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Abstract: Electromagnetic impact on oil reservoir manifests itself in various physical and chemical
phenomena and attracts a significant scientific and technological interest. Microwave (MW) radiation
heating can be more efficient for the oil recovery than heat transfer by convection or by thermal
conduction. MW influence can also lead to significant changes in the physicochemical and rheological
properties of oil caused by chemical processes of transformation of the oil high-molecular components
such as resins and asphaltenes. The efficiency of transition-metal catalysts applied for the in-situ
conversion of hydrocarbons directly in the reservoir might be significantly increased by exposing
the oil formation to MW radiation. Actually, transition metals nanoparticles and their oxides are
considered as active absorbers of MW radiation and; therefore, they can be used to intensify MW
impact on the reservoir. Catalyst particles dispersed in the formation provide enhanced MW sweep.
Taken together, the functioning of the catalysts and the effect of microwave radiation provide deep
conversion of resins and asphaltenes, a decrease in the viscosity of the produced oil and an increase
in oil recovery factor, along with a decrease in water cut of the well production. The present
review analyzes the latest works on the combined application of microwave exposure and dispersed
catalysts. In addition, this review discusses the prospects and perspectives of practical application of
electromagnetic heating to enhance heavy oil recovery in the presence of nanoparticles.

Keywords: heavy oil; asphaltenes; microwave; electromagnetic heating; nano-metal particles; transi-
tional metals; catalysis; in-situ upgrading

1. Introduction

Nowadays, the amount of unconventional oil reserves is greater than that of conven-
tional oils. From another side, the population in the world is increasing significantly which
leads to high demand of energy and hence more resources, such as heavy and extra-heavy
oil. However, these types of hydrocarbons (heavy and extra-heavy oil) require modern and
well-developed methods of extraction known as enhance oil recovery methods. Literally,
there is a wide range of enhanced oil recovery (EOR) methods and they may be classified

Processes 2021, 9, 420. https:/ /doi.org/10.3390/pr9030420

https:/ /www.mdpi.com/journal /processes


https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-7922-4004
https://orcid.org/0000-0002-2179-2823
https://orcid.org/0000-0003-4779-4656
https://orcid.org/0000-0002-7896-9212
https://doi.org/10.3390/pr9030420
https://doi.org/10.3390/pr9030420
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9030420
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9030420?type=check_update&version=2

Processes 2021, 9, 420

2 of 20

as thermal, chemical or even physical based on the followed technology during their
application. Among the widely used methods for heavy and extra-heavy oil extraction,
thermal methods basing on heat injection into the reservoir are generating a considerable
interest [1-3]. Enhanced oil recovery is achieved by reducing the viscosity and partial
chemical conversion of heavy hydrocarbons molecules [4-8]. A promising way to optimize
thermal enhanced oil recovery is the injection of various catalysts into the reservoir, in
order to stimulate cracking reactions, hydrolysis and destructive hydrogenation of resins
and asphaltenes. Recently, some works have been performed by using nano-sized metal-
containing particles injected into the reservoir. It has been found that the conversion degree
increases as a result of a more uniform coverage of the sample by heat exposure [9-13].
What is more, it has been found that transition metals nanoparticles have the ability to
stimulate the process of resins and asphaltenes in-situ conversion in the reservoir [14-19].

In fact, the combination of thermal techniques and microwave (MW) radiation is
generating more interest in terms of treating and exploiting formations with low thermal
conductivity and low permeability containing heavy oil or bitumen [20]. Microwave treat-
ment can be effective when it comes to oil shale exploitation [21], carbonate reservoirs
development [22] and the exploitation of biomass waste [23]. In their work [24], Franus et al.
have studied the effect of microwave heating time on the properties of lightweight aggre-
gates. Authors have reported the strong effect generated by microwave heating on the
compressive strength in addition to chemical content of the studied objects. Other works
have studied, as well, the effect of different catalysts in the presence different substances,
such as wastewater [25,26] and dihydroxybenzenes [27], in the presence of different fre-
quency light, and have showed the efficiency of coupling light with catalysts in order to
achieve a high yield of the desired product and enhance the rate of decolorization reactions.

Many applications of microwave heating have been reported in the literature, such as
in chain polyglycerol production [28], residue char derived and wood sawdust mixed with
activated carbon pyrolysis [29,30], in addition to their utilization with different catalysts of
different characteristics [31,32]. All the aforementioned works point toward the important
practical significance of using microwave heating in industrial processes and express the
potential effect that may generate in the field of enhancing heavy oil and shale oil recovery.

The next decade is likely to witness a particular interest in terms of developing in-situ
microwave effect on unconventional oil reservoirs in the presence of catalyst particles. It is
well known that microwave radiation can be converted into thermal energy at the surface
of catalyst particles, which; therefore, leads to create the required conditions for deep
conversion of asphaltenes contained in heavy oil or kerogen obtained from shale rocks.
Our knowledge of microwave heating effect on enhanced heavy oil recovery methods in
the presence of dispersed nanoparticles is largely based on very limited data. The aim
of the present review was; therefore, to summarize the current level of research in the
field of application of microwave heating in the presence of different catalysts together
with nanoparticles, in order to highlight some advancement in enhancing unconventional
oil in-situ recovery and to outline possible applications and implications of microwave
heating technologies.

2. Some Aspects about Microwave Heating Mechanisms during Enhanced Heavy Oil
Thermal Recovery

It is widely believed that microwave electromagnetic (EM) radiation ranges between
300 MHz and 300 GHz. In other words, between the radio and infrared frequencies,
with this corresponding to wavelengths in a vacuum of about 1 m to 1 mm. Nowadays,
frequencies ranging between 915 MHz, 2.45 GHz and 5.85 GHz are the most commonly
available frequencies used in chemical processes, scientific and medical bands to eliminate
any interference with broadcast and communication bands [33].

Microwave catalytic methods and technologies are occurring, in most cases, in liquid-
phase or at the interfaces with a solid phase. In their work [34], authors have provided
a physical explanation of the effects of generation and exposure to radio waves and
microwaves in physicochemical processes. The effects of spin catalysis may differ in each



Processes 2021, 9, 420

30f20

W @@ @ e

individual reaction. However, the general tendency of an increase in the rate constant and
a decrease in the activation energy is observed in many of the studied reactions, including
hydrogenation, oxidation, isomerization and other reactions [35], which can not only
be accelerated by a radio-frequency field, but may themselves present a source of radio
frequency field. Microwave pumping of radical pairs induces electron-spin transitions,
and when the frequency coincides with the frequencies of magnetic resonance transitions
(electron paramagnetic resonance) in radicals, spin conversion accelerates and the yield of
products increases [36].

In a recent work [37], the authors have found out that microwave heating of a carbon
materials leads to the formation of two different types of plasma: ball lightening and
an arc discharge plasma. It has been reported that hot spots affect the catalytic process
and the stirring rate of the heterogeneous mixture (Figure 1). In addition, this study has
shown that continuous and pulsed microwaves have a weak effect on the yield, unlike the
mass transfer, presence and absence of standing wave which have a strong effect on the
yield [38].
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Figure 1. hot spots generated in activated carbon particles fixed at various intervals on a glass plate: (a) the initial sample;
(b) formation of hot spots between the activated carbon particles under microwave irradiation; (c) observed distance
between the particles in column (4) with an optical microscope (left). High-speed camera photograph of the electrical arc
discharge occurring on the activated carbon in toluene solvent under the microwaves’ E-field irradiation (center) where (a)
shows bubbles on the activated carbon surface after 3s, (b) shows an orange-colored light from the aggregated activated
carbon particles after 16 s at the lower left position, (c) shows greater number of bubbles formed around the emitted
light, (d) shows the intense luminescence on the activated carbon surface, (e) shows the light from the hot spots reaching
maximum intensity, (f) shows the redispersion of aggregated activated carbon particles and disappearance of luminescence
from the activated carbon surface. Distribution of the microwaves’ E-fields (2.45 GHz) around two activated carbon particles
in toluene solvent simulated with the COMSOL Multiphysics software version 4.3a. Colored images (a—i), (b-i) and (c—i)
display the E-field intensity in two activated carbon particles in toluene together with the magnitude of the gap between the
particles, whereas a-ii, b-ii and c-ii graphics show the magnitude of the E field (V m~!) within this gap (right). Reproduced
with permission from [38], Copyright Elsevier, 2013.

Moreover, it has been established in [38,39] that mass transfer does not affect the
yields, which remain constant at a certain stirring rate (1500 rpm). However, below this
value the mass transfer and hot spot, in addition to microwave input power levels, may
play a crucial role in the extent of the obtained products.

However, a detailed explanation of microwave heating effects could not be achieved
only by “hot spots” hypothesis. In their work [40], authors have showed that microwave
heating is able to decrease the reaction energy of activation significantly in the presence of
catalytic agent than the effect, which could be generated by the same equivalent thermal
energy in the absence of catalysts.

Hydroxyl generation: Researchers have studied the electric current generated by
semiconductor catalysts by microwave irradiation. MW irradiates on the semiconductor
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materials, leading to generate electric current and electron-holes pairs, on the semicon-
ductor materials and on the MW catalyst [41]. This study established that semiconductor
catalysts generate electric current and electron-holes pairs in the presence of microwave
radiation. In addition, it has been found that the microwave radiation transforms the water
existing on the surface of catalysts into hydroxyl free radicals (-OH) able to stimulate the
reaction medium.

An electric field oscillating at a high frequency promotes the breaking of chemical
bonds. For example, hydrogen sulfide could be formed from petroleum pitch with a
high sulfur content in the presence of a catalyst, thus could be utilized. Moreover, it
is widely believed that microwave exposure can be equivalent to thermal heating in
hydrodesulfurization reactions of thiophene [42].

3. Microwave Heating Impact on Hydrocarbons Structure

It has been shown that asphaltenes possess the greatest ability to absorb the microwave
field. In the molecular scale, oil asphaltenes present induced dipoles that agglomerate into
nano-colloids with different aggregation degrees. Actually, combining oil asphaltenes with
microwave power may overcome charge transfer and charge balance interactions with
micelle agglomerates [32,43]. Previous works [44] have studied the mixture effect on the
dilatation rheology of asphaltenes-laden interfaces and have accentuated on the importance
of reinterpretation of asphaltenes adsorption properties mechanism investigation for a
well-understanding of emulsion breaking during heavy oil recovery methods. We believe
that, in addition to studying asphaltenes adsorption mechanism, it would be of great
interest to study as well the mechanism of asphaltenes conversion in the presence of
microwave radiation.

Microwave radiation is well absorbed by a number of substances, and heating is more
efficient than heat transfer by convection or thermal conduction. The transformation of
electrical energy into heat occurs due to the excitation of the microwave field of rotation or
vibrations of molecules throughout the volume. Microwave radiation makes it possible to
achieve almost instantaneous heating of a substance to a given temperature. The energy of
the microwave field is eight orders of magnitude lower than the thermal energy, however,
in some cases, the use of microwave radiation speeds up the reactions by hundreds of
times. This is an environmentally friendly method of exposure. Under certain conditions,
deep conversion of various high molecular weight hydrocarbons could be achieved [45].

The electromagnetic effect of the ultrahigh-frequency range on the reservoir system
leads to the emergence of various physical and chemical phenomena [46]. The transforma-
tion of electrical energy into heat occurs because of microwave field excitation of molecules
rotation and vibration throughout the volume. In fact, microwave radiation allows achiev-
ing almost instantaneous heating of any substance to a given temperature. Moreover, heat
accumulation and transfer throughout any medium, whether inert or with reactants, in
the presence of catalysts is significant for high-temperature endothermic processes. It is
well known that microwave radiation is used in chemical industries to improve energy and
mass transfer during rectification, dehydrogenation and thermal decomposition of carbon-
ates [47]. Microwave exposure instead of using various coolants allows simplifying process
flow diagrams by eliminating processes and devices that provide coolant preparation, and
to reduce harmful emissions into the atmosphere.

The use of microwave radiation is effective for heavy oil feedstock and various oil
pollution breaking down. It is an environmentally friendly recycling method. In fact,
deep conversion of various high molecular weight hydrocarbons could be achieved under
certain conditions.

Oil wells and pipelines are presenting transmission lines for electromagnetic waves,
which may be lost partially or completely because of its interaction with the oil filling the
pipe or in the annular space. With the correct selection of the transmission line parameters
and the selection of the method of exciting electromagnetic energy in accordance with the
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dielectric properties of the oil, the content of the pipeline can be effectively heated to the
wax melting point and thus prevent the formation of sediment [48].

It is common knowledge that the decomposition of tar under the influence of mi-
crowave energy leads to the formation of hydrogen and carbon monoxide at more than
93% of total content, with a predominance of hydrogen. During microwave treatment, the
predominance of hydrogen is explained mainly by the activation and the destruction of
C-H bond. However, the convective heating target mainly the C-C bond for thermolysis
and, as a result, methane is obtained as the main product of destruction [49]. In their work,
Li et al. have indicated that one of the major challenges of microwave-assisted heating
technology a is the composition of produced liquid and gases, where they have exposed
heavy oil from one Chinese oil field to time variant microwave radiation until 18 min.
The experimental results illustrate that rapid increase in the gas flow rate was observed
between 3 and 12 min radiation and, after 12 min radiation, this value tends to be constant.
Moreover, experimental observations showed that the content of C1-C4 increases with
radiation time. Nevertheless, the content of heavier components decreases, meanwhile the
content of methane and ethane had a rapid increase from 9 to 12 min radiation [50].

The property of microwave energy is known to affect petroleum pitch with high
sulfuric compounds content. Well, during hydrocracking, particles of petroleum pitch and
steam or catalyst are thoroughly mixed with tar and the resulting mixture is exposed to
microwave radiation in the presence of hydrogen [51].

In their work [52], Bely et al. authors have investigated the effect of high-intensity
electric fields on individual hydrocarbons. It has been found that ion-molecular complex
compounds form in the medium under study, which lead to a noticeable deterioration of
the rheological properties of the system. In fact, an increase in the frequency of alternating
current oscillations significantly affected the appearance of the rheological curve. In
addition, the maximum viscosity has been fixed at low-frequency regions. From another
hand, the C-C and C-H o-bonds in hydrocarbon molecules have been lengthened under the
action of alternating current, due to the polarization of the system as a whole with periodic
deformations as well. As a result of the interference of deformations in the medium under
study, an ultra-frequency resonance can occur, which is the cause of the destruction of
hydrocarbon raw materials. Under the influence of alternating current, the intermolecular
bonds of the complexes are destroyed, as a result of which energy is released and leads to
the improvement of oil system rheological characteristics. The accumulation of aromatic
hydrocarbons after treatment has also been noticeable, which can be explained by the
destruction of higher molecular weight saturated hydrocarbons in a metastable state. In
another work [53], authors have found that resins play the most significant role in the
absorption of microwave field. Microwave radiation catalyst-induced dehydrogenation
and hydrodesulfurization produce nearly 20% of hydrogen in the resulted gas. Therefore,
it is possible to burn a part of the oil in place to enhance hydrodesulfurization reactions, by
means of the produced hydrogen during THAI process application, for better oil upgrading.
Furthermore, this could improve downhole hydrogen production, which can contribute to
the efforts towards hydrogen economy [54].

Many researchers and experts have showed that microwave treatment could be used
to increase catalytic conversion processes rates. Actually, such processes could be the light
alkanes catalytic conversion, volatile organic compounds removal and air purification
from sulfur- and nitrogen-containing compounds, in addition to the process of aromatic
compounds hydrogenation and naphthenes dehydrogenation [55-59].

An increasing number of studies about microwave-assisted catalytic reactions in-
cluding olefin hydrocarbons; principally ethylene, propylene and 1-pentene have estab-
lished the participation of free radical intermediates, which, as a result, improved selected
aliphatic and aromatic hydrocarbons conversion [60].

More recent evidence [61] on non-isothermal kinetics induced by microwave heating,
particularly in terms of spatial distribution of temperature, has highlighted the possibility of
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localized superheating inducing by means of microwave heating and; therefore, increasing
localized reaction rate.

In addition, other works have found out that EM heating is presenting an efficient
energy source for decreasing the activation energies of both radical formation and recombi-
nation processes [62].

In fact, EM heating may reduce the viscosity of heavy oil because it targets, in the first
place, the structure of resins and asphaltenes micelles. In their work [63], authors have
examined the crude oil by combining analytical techniques of electrospray ionization and
Fourier transform ion cyclotron resonance mass spectrometry (ESI FI-ICR MS). In which
they found out that EM heating of crude oil with high content of oxygenated compounds
may result in polymerization, thus increasing crude oil viscosity after microwave treatment.
However, some cracking reactions may be associated to the microwave heating as well.

Ostapenko et al. [64] have studied and showed the effect of direct and alternating
current on the rheological properties of oil-dispersed systems. The authors have concluded
that different phenomena, such as electrophoresis and the emergence of a flow potential,
are possible during the transportation of oil.

Several studies, for example, the work of Sheikh Ali et al. [65], have suggested that the
alternative current energy is applied to destruct the oil dispersion system spatial grid. In
fact, asphaltenes are polarizable components that make up the spatial structure. Under the
action of an electric field, the excited activated complex radicals appear in the oil system,
which reduce the activation energy of oxidation. These processes lead to a decrease in the
structural and mechanical characteristics of oil systems.

The use of microwave treatment for heating reservoirs with low thermal conductivity
and low permeability, containing low-mobile heavy oil or immobile natural bitumen, is
one of the promising ways to create new and improve the existing technologies [66]. The
content of light alkanes C10-C16 increases relatively to high-molecular homologues C23-
C29. In addition, there is a significant decrease in intensity of the high molecular weight
region of the so-called naphthenic hump, reflecting the content of isoalkanes that undergo
destruction (Figure 2) [67].

Rising global demand for energy and the decline in conventional light crude oil
have sparked growing interest in heavy oil development. Nevertheless, heavy oil high
viscosity creates operational, transportation and refining problems. In their work [63],
authors have exposed crude oil samples from Sudan, China (Liaohe) and Venezuela to
microwave irradiation in order to study the mechanisms of viscosity reduction. The
SARA (saturates, aromatics, resins and asphaltenes) analysis of the associated samples
was performed in accordance with the American Society for Testing and Materials, ASTM
D4124-09. The SARA fractionation results have shown that microwave irradiation can affect
the resin/asphaltene micellar structure leading to a change in the viscosity of the crude
oil. Further studying of the crude oil was carried out by means of combined analytical
electrospray ionization and Fourier transform ion cyclotron resonance mass spectrometry
(ESI FT-ICR MS). The obtained data indicated that crude oils microwave irradiation with a
high proportion of oxygenated compounds may result in polymerization and, ultimately,
to an increase in the viscosity of crude oil after processing. However, sometimes cracking
can take place because of microwave heating.

Actually, the crude oils containing nickel- and vanadium-based petroporphyrins may
present a harmful effect on catalysts in the fluid catalytic cracking and hydrocracking
residue, in addition to their processing. Nevertheless, the extraction and removal of
nickel- and vanadium-based porphyrins from the crude oil is presenting a hard task
to achieve. Lately, several experts and scientists have suggested the use of microwave
approach to achieve a higher efficiency in removing Ni and V compounds from crude
oil [68]. Thus, for better performance, it is necessary to understand the theory of the
microwave demetalization mechanism (Figure 3). For this reason, several studies have
studied the structure and properties of Ni/V porphyrins by means of the density functional
theory using the Becke Correlation Functional; Lee, Yang, Parr BLYP method. Indeed,
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the simulation has included different intensities and directions of the external applied
electrica fields.
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Figure 2. Negative ion Electrospray Ionization Fourier transform ion cyclotron (ESI FT-ICR) mass spectra of Sudan crude
oil before and after microwave irradiation (left) and the segment enlarge mass spectra (right) (a: Crude oil; b: Crude oil
after microwave). Reproduced with permission from [63], Copyright Elsevier, 2018.
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Figure 3. Molecular structures of vanadium porphyrin in the electric fields of 0.025 and 0.030 a.u. in
the z direction. Reproduced with permission from [68], Copyright Elsevier, 2020.

The obtained results have shown that the best way of improving the pyrrole ring
and -CHj3 group activity is by the application of parallel electric field (Ex or E-x) and by
whistling the vertical electric field (Ez or E-z), which mainly enhances metal atoms activity.
It has been found as well that porphyrin ring deformation mode may be changed from
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dome to saddle mode at a vertical electric field larger than 0.025 a.u., with a remarkable
decrease in the metal-N bond length. Therefore, the existence of an optimum microwave
power in experiments is explained by the spatial structure deformation regularity [68].

The combination of microwave action and the use of heterogeneous catalysts provides
a significant acceleration of chemical reactions. It is widely believed that using heteroge-
neous catalysts leads to increasing the efficiency of microwave treatment due to selective
heating of the catalyst particles, which creates hot spots, resulting in an increased reaction
rate [69].

The results of lignin microwave-assisted catalytic pyrolysis have showed a maximum
yield of 33% and 36% for iron-containing catalyst samples and 45% for nickel-containing
catalysts in an inert gas (argon) and a hydrogen-argon mixture mediums. The use of
the chromatography—mass spectrometry (GC/MS) method has led to identify the liquid
product fraction qualitative composition. In fact, the associated fraction is containing
mainly phenol and anisol (i.e., derivatives of the monomeric units of lignin (coumaryl and
coniferyl alcohols)). IR spectroscopy has been used for studying the probable sites of lignin
surface functional groups’ interaction with nickel and iron-containing nanoparticles [70].

In order to understand the desulfurization efficiency and its mechanism, it is necessary
to understand the sulfide adsorption on the catalyst surface. Recent works [71] have applied
the molecular dynamics and density functional theory calculations in order to shed light
on the effect of microwave electric field on the adsorption of thiophene over different MoS,
nanocrystallites, in addition to studying the electronic distribution. It has been found that
microwave field may possess a significant effect on adsorption position and configuration.
Besides, it may strengthen the polarities of thiophene molecules and MoS;, which facilitates
the thiophene C-S bon destruction. The induction of S component adsorption on active
sites is mainly caused by the large charge loss of Mo atoms in a large area, which leads to a
strong electrophilic effect after the generation of S sites (Figure 4).

Potential adsorption is the main cause of modifying the hydrodesulphurization se-
lectivity. Thiophene favors n° adsorption over multilayer dispersed MoS, clusters under
microwave field, inducing the hydrodesulphurization reactions to proceed along the hy-
drogenation mechanism [71].

In other works, authors have provided a general overview on microwave applications
in petroleum oxidative desulfurization. The authors have concluded that milder reaction
conditions could be used and higher petroleum oxidative desulfurization rate could be
achieved under microwave treatment. Moreover, their work has indicated that microwave
power level, treatment time, temperature, oxidizing agent dosage, microwave equipment
and catalyst are the key operating factors influencing the petroleum oxidative desulfur-
ization efficiency. They have found that the best removal rate was associated to diesel by
96%. However, developing high efficiency, novel techniques and apparatuses are the main
challenges facing sulfur removal from oils in industrial processes [72].

The efficiency of microwave treatment can be increased by injecting solvent into the
reservoir. It is well known that EM heating with the use of solvents may lead to heavy oil
dilution and, thereby, increasing its mobility. The latter can serve as a heat carrier by heat
convection improving in porous media and; therefore, stimulating gravity drainage by the
formation of a vapor chamber. Previous studies have designed new experimental setup
for examining the performance of combining EM heating with solvent assisted gravity
drainage enhanced heavy oil recovery. A series of lab experiments have been performed in
order to investigate the performance and the mechanism of the associated method. The
obtained results showed the efficiency of EM heating and solvent-assisted gravity drainage
combination on enhancing heavy oil recovery. The authors have found that the recovery
factors of EM heating only, alternate EM heating and n-hexane injection and alternate
EM heating and n-octane injection were set to be 12.37%, 61.18% and 83.59%, respectively.
They have found out that initial water saturation increases the heating speed and provides
a higher oil recovery. Moreover, the effect of solvent addition, affected by the solvent
concentration in heavy oil, varies at different EM heating powers. Besides, the authors
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indicated that alternate EM heating and solvent injection is more cost effective due to the
lower energy consumption and higher oil recovery compared to the simultaneous EM
heating and solvent injection. In addition to this, the authors have established a lower
content of asphaltenes in the recovered oil comparing to the initial one [73].
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Figure 4. Adsorption model of (a) sulfur S and sulfur 2S vacancies on the MoS, cluster from the top view, (b) single
thiophene adsorption; (c) two and three thiophene molecules adsorption. Reproduced with permission from [71], Copyright

Elsevier, 2020.

EM heating is effective for the destruction of water-oil emulsions. The dispersion of
dielectric parameters for water is observed in the frequency range 1-36 GHz. In addition to
thermal heating, there is a decrease in the surface tension at the interface and the viscosity
of the emulsion because of the polarization of polar molecules [74]. The existence of polar
components in addition to their interactions within the emulsions maintain the stability of
water in o0il emulsions. In fact, asphaltenes, resins and water are the main polar components
and the main reason of a high stable emulsion unable to break up unless more energy and
chemical input is provided. Previous works have proposed an efficient method, which
significantly decreases the required energy and chemical use, for the destruction of water
in oil emulsion by means of microwave heating. Experiments have been conducted on
different emulsions that originated from steam-assisted gravity drainage (SAGD) and
expanding solvent SAGD (ES-SAGD). The aim was to investigate the effect of microwave
heating on the polar components initially present in the emulsion. It has been expected
that water would absorb mainly the microwave waves as being the main component in
emulsions. However, the results reported in these works indicated that asphaltenes and
resins absorb more microwave heating comparing to water molecules during emulsion
breaking down [75].
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In their work [76], Kovaleva et al. have showed the effect of a microwave electro-
magnetic heating on water—oil emulsions. The research results showed that the efficiency
of emulsion stratification depends mainly on the strength properties of the armor shell.
During microwave EM exposure to an oil-water emulsion, the main energy of the field was
absorbed by the water phase concentrated in globules covered with an armoring shell. As
a result, volumetric heat sources appear in the water globules, due to which their intense
heating occurs, leading to the destruction of the armor shell. Lower temperatures are
sufficient to rupture thin shells. For water globules with a more durable shell, the rupture
temperature and pressure inside the shell can be so high that when the shell ruptures, a
local rupture of the shell occurs and water is “injected” into the oil phase. As a result, a
finely dispersed stable medium is formed. The authors propose to integrate the centrifugal
force method to prevent local rupture.

In addition to the physical process of heating the medium by electromagnetic field,
including the microwave range, chemical processes of transformation of high-molecular
components (homolytic dissociation) are supposed to take place [77].

4. Nanoparticles Perspectives Application for Enhanced Oil Recovery by Microwave
Electromagnetic Heating

Recently, nanoparticles with 1 to 100 nm diameter have been generating a growing
interest in terms of enhancing heavy oil recovery. Actually, nanoparticle ability to change
some reservoir characteristics and aspects can significantly improve the amount of heavy
oil recovery from producing reservoirs [78]. A simple model was presented by Perry et al.
estimating a temperature gradient in EM heating, of 1 and 100 nm metallic particles,
typically found in supported metal catalyst structure. Both particles have limited case
calculations of temperature increasing over a range of typical particle sizes. The proposed
model was based on a simple steady-state energy balance, which utilizes the assumption
stating that particles dissipate heat only to the gas-phase, and not the support matrix, which
represents the best-case scenario for a temperature gradient relative to the surroundings.
The model has showed that the temperature gradient is insignificant. This hypothesis has
been further confirmed by an experiment in which the microwave-driven carbon monoxide
reaction acts as an in situ temperature probe [79].

It has now been suggested that determining the potential for selective heating of
metallic supported catalyst particles by means of microwaves in addition to highlighting
other important parameters could be achieved by heat transfer analysis. Literally, based
on the abovementioned estimates, selective heating appeared to be possible by means of
microwave fields at high frequency heating catalyst beds cooled by gases at low pressures.
It has been established, as well, that selective heating depends mainly on catalyst particle
size at an optimum size in the range of 40 to 82 nm. In addition to this, microwave
frequency plays an important role in selective heating also [80]. A recent review on waste
oil and metallic-char mixture heating characteristics during pyrolysis process, in addition
to the metallic-char catalytic impact on pyrolysis products yield and characteristics, found
that the porous metallic-char with high surface area (124 m?/g) exhibits high thermal
stability in N, atmosphere. Besides, metals and metal oxides phases have been found to be
attached or adsorbed on the char surface, which represents potential suitable catalysts for
pyrolysis cracking reactions [81]. Due to magnetic properties exhibited by ferromagnetic
nanoparticles comparing to bulk materials, these nanoparticles can be used as effective
microwave absorbers. Some researchers have investigated the nanoparticles properties,
their key material parameters and their single layer absorber characteristics. It has been
found that high magnetic losses over a wide frequency range induce a series of strong
and wide absorption peaks at higher frequencies. In fact, using metallic iron or cobalt
nanoparticles may allow the creation of effective absorbers characterized by a low volume
fraction of metallic elimination. In addition, authors have compared the nanocomposite
absorbers characteristics (common dielectric or ferromagnetic absorbers) with identifying
their potential advantages. The obtained results indicated that nanocomposites absorbers
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are crucial for the production of microwave and millimeter-wave absorbers because of
their dielectric and ferromagnetic unique properties [82].

Zeolite effect on microwave processing of shale oil was investigated in a variety of
works like the work of Neto et al. [83]. The authors have mixed oil shale with 5 wt.% BEA
zeolite and heated the obtained sample, by microwave irradiation, in order to stimulate oil
shale organic content conversion in the presence of acidic zeolite catalyst. The obtained
data showed a decrease in the liquid products yield associated with an increase in coke
amount. However, the gaseous and liquid products contained mainly lighter hydrocarbons
in the presence of zeolites. Moreover, the authors have reported that microwave heating
has stimulated the presence of aromatic compounds in the presence of zeolites as well.

Earlier works have reported the design of an orthogonal experiment where the de-
signers have taken into account different proportions of iron oxide nanoparticles (0.1,
0.5, and 1 wt.%), different microwave output power (600, 800, and 1000 W) and different
reaction temperatures (550, 750, and 950 °C). It has been found that microwave power in
the presence of iron oxide at different concentrations affect the temperature distribution
in the reaction medium, where iron oxide contributed in increasing shale oil temperature
significantly at a short time. The authors have reported the useful advantages of utilizing
microwave heating to increase temperature and improve higher quality oil yield instead of
using traditional heating methods. In addition, the authors of the study have claimed the
existence of more saturated and aromatic hydrocarbons in the oil obtained from microwave
irradiation, with less sulfur and nitrogen compared to the oil obtained from classical heat-
ing. However, the best oil quality highest yield has been found in the presence of iron
oxide nanoparticles at 0.1 wt.% at 800 W output power and 950 °C. It is worthy to note
that this study has highlighted the importance of microwave technology in enhancing
unconventional oil resources recovery [84].

Actually, because of their growing interest in enhanced oil recovery application,
Zhu et al. have investigated the effect of iron oxide nanoparticles on improving foamed pad
fluid heating stimulation, in addition to reservoir potential damage after microwave heating
coupled with hydraulic fracturing, for in-situ exploitation of oil shale [85]. Moreover,
the authors have analyzed, as well, the obtained products from different heating rates
by means of chromatograph-mass spectrometer, X-ray diffraction and scanning electron
microscopy. Heating experiments indicated that foamed pad fluid was greater than water-
based pad fluid in terms of energy conservation. Moreover, it has been shown that iron
oxide nanoparticles increase 75 s of the foamed pad fluid half time in addition to improving
its viscosity. The study showed that iron oxide nanoparticles accomplish fast heating rate
and energy saving, decrease the time by which oil shale may reach 750 °C at 1000 W to
10 min and show extremely low consumption of energy. The SEM analysis of this study [85]
has showed that microwave heating induced pores and micro fractures formation. Besides,
the retention of iron oxide nanoparticles inside the oil shale would not cause reservoir
damage (Figure 5).

The analysis of the obtained products has led to conclude that reaction temperature
and heating method had a great influence on the distribution of the non-condensable
gases [85]. In their work, Nasri and authors have established a high efficiency of iron
catalyst by upgrading the oil refinery vacuum distillation residue by using microwave
irradiation at different catalyst dosages and different microwave power rates [86,87]. Many
experts consider that microwave exposure in the presence of iron powder as a catalyst is
directed to the processes of hydrodesulfurization of heavy and sulfur-containing crude oil.
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Figure 5. The component analysis of oil shale: (A) Origin morphology of pyrite, (B) morphology of pyrite after microwave

heating with magnification lenses of 5000x and (C) morphology of pyrite after microwave heating with magnification

lenses of 10,000 x [85].

The ability to regulate microwave absorption properties is provided by the use of
core—shell structures. For example, in the work provided by Yan et al. [88], SiO,@FeNis
core—shell structured submicrometer spheres, with 25 nm thick SiO, shell, were obtained
by means of a sol-gel process. The authors have achieved a significant enhancement of
electromagnetic absorption performance by the silica coating over the range 2-18 GHz. In
addition, the authors have obtained a reflection loss exceeding —20 dB of the composite
over the range 6.7-15.1 GHz by choosing an appropriate sample thickness between 2.1 and
3.3 mm. Moreover, an optimal reflection loss of —61.3 dB was obtained as well at 8.7 GHz
with a thin absorber thickness of 2.9 mm. The obtained results from this study indicate
that coating the dielectric silica shell significantly improves the performance because of
the stimulation of interface polarization at the alloys and dielectric interfaces [88]. In other
work, direct application of Ni and Mo nanoparticles on Athabasca pyrolysis have showed
that the NiMo/Al,O3/SiC catalyst enhances the process performance [89].

The high electromagnetic wave absorption performance by ferromagnetic-dielectric
nanocomposites distinguishes them among other metals because of their synergetic ef-
fects between different components. Some works have reported the design of core—shell
structured CoyFe;@TiO; composite particles that are subsequently annealed in Hy/Ar
atmosphere to further improve electromagnetic wave absorption performance. It has been
established that introducing a TiO, dielectric shell together with hydrogen annealing im-
proves the electromagnetic properties, because of the increased conductivity and stimulated
ferromagnetic resonance. It has been shown, as well, that using CoyFe3@TiO; as absorbent
results in an excellent electromagnetic wave absorption performance at S (2-4 GHz) and
C (4-8 GHz) bands in coatings. In addition, it has been shown that electromagnetic wave
absorption band location can be tailored in a wide range through regulating the coating
thickness. In fact, effective absorption bands of 2.0 GHz in the C band, at a thickness of
2.62 mm, and of 1.7 GHz in the S band, at thicknesses of 4.0-5.0 mm, have been obtained.
It has been concluded that the excellent electromagnetic properties are ascribed to the
effective complementary between dielectric loss and ferromagnetic loss [90].

In a wide range of literatures, scientists report the important role played by microwave
heating, when it comes to catalytic ways of decomposing viscous hydrocarbon compounds
contained in heavy oil, for a better extraction of economically useful organic compounds
such as C2 and C3 hydrocarbons. In fact, it is reported that adding water to tar sand material
prior to reaction may contribute to its separation from sand, in addition to stimulating the
formation of oxygenated hydrocarbon products [91].

Previous works have showed that pyrite in oil shale has a great influence on kerogen
conversion during microwave processing. In fact, considerable tension could be caused
by the expansion of pyrite, which may lead to tensile failures in shale samples, as shown
by the experimental observations. Actually, the induced tensile stress could be lowered
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by confinement, which, by increasing electromagnetic heating power, may lead to it being
overcome [92]. The results obtained during the framework of Schieck et al. were compared
to previously obtained results about natural crystals. The authors have fixed conduc-
tivity between 0.05 and 3.5 () cm) ! and carrier concentration between 6.9 x 10'® and
5.4 x 107 cm ™3 using their measurements. It has been found that the peak mobility values
range from 100 to 2000 cm? /Vs. Moreover, the authors showed that sulfur deficiency and
a number of impurity elements, such as Si, Cu and Al, can qualitatively account for the
trends in the electronic properties [93].

In their work [94], Zhu and co-authors have analyzed and visualized oil shale mi-
crostructure under microwave heating at different heating rates by means of two-dimensional
(optical microscope and scanning electron microscope) and advanced three-dimensional
(micro-CT) methods. The volumetric reconstruction of initial shale oil and the sample
treated by microwave heating has been completed for direct visualization of the pore
structure and fracture network. The authors have investigated, as well, the similarities
and differences between microwave heating and conventional heating. The obtained
results have shown a significant change porosity and anisotropy degree of the samples
under study.

Microwave heating results in more pores and fractures because of the differential
thermal stress resulting from rapid heating, unlike conventional heating, as shown by
traditional two-dimensional imaging methods. According to calculations of porosity based
on the CT image data, long heating time and a high output power may result in a large
porosity value. In fact, a largest porosity with a lowest pore heterogeneity distribution
after heating have been illustrated by oil shale obtained by drilling horizontally into the
bedding plane, which also showed a different fracture morphology (Figure 6). The obtained
results have been claimed to be significant for shale oil exploitation by means of microwave
heating. The authors also state that the application of the proposed techniques could be
advantageous during products’ transformation behavior evaluation [94].

Induced porosity

The inclusion of pyrite

Figure 6. SEM images of the oil shale after microwave irradiation: (A) fracture generation after
microwave heating; (B) morphology of pyrite after microwave heating [94].

Various studies [95] have been performed on the effect of microwave radiation on the
liquid-phase thermolysis of oil samples” heavy components in the presence of heteroge-
neous catalysts (magnetite and aluminum oxide). These catalysts intensively absorb the
microwave electromagnetic field energy and transform it into heat. It has been shown that
the introduction of catalytic additives into oil samples leads to a high level of microwave
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energy absorption. Besides, these catalytic systems transform the absorbed energy into
heat which stimulate dielectric losses and; therefore, the efficiency of their heating. It
is noteworthy that nanoparticles of transition metals are good absorbers of microwave
radiation, which allows for the effect on heavy oil to be intensified.

In similar works, authors have used Ni and Fe nanoparticles with an oil and silica
bead mixture and exposed them to EM heating. This work ended up with improving the
yield efficiency and increasing heating rate. In other words, the obtained results witnessed
a significant viscosity reduction. The same experiments have been repeated using high
clay content as a shale reservoir model with the application of EM heating. The results
of experiments have showed a rise in temperature (up to ~200 °C) in the presence of
Ni nanoparticles. This temperature increment has resulted in higher oil recovery (~30%
of OOIP). This study has highlighted the perspectives of EM heating application as an
alternative to aqueous heating [96].

In their work, Al-farsi et al. have studied the effect of gamma alumina (y-Al,O3)
and titanium (IV) oxide (TiO,) nanoparticles at different concentrations on oil recovery.
However, the authors have studied, as well, the effect of water saturation on the oil recovery
and the influence of nanoparticles on the emulsion viscosity and the thermal conductivity of
distilled water. The evidence from this study shows that when water saturation increases,
the oil recovery increases, with optimum recovery occurring at a water saturation of
30%. Nevertheless, using the microwave-heating application has highlighted a greater oil
recovery than that from conventional heating. Moreover, it has been established that each
type of nanoparticle (y-Al,O3 and TiOy) differently affects the emulsion viscosity or the
water thermal conductivity because of various physical properties of each nanoparticle,
such as shape and size. In fact, Al;O3 and TiO, nanoparticles showed the most significant
effect on oil recovery at low concentrations of 0.1 and 0.05 wt.%, respectively. This study
showed the perspectives of using nanotechnology for improving and overcoming the
challenges of thermal EOR methods, especially the unconventional methods [97].

Other works have proposed ZnO nanoparticles for EOR because of their high melting
point and thermal properties. In addition, these nanoparticles are able to polarize under
electromagnetic heating; therefore, providing an innovative smart Nano-EOR process,
denoted as EM-Assisted Nano-EOR. These studies have investigated the oil recovery
mechanism under EM heating, such as reducing mobility ratio, lowering interfacial tensions
and altering wettability. The obtained results showed that IFT reduction plays an important
role in the oil recovery mechanism, especially in the presence of nanoparticles under EM
heating, as compared to oil recovery by means of conventional heating. These results
revealed the potential perspectives of utilizing water-based ZnO nanofluids for enhanced
oil recovery purposes at a relatively high reservoir temperature [98].

Nanoparticles of iron oxide, titanium oxide and activated carbon, at certain parameters
of microwave radiation, provide the chemical conversion of asphaltenes (Figure 7). This
leads to an irreversible decrease in oil viscosity [99].

Literally, the presence of metal nanoparticles causes carbon-sulfur bonds to break
within asphaltenes, which leads to an increase in saturated and aromatic hydrocarbons and
a decrease in asphaltenes content. Thus, the viscosity of heavy oil and bitumen decreases
significantly because of the decreasing average molecular weight. However, the obtained
effect could be significantly improved in the presence of a strong hydrogen donor, which
can be completely inhibited by the removal of all hydrogen donors. Nevertheless, the
application of strong hydrogen donors in-situ presents a hard and an expensive method.
Thereby, it is well recommended to create hydrogen donors in-situ within oil, rather than
introducing them from an external source. Greff and Babadagli studied the EM heating
effect on heavy oil recovery from sand pack by using a 2.45 GHz emitter. During their
work, they heated heavy oil samples at different heating rates in the presence and absence
of a nanosize nickel catalyst. The authors found that nickel nanoparticles improve heavy
oil recovery during EM heating, comparing to their absence, because of the intensification
of the cracking and vaporization processes [100].
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Figure 7. Content of asphaltenes variation in relation to radiation time. Reproduced with permission
from [99], Copyright Elsevier, 2018.

It has been shown that using nanodispersed carbon during EM heating of oil for 1 h
may lead to a deep conversion of heavy oil components at the low temperature of 150 °C.
This effect is achieved because of the non-thermal effect of microwave radiation in the
presence of catalysts of a certain morphology and dispersion, in addition to hydrogen
donor presence [101].

Lam et al. have investigated the pyrolysis of waste palm cooking oil (a widely used
cooking oil in Asia) by means of EM heating in the presence of a well-mixed bed of
activated carbon. In fact, this activated carbon was used, on the one hand, as a microwave
absorber and, on the other hand, as a reaction bed. It was found that the carbon bed
provided rapid heating (~18 °C/min) and a localized reaction hot zone. In fact, this zone
thermally promoted extensive pyrolysis cracking of the oil waste at 450 °C. The result was
an enhanced biofuel product in a period of less than 25 min [102].

5. Concluding Remarks

The evidence from this review points toward the idea that the electromagnetic heating
effect on the conversion of various hydrocarbon raw materials has merit and a potential
wide application in terms of transportation and processing. Moreover, this review would
seem to suggest that coupling microwave heating to different catalytic agents may have
prospective implications, not only for in-situ enhanced oil recovery, but also for industrial
refining processes. What is more, these findings would widen our knowledge about the use
of microwave radiation in conjunction with transition metal catalysts for the development
of unconventional hydrocarbon reserves.

Regardless, the fact that in-situ EM heating of heavy oil and shale oil in the presence
of transition metals has been poorly studied and their absorption of microwave radiation
has not yet been clarified, we believe that EM heating of reservoir zones coupled with
aquathermolysis catalysts will enhance heavy oil and shale oil recovery and will ensure
longer reservoir exploitation.

We are confident that our research will serve as a base for future studies in the
following areas:

e The role of catalytic particles in absorbing microwave field energy;
e Studying the effect of particle dispersion on the process of microwave radiation
conversion into thermal energy;
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e Investigation of the electromagnetic field’s electric and magnetic components influence
on the chemical transformation process of hydrocarbons;

e  Developing efficient methods for injection of catalyst particles into the reservoir, such
as injection through oil-soluble precursors which, in this case, allows for a significant
catalyst dispersion throughout the reaction medium. Therefore, understanding the
mechanism of in-situ formation of nanoparticles, as a result of oil-soluble catalyst
precursor decomposition into a reservoir porous medium, under the influence of
microwave heating would help us to understand and develop new innovative methods
for enhancing unconventional oil recovery.
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