occurred in the ratio between C;o-Cig and
C19-Cyy alkylbenzenes, which is particularly noticeable for NOSC-6 min
(Fig. 16). It is predicated that, the simultaneous effect of the presence of
NOSC and the microwave field causes higher molecular weight alkyl-
benzenes to be destroyed to form lower molecular weight alkylbenzenes
and approximately C;9-Cj2 alkane. This correlates with data on the
content of typical alkanes in saturated hydrocarbons. A similar phe-
nomenon was found for similar conditions of aquathermolysis of high
molecular weight paraffins in ACO [71]. The maximum degree of
alkylbenzene formation with low molecular weight was observed for
NOSC-6 min. The increase in the content of light alkylbenzenes in
NOSC-6 min compared to blank-6 min can be a reason for the accept-
able performance of the NOSC in improving the quality of heavy oil
during EM heating. Moreover, minor changes are observed in the
naphthalene content (Fig. 17). The ratio between Cy3H14 and Cy4Hig
changed after EM heating with NOSC system. This process is probably
the result of degradation of resins and asphaltenes.

Electron withdrawing functional groups cause the instability of weak
aliphatic disulfide bonds, which results in the degradation of
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Fig. 15. Chromatograms of the aromatic fraction of ACO after microwave
treatment with and without NOSC at 3, 6 and 9 min.

asphaltenes [72]. The result of the destruction of resins and asphaltenes
is noticeable changes for other aromatic hydrocarbons. Mainly high-
molecular ones, like, tetra-hydrophenanthrene, tetra-methylphenan-
threne, and dimethylphenanthrene (Fig. 18).

Dibenzothiophenes content was reduced compared to ACO for all
samples. Moreover, for the NOSC-6 min sample, the reduction degree of
dibenzothiophenes is maximum and the highest increase in phenan-
threne content was seen for NOSC-9 min, which seems that exposure to
microwave radiation along with the catalyst facilitated the conversion of
benzothiophenes to phenanthrenes.

3.3. Technology implementation schematic

Always in the research conducted in the field of electromagnetic
heating, presenting an application plan on a field scale has been raised as
a challenging issue [73]. A schematic design as a proposed method was
presented in Fig. 19. The different parts that are numbered in the figure
are as follows.

10

92
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I b1ank-3 min
80 -hlnnk—6 min

I biank-9 min
70 4 [ NOSC-3 min

[ NOSC-9 min

Content, wt %

Alkylbenzenes C10-C18

Alkylbenzenes C19-C27

Fig. 16. The contents of alkylbenzenes before and after microwave treatment
with NOSC.

1) Power supply and automation equipment, 2) Tanker containing
catalyst precursor, 3) Injection well, 4) Dispersed catalyst particles, 5)
Magnetron, 6) Microwave radiation, 7) Temperature controller, 8) Hy-
draulic fractures and 9) Production well.

It should be noted that, in the first step, to intensify and increase the
coverage of the formation, an oil-soluble precursor is transferred into the
tank by the pump (As a suspension or through steam). Then, according
to the physical and geological conditions of the tank, the location of the
magnetrons and their number will be determined (probably between 5
and 15 pieces). The used power is at least 90 kW and the radiation
frequency is 2.45 GHz. It is worth mentioning that by using the tem-
perature control device, the intensity of the oil conversion process and
formation heating in the well and the adjacent space can be analyzed
and by changing the supply voltage, the temperature of the formation
can be controlled within the required range. According to the investi-
gation of the conditions of the Ashalcha heavy crude oil field (ACO) of
the Republic of Tatarstan (Russia), the treatment period was predicted to
be about 15 days.
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4. Conclusion

This paper investigated the optimization of heavy oil recovery using
oil-soluble catalyst precursor under EM heating. So far, there has been
no study on the integration of EM technology and this type of catalysts.
The effect of NOSC and polar compounds (asphaltenenes and resins) due
to their high ability to absorb microwave radiation cause an increasing
point in temperature, which greatly increase the possibility of breaking
and cracking of heavy hydrocarbons. In order that, results of SARA
analysis for NOSC-9 min showed 42.4 wt% decrease in heavy com-
pounds content (asphaltenes and resins) and 26.8 % increase in light
compounds content (saturates and aromatics). The highest decrease in
viscosity related to NOSC-9 min compared to ACO and blank samples. In
the elemental analysis, destructive desulfurization and hydrogenation of
compounds with high molecular weight (asphaltenes and resins) can be
clearly seen, in the NOSC-9 min sample, the percentage of sulfur
diminished from 5.77 wt% to 4.6 wt% and the ratio of H/C from 1.56 to
1.7 has changed. It should be noted that sulfur, which is present in crude
oil compounds, has shown a high potential in absorbing microwave
radiation. Therefore, this issue can cause the sulfur removal during the
cracking of ACO compounds. Moreover, the GC-MS study showed that,
the use of NOSC in all 3 time periods allowed the reduction of the
concentration of polycyclic alkanes with high molecular weight and the
increase of naphthalenes and alkylbenzenes in the ACO composition. In
general, the obtained results can introduce the use of oil-soluble cata-
lysts precursors in improving the efficiency of electromagnetic heating
as a promising solution. Of course, this technology needs more in-depth
and comprehensive research.
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