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Abstract: Our knowledge of electromagnetic heating’s effect on heavy oil upgrading is largely based 

on very limited data. The aim of the present research was thus to study in detail the effect of micro-

wave exposure in the absence and presence of nanosized magnetite on the composition of heavy oil. 

The obtained data reveal that the use of nanosized magnetite improves not only microwave radia-

tion application as a result of its absorption and release of thermal energy but also that these nano-

particles have a catalytic ability to break carbon–heteroatom bonds in the composition of resins and 

asphaltene molecules. In fact, the overall reduction in asphaltenes or resins does not always ade-

quately describe very important changes in asphaltene composition. Even a small fraction of broken 

carbon–heteroatom bonds can lead to an increase in the mobility of asphaltenes. Moreover, this 

study has shed light on the important evidence for asphaltenes’ transformation, which was found 

to be the formation of light aromatic compounds, such as alkylbenzenes, naphthalenes and phenan-

threnes. These compounds were fixed in the composition of the aromatic fraction. We believe that 

these compounds could be the fragments obtained from asphaltenes’ degradation. The evidence 

from this study points toward the idea that asphaltenes’ destruction is crucial for increasing oil 

mobility in the reservoir rock during its thermal stimulation. 

Keywords: electromagnetic heating; microwave radiations; catalysis; EORs; iron oxide; nanoparti-

cles; aromatics; saturates; heavy oil 

 

1. Introduction 

Until now, fossil fuels have been considered as the main source of energy and the 

basis of world economics. A considerable part of the scientific community considers un-

conventional oil resources as an alternative to light oil, which has recently witnessed huge 

consumption and declining reserves [1–3]. A growing body of literature has examined the 

potential reserves of unconventional oil, which is nowadays classified as heavy and extra-

heavy oil. These types of oils are mainly found in Russia, Venezuela and Canada and are 

characterized by high viscosity, low mobility and high density [4–6]. These features com-

plicate the processes of their extraction and increase the price of their exploitation and 

processing in addition to increasing environmental pollution. 

In general terms, heavy oils are extracted by means of enhanced oil recovery methods 

(EORs) [7]. These methods are promising in terms of demand satisfaction and 
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environmental protection, especially when they are combined, resulting in less CO2 emis-

sions because of the possible use of carbon dioxide as an agent for lowering the surface 

tension between oil and water in addition to increasing the reservoir pore width [8], or by 

generating hydrogen from heavy oil components’ destruction by the thermal effect or mi-

crowave heating [9]. In the literature, there seems to be no general classification of EORs. 

However, there are three main, widely accepted classes of EORs: chemically, physically 

and thermally EORs [10–15]. Chemically enhanced oil recovery methods are based on in-

jecting chemicals to increase the mobility of oil within the reservoir. Thermally enhanced 

oil recovery methods are used to generate heat within the reservoir by burning a part of 

the oil, such as in the case of in situ combustion [16], or by injecting a water steam, such 

as in the case of cyclic steam stimulation [17]. On the other hand, physically enhanced oil 

recovery methods are based on applying electrical methods such as electromagnetic heat-

ing via microwave radiation [11]. 

Among the aforementioned methods, electromagnetic heating is generating consid-

erable interest in terms of decreasing viscosity and increasing oil mobility within low per-

meability and thermal conductivity reservoirs [18,19]. The first investigation into electro-

magnetic heating application for enhancing oil recovery reported its possible application 

not only for heavy and extra-heavy oil reservoirs but for shale oil reservoirs as well [20–

22]. What we know about electromagnetic heating is that oscillating at higher frequencies 

is considerably related to heteroatoms–carbon bond cleavage within heavy oil composi-

tion. Moreover, the presence of minerals in the medium has been found to increase the 

efficiency of microwave radiation intensity and oil generation, which has initiated signif-

icant research in the field of applying microwave radiation together with catalytic sys-

tems. 

It is worth noting that one of the major reasons encouraging the use of the electro-

magnetic-heating-enhanced oil recovery approach is the damage of reservoirs resulting 

from the use of other enhanced oil recovery techniques such as thermal or chemical en-

hanced oil recovery. Furthermore, using classical enhanced oil recovery (chemical or ther-

mal) for a long period of time generates a serious accumulation of paraffins near the well, 

which, as a consequence, may affect the production operation and hydrocarbon transpor-

tation as well. Moreover, the use of microwave radiation could, on the one hand, replace 

the use of steam injection methods, which consume more energy and time [23], and on the 

other hand, could be suitable for reservoirs with low permeability. However, one of the 

main drawbacks to adopting microwave radiation for the exploitation of heavy oil reser-

voirs is the need to maintain the reservoir temperature to promote recovery continuity in 

addition to corrosion, which may result from reservoirs with high salinity [24,25]. 

An alternative solution, though less exhaustive, is the application of microwave ra-

diation along with catalytic systems [18,26]. This method represents a viable alternative 

to classical enhanced oil recovery, where the distributed catalysts within the reservoir 

could stimulate the entire area by microwave radiation and maintain its temperature at a 

fixed value. Various catalysts have been proposed to enhance heavy oil recovery with 

different properties and characteristics. These catalysts have been classified into water-

soluble, oil-soluble and dispersed nanoparticles [27–33]. Broadly speaking, different en-

hanced oil recovery methods have demonstrated a significant positive effect of nanopar-

ticles on heavy oil upgrading [34–37]. The iron-based nanoparticles are recognized as be-

ing the most promising catalysts in terms of improving heavy oil compounds’ conversion 

under the thermal effect and in terms of being able to control them from the surface due 

to their electromagnetic properties [38]. 

The present paper gives a brief overview of the effect generated by the application of 

iron-based nanoparticles coupled with the use of microwave radiation on heavy oil satu-

rates’ and aromatic compounds’ composition. The first section examines the research ob-

ject and the applied investigation methods. The second section discusses the data obtained 

from the application of the obtained catalyst to improve the efficiency of the microwave 

radiation process and ends with the obtained conclusions. 



Catalysts 2022, 12, 514 3 of 14 
 

 

2. Results and Discussions 

Catalyst’s Precursor Activation 

The obtained catalyst was characterized by Mössbauer, XRD and SEM analysis, as 

shown in Figure 1. The obtained data show nanoparticles of Fe3O4 less than 200 nm in size 

as witnessed in the SEM image and confirmed by Mössbauer and XRD data. 

  

 

Figure 1. Mössbauer, XRD and SEM analysis of the obtained catalyst. 

So that we would be able to study the effect of microwave heating in the presence of 

iron oxide nanoparticles, we used the A. N. Tupolev laboratory stand at Kazan National 

Research Technical University to study the effect of the microwave-absorbing particles 

presented in the schematic diagram of Figure 2. As can be seen, in one of the maxima of 

the E field, there was a test tube which contained the oil sample, with nanosized magnetite 

particles distributed throughout. The frequency of electromagnetic oscillations was 2.45 

GHz, and the output power of the generator in continuous mode was 700–800 W. 
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Figure 2. Schematic diagram of the laboratory stand applied for studying the effect of microwave 

heating with iron oxide nanoparticles on heavy oil composition changes. 

The iron oxide particles were distributed in 1/10 of the oil sample volume using an 

ultrasonic homogenizer in order to eliminate the effect on the oil bulk area. Next, this oil 

sample was mixed with another oil without a catalyst in a ratio of 1/10. As a result, we 

obtained a 1 to 100 catalyst–oil ratio. The control experiments were carried out without 

catalyst particles under similar conditions. Generally, the experiments were carried out at 

a power of 1 kW for 3 min. On the other hand, resinous–asphaltene substances were found 

to have to have the greatest ability to absorb microwave radiation in the absence of water 

in the composition of oil samples. SARA analysis of the initial oil, processed oil with mi-

crowave radiation and the catalytic process in the presence of microwave radiation are 

provided in Table 1. 

Table 1. SARA and elemental analysis of oil samples in the absence and presence of iron oxide 

nanoparticles under microwave radiation. 

Sample 
Abbre-

viation 

SARA Fractions, wt.% Elemental Compositions, wt.% 

Satu-

rates 
Aromatics Resins 

Asphal-

tenes 
C H N S O 

Initial heavy oil  23.9 39.2 29.2 7.9 82.1 10.1 0.6 2.6 4.6 

MW- 

Processed 

heavy oil 

Non-catalytic MW-pro-

cessed heavy oil 
MW(E) 25.7 36.4 30.7 7.2 82.4 9.9 0.6 2.4 4.7 

Catalytic 

MW-pro-

cessed  

heavy oil 

Place for Elec-

tric field  

MW(E) + 

Fe3O4 
30.7 43.8 19.4 6.1 82.8 10.2 0.6 2.0 4.4 

Place for 

Magnetic 

field  

MW(H) 

+ Fe3O4 
30.3 37.2 25.5 7.0 82.3 10.1 0.6 2.1 4.9 

According to elemental analysis, sulfur content changed significantly. It is well-

known that the weakest C-S bonds in the composition of resins and asphaltenes are pri-

marily subjected to destruction under the thermal effect. The non-catalytic MW-processed 

heavy oil did not show significant changes in SARA analysis. However, in the presence 

of the catalyst, the content of asphaltenes was reduced by 20%. Moreover, changes in the 

resin content were found to be more significant. In addition, relatively to the non-catalytic 

MW-processed heavy oil, the resin content was reduced from 30.7 wt.% to 19.4 wt.%. In-

terestingly, the processing in the magnetic field also led to changes in heavy oil SARA 

analysis, but to a lesser extent. Furthermore, the content of asphaltenes slightly changed 

relatively to the resin content, which decreased from 30.7 wt.% to 25.5 wt.% as indicated 

in Table 1. It is common knowledge that the content of resins and asphaltenes is very 

important even if their content varies slightly. In fact, the destruction of asphaltenes often 

occurs through carbon–sulfur bonds in bridge structures [39]. This can provide a 
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significant reduction in the molecular weight of asphaltenes, and the resulting fragments 

increase the content of saturated and aromatic hydrocarbon fractions. Therefore, the vis-

cosity of oil decreased after microwave exposure (Figure 3). 

 

Figure 3. Oil viscosity dependence on temperature before and after MW processing. 

To be able to study this phenomenon, we applied GCMS to study the composition of 

these fractions. The chromatograms of the saturated fraction (Figure 4) show changes in 

the samples after microwave exposure in the presence of iron oxide nanoparticles; 

changes in the relative content of both normal alkanes and isoalkanes were observed. On 

the chromatograms, the height of the peaks changes abruptly; isoalkanes predominate. It 

can also be seen that after microwave exposure, there was an increase in the number of n-

alkanes with a longer chain of composition of С21Н44-С29Н60, wherein the maximum falls 

on hexacosan С26Н54. 

The chromatogram of the sample after exposure to a microwave field at the maxi-

mum electric field in the presence of magnetite particles differs from the chromatogram 

of the sample without the catalyst—in other words, the relative content of phytane 

(C20H42) increased, and the content of alkanes with a chain length of C22-C32 slightly de-

creased. 

The chromatogram of the sample exposed to the maximum magnetic field with mag-

netite differs slightly from that of the control experiment exposed to the maximum electric 

field. In this case, there was a slight increase in the relative content of alkanes with a chain 

length of C12-C20 and a decrease in C22-C29 alkanes. However, the content of C30-C32 alkanes 

increased. It can be assumed that as a result of microwave exposure, radical addition re-

actions occurred in the control sample, resulting in the formation of alkanes with a longer 

hydrocarbon chain. Nevertheless, with the combination of microwave exposure and the 

catalytic effect of magnetite, there was a slight decrease in alkanes with a composition of 

C21 and higher, while the relative content of C12-C20 alkanes increased. 

Figure 4 also shows diagrams of changes in the relative content of alkanes in the 

studied oil samples. An increase in the number of n-alkanes occurred as a result of the 

destruction of resin and asphaltene molecules due to the abstraction of aliphatic substitu-

ents, as well as dealkylation reactions of cyclic saturated and aromatic hydrocarbons [40–

42]. Figure 4 shows how the relative content of the sum of alkanes and isoalkanes changed. 

Compared to the control exposure to the electric component of the microwave field, in 
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samples with the addition of magnetite, there was a slight increase in the relative content 

of isoalkanes and alkanes with the composition C12-C21, while the content of alkanes with 

a longer chain decreased. 

 

 

 

Figure 4. Chromatograms of saturated hydrocarbons C10-C32—the number of carbon atoms in n-

alkanes, iC13-iC18—i-alkanes. The relative content of normal alkanes in the studied oil samples after 

exposure to a microwave field. In the lower-right corner—a change in the content of the sum of n-

alkanes and isoalkanes. 

Table 2 presents data on the geochemical coefficients of the studied samples. The 

most significant changes were observed for the C27/C17 ratio. The proportion of alkanes 

with an average molecular weight increased. This was the result of the generation of me-

dium-molecular-weight alkanes during the destruction of aliphatic substituents in asphal-

tenes. In addition, the cracking reactions of C-C bonds with the formation of lighter prod-

ucts had already begun at temperatures equal to 250 °C and higher [43]. 
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Table 2. Geochemical coefficients of the studied oil samples after experiments. 

Geochemical Coefficients 

Without Catalyst. Place 

for Electric Field Pro-

cessing 

With Catalyst 

Place for Electric Field 

Processing 

Place for Magnetic Field 

Processing 

MW(E) MW(E) + Fe3O4 MW(H) + Fe3O4 

Pristane/Phytane 0.52 0.52 0.68 

Pr/С17 1.57 1.55 1.72 

Ph/С18 3.22 3.28 3.02 

С27/С17 1.82 1.58 1.29 

Σ(С27−С31)/Σ(С15−С19) 1.69 1.35 1.46 

Σ(С12−С21)/Σ(С22−С30) 0.41 0.54 0.52 

2nС29/(С28 + С30) 1.11 1.21 0.96 

The chromatograms of the aromatic fraction of the studied samples were studied in 

detail with the ions recording m/z 50-500 (TIC), ions m/z 133 for alkylbenzenes, m/z 128, 

142 and 156 for naphthalene and its homologues and m/z 178, 192 and 206 for phenan-

threne and its homologues. To assess possible changes, computer reconstruction of chro-

matograms was carried out using fragment ions characteristic of various groups of hydro-

carbons to determine the effect of the microwave field on individual groups of com-

pounds, such as alkylbenzenes, naphthalenes and phenanthrenes. It was found that these 

compounds could be the fragments of the degraded asphaltenes. Moreover, the destruc-

tion of asphaltenes is very important for increasing the mobility of heavy oil in the dense 

porous medium of the reservoir rock. The overall reduction in asphaltenes or tars does 

not always adequately describe very important changes in the composition of asphaltenes. 

Even a small fraction of broken carbon–heteroatom bonds can lead to an increase in the 

mobility of asphaltenes. Such processes are evidenced by the formation of light aromatic 

hydrocarbons, which are fixed in the composition of the aromatic fraction. Chromato-

grams of the alkylbenzenes (Figure 5) of all studied samples are almost identical. The 

graph shows the relative content of 1,3,4-trimethyl-2-alkylbenzenes. 
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Figure 5. Chromatograms and relative contents of 1,3,4-trimethyl-2-alkylbenzenes in the aromatic 

fraction of oil samples after microwave exposure. In the lower-right corner is the ratio between long-

chain and short-chain alkylbenzenes. 

The chromatograms of naphthalene and its methyl-substituted homologues (Figure 

6) show slight changes. Compared to the control sample, on the chromatogram of the 

sample after exposure to the microwave in the presence of magnetite, the relative content 

of naphthalene itself and its methyl-, dimethyl- and ethyl-substituted homologues is 

higher, and the relative content of trimethylnaphthalenes is lower. On the chromatogram 

of the sample after microwave exposure with the catalyst, the changes are more significant 

compared to the control sample: the relative content of naphthalene and methylnaphtha-

lenes is very low, the content of trimethylnaphthalenes is higher. The graph also (Figure 

6) shows the relative contents of naphthalene and its homologues in the studied samples. 

In the presence of the catalyst and upon exposure to the electrical component of the field, 

the content of naphthalene and its homologues was significantly higher than in other sam-

ples. An increase in the content of naphthalene homologues is a sign that, as a result of 

microwave exposure, the destruction of heavy compounds with a more complex struc-

ture, such as resins and asphaltenes, occurs. Furthermore, a higher content of dimethyl-

naphthalenes compared to tri- and monomethylnaphthalenes occurs during the demeth-

ylation reactions of tri- and tetrasubstituted naphthalenes [42]. 
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Figure 6. Chromatograms and relative contents of naphthalene and its homologues in the aromatic 

fraction of the studied oil samples after exposure to microwave radiations. In the lower-right cor-

ner—changes in the content of naphthalene and its homologues. 

The chromatograms of phenanthrene and its methyl-substituted homologues of the 

studied samples are almost identical. There were only slight changes in the content of 

dimethylnaphthalenes, which are clearly visible in Figure 7. An increase in the content of 

phenanthrene and its homologues was the result of demethylation reactions, which means 

that such processes did not occur in this case. The processes of transformation of the com-

position of heavy oil under the influence of a microwave field in the absence and presence 

of the catalyst that combines the functions of a microwave field absorber have been stud-

ied. Changes in the composition of oil caused by the process of destructive hydrogenation 

of resinous–asphaltene substances intensified in the presence of nanosized magnetite par-

ticles were established. The degradation products of resinous–asphaltene substances are 

fixed in the fractions of saturated and aromatic hydrocarbons. Injection of nanosized mag-

netite can be carried out in the oil-bearing rock in the form of iron tallates, followed by 

their decomposition and the formation of nanosized iron oxide particles. Iron oxide par-

ticles have a high chemical affinity for mineral compounds and are retained on the rock 

during oil filtration. 
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Figure 7. Chromatograms and relative contents of phenanthrene and its homologues in the aromatic 

fraction of the studied oil samples after exposure to microwave exposure. In the lower-right cor-

ner—changes in the content of phenanthrene and its homologues. 

3. Experimental Section 

3.1. Object of Research 

In the present study, we used a heavy oil sample obtained from the Ashal’cha field 

in the Republic of Tatarstan (Russia). 

3.2. Catalytic Agent 

In order to study the effect of iron-based nanoparticles, we used nanodispersed mag-

netite particles 100–200 nm in size. After the experiments, the catalyst particles were sep-

arated from the oil by centrifugation at 5000 rpm. The dispersion and morphology of the 

obtained magnetite are characterized by a set of physical methods. 

3.2.1. X-ray Diffraction Analysis 

The X-ray diffraction analysis was accomplished using Shimadzu XRD-7000S auto-

matic powder diffractometer (Kyoto, Japan) using a nickel monochromator with a step of 

0.008 nm and 3 s of exposure, in combination with a Bruker D2 PHaser and CuKα radia-

tion with a wavelength of λ = 1.54060 nm. 
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3.2.2. Scanning Electron Microscope (SEM) Analysis 

SEM analysis was carried out on a field-emission scanning electron microscope Mer-

lin from Carl Zeiss (Oberkochen, Germany) equipped with an energy-dispersive X-ray 

spectrometer (EDX mapping) Aztec X-Max from Oxford Instruments to study the mor-

phology and elemental composition of catalyst particles. Before proceeding to microscope 

observation, the studied samples were transferred to carbon scotch and loaded in a vac-

uum chamber. The surface morphology was analyzed on secondary electron mode, with 

a very high resolution (0.8nm). Elemental analysis was performed under 20 keV with the 

angle selective backscatter mode to reveal the difference in composition. 

3.2.3. Mössbauer Spectroscopy 

The Mössbauer spectra were obtained using the MS-1104 Em spectrometer in the 

continuous acceleration mode at room temperature using a symmetric sawtooth law of 

velocity change with separate accumulation of the spectra as the source moves forward 

and backward and subsequent summation to eliminate background line distortion. A 

scintillation counter with a thin NaJ(Tl) crystal was used as a detector. The spectra were 

obtained with a 57Co source in the Rh matrix. Calibration was performed using the α-Fe 

spectrum, and isomer shifts were measured from the “center of gravity” of the spectrum 

obtained at room temperature of this reference. Mathematical handling of the gained spec-

tra was carried out through the standard Mössbauer program UnivemMS, 2021. 

3.3. Dynamic Viscosity Measurements 

The determination of viscosity–temperature characteristics of the initial oil from the 

Ashal’cha oil field and the oils after experiments was carried out using a FUNGILAB Al-

pha L rotational viscometer (Valencia,Spain) equipped with an adapter with a thermostat-

ically controlled jacket. The required temperature in the thermal jacket was maintained 

using a HUBER MPC K6 cooling thermostat. The determination of viscosity–temperature 

characteristics was carried out at temperatures ranging from 10 to 50 °C with a step of 10 

°C by using 6.7 mL of sample volume in a TL5 spindle. The shear rate for this spindle was 

determined by the formula 1.32*RPM (according to the device passport). The RPM was 

determined for a specific temperature and spring torque from 50 to 90%. The relative error 

of the FUNGILAB viscometer did not exceed ±1.0%, and the reproducibility was 0.2%. 

3.4. SARA Analysis 

Based on ASTM D2007 recommendations, we separated the initial oil and the sam-

ples obtained after microwave radiation in the presence of the catalyst into saturates, aro-

matics, resins and asphaltenes. The aforementioned method includes asphaltene precipi-

tation with an oil–hexane ratio of 1:40. We chose hexane to maintain light fractions in 

maltenes. Furthermore, maltenes were separated into four fractions: saturates were eluted 

with hexane via liquid adsorption chromatography using aluminum oxide previously cal-

cined at 420 °C. Aromatics and resins were obtained by toluene and a mixture of benzene 

and isopropyl alcohol (1:1), respectively. 

3.5. Gas Chromatography–Mass Spectroscopy (GC-MS) 

The saturate and aromatic fractions obtained from the experiments were analyzed by 

a GC-MS system, which included the gas GC “Chromatech-Crystal 5000” (Moscow, Rus-

sia) with a mass-selective detector ISQ (USA). The obtained results were processed by the 

Xcalibur application. Firstly, a capillary column 30 m in length with a diameter of 0.25 mm 

was used for performing the experiments. The carrier gas was helium with a flow rate of 

1 mL/min at a temperature of 310 °C. The adjusted thermostat regime started with a rise 

from 100 °C to 150 °C with a heating rate of 3 °C/min, from 150 °C to 300 °C with a heating 

rate of 12 °C/min, followed by its isotherm, which continued until the end of the analysis. 

Finally, the electron energy was 70 eV, and the ion source temperature was set to 250 °C. 
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Saturate and aromatic fractions’ elements were identified by means of NIST Mass Spectral 

Library and literature sources. 

3.6. Elemental Analysis 

The elemental composition of the studied heavy oil samples was measured by X-ray 

fluorescence method, in M4 Tornado from Bruker. These types of analysis provided data 

on the content of C, H, N, O and S in the samples of heavy oil. 

4. Conclusions 

In summary, we carried out experiments on changes in heavy oil saturates and aro-

matics in the presence of microwave radiation and iron-based nanoparticles. The evidence 

from this study suggests that heavy oil SARA fractions and their chemical composition 

significantly change under the effect of microwave radiation in the presence of iron oxide 

nanoparticles. This effect was studied in detail in the present study. The obtained data 

have not only revealed that the use of nanosized magnetite improves microwave radiation 

application as a result of its absorption and release of thermal energy but also that these 

nanoparticles have a catalytic ability to break carbon–heteroatom bonds in the composi-

tion of resins and asphaltene molecules. The present study has revealed that the overall 

reduction in asphaltenes or resins does not always adequately describe crucial changes in 

asphaltene composition. It has also been found that the mobility of asphaltenes is highly 

dependent on carbon–heteroatom bonds breaking, where even a small fraction may lead 

to a significant increase in it. In addition, this study provided further evidence for the 

transformation of asphaltenes into light aromatic compounds, such as alkylbenzenes, 

naphthalenes and phenanthrenes, which were fixed in the composition of the aromatic 

fraction. Our findings would seem to demonstrate that these compounds are fragments of 

asphaltenes’ degradation, which supports the idea that asphaltenes’ destruction plays a 

major role in increasing oil mobility in the reservoir rock under thermal processing. This 

study has led us to conclude that the injection of iron oxide nanoparticles into heavy oil 

formations can be carried out in the form of oil-soluble iron compounds such iron tallates 

with subsequent decomposition into nanosized iron oxide particles. The established pat-

terns of the influence of a catalytic reagent on the composition of heavy oil justify a fun-

damentally new approach to modernizing the electrical-based enhanced oil recovery 

methods for heavy oil reservoirs. These observations could lead to an increase in heavy 

oil recovery and an improvement of its chemical composition. 
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