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a b s t r a c t

Recently, many researchers have focused on the usage of electromagnetic waves in oil production and
well stimulation, but so far the effect of these waves on the fluid and rock interaction and its simulta-
neous effect with nanoparticles have not been investigated. Fluid-rock interaction is one of the most
important factors affecting fluid distribution in the reservoirs. In this study, the oil reservoir rock
wettability alteration under electromagnetic heating and the presence of nanoparticles has been
investigated. Three nanoparticles of TiO2, Fe3O4, and TiO2/Fe3O4 have been utilized. TiO2 nanoparticles
are commercially available, and the other mentioned nanoparticles are synthesized via a co-precipitation
method. Citric acid has been used to modify surfaces of nanoparticles and stabilize them in water as the
base fluid. Also, the adsorption of the nanoparticles on the rock surface has been determined. In the next
step, the amount of oil outflow from the rock has been measured and reported as the external fluid
imbibition. In this process, the nanoparticle performance in wettability alteration was investigated using
pH and inductively coupled plasma (ICP) analyses. To better understand the governing mechanisms, oil
viscosity was measured by mixing the oil with nanoparticles and put under irradiation. The results reveal
that the microwave has a great ability to reduce oil contact angle with carbonate rock. In the presence of
0.2 wt% Fe3O4 nanoparticles, the contact angle was reduced from 155� to 19� after 28 min of irradiation,
indicating strong rock hydrophilicity. Furthermore, microwave irradiation on Fe3O4 nanofluid extracts
75% of the oil from the rock. With microwave radiation, the pH of the nanofluid increases and hence,
more nanoparticles are adsorbed on the rock which subsequently causes more rock dissolution. The
viscosity change results prove that there is an optimal irradiation time of 5 min in which oil viscosity
reduces from 481 cP to 410 cP and then increases to 827 cP. Moreover, the application of further
nanoparticles diminishes the oil viscosity at optimum irradiation time in which Fe3O4 has the most oil
viscosity reduction, representing 481 cP to 200 cP at 50% microwave power level.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The production of hydrocarbon from heavy oil reservoirs might
be challenging due to its high viscosity and low mobility (Speight,
2013). The use of conventional enhanced oil recovery techniques
in heavy oil reservoirs including the injections of water, gas, and
chemicals may affect the ultimate production. These methods, in
comparisonwith the thermal ones, have lower efficiency due to the
strong hydrophobicity of rock, high viscosity difference between
the displacing and displaced fluids, and the viscous fingering
y Elsevier B.V. on behalf of KeAi Co
phenomenon (Doorwar and Mohanty, 2011; Kadeethum et al.,
2017). Lowering the oil viscosity and improving its quality in the
reservoir are some of the strategies that can be achieved by thermal
methods for heavy oil reservoirs. Each of the thermal methods such
as hot water injection, steam injection, steam-assisted gravity
drainage (SAGD), and in-situ combustion reduce oil viscosity and
cause mobility enhancement, resulting in greater oil production of
these reservoirs. However, in the use of high-temperature fluid
injection, there is a need to supply a large volume of primary fluid
(water) and high energy to increase its temperature. Also, the high
temperature of such fluids causes the corrosion of the associated
field equipment (Zaydullin, 2013; Zekri et al., 2000). These
approached are dependent on the formation depth in a way that at
high depths, fluid heat is directed to adjacent formations and is no
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longer capable of raising the reservoir temperature (Tunio et al.,
2011). In the oil combustion method, a large volume of oil is
combusted in the reservoir, and the combustion front control is not
easy (Millemann et al., 1982; Zaydullin, 2013; Zekri et al., 2000;
Tunio et al., 2011). Therefore, new approaches are demanded to
overcome such challenges. Electromagnetic heating is one of the
most novel methods that has overcome most of the mentioned
hurdles.

By electromagnetic radiation, the dipole moment is applied to
the molecules of the material, and they begin to rotate in alter-
nating orientations along the field. As a result of these orientations,
friction is initiated between the molecules, and heat is generated
(Bera and Babadagli, 2015). Each material has its own dielectric
constant and reacts differently to other materials in the electro-
magnetic field (Bera and Babadagli, 2015). Having this in mind, it
might be concluded that electromagnetic waves have selective
heating properties (Anwar et al., 2015). The dielectric constant of oil
falls in the ranges of 2e4 (Liao et al., 2018) while this value has been
proved to be 80.2 for water (Archer andWang, 1990). So, compared
to the oil phase, water can absorb higher amount of electromag-
netic energy and consequently heats up faster and easier. The more
absorption of wave energy by water, the more directed energy to
farther points of the reservoir.

Another usage of microwave is its impact on oil viscosity. Mi-
crowave radiation does not necessarily reduce the oil viscosity
under radiation. Shang et al. (2018) have represented that
depending on the type of oil and its composition, both increasing or
decreasing patterns of viscosity are expected. They pointed out that
the changes in viscosity depend on several factors, including the
amount of oxygen content and the resin/asphaltene ratio. Taheri
Shakib et al. (2017) compared the conventional heating technol-
ogy (CHT) with electromagnetic heating technology (MHT). It was
reported that the sulfur content of the oil decreased during the
MHT process, while CHT did not affect the sulfur content. It was also
stated that the CeS bond has a high microwave absorption capacity
and is also a weak bond. Furthermore, it was mentioned that the
weak CeS bond has a high microwave absorption capacity. Chakma
et al. (1999) observed that with increasing frequency from 5 to
20 MHz, the production rate enhanced from 29% to 37%, respec-
tively. It was also found that the oil recovery increased by about 13%
through gas injecting process under the electromagnetic radiation
at a frequency of 10 MHz. Hu et al. (2017) reported that as the
microwave power level increased from 0 to 30, the production ef-
ficiency improved significantly from 0% to about 58%.

One of the most serious challenges is that due to the absorption
of microwaves by formation materials, the penetration depth of the
waves within the pay zone is diminished, and thus the heat
generated inside the reservoir is difficult to transfer to farther
points (Gharibshahi et al., 2020). It must be regarded that the heat
needs to be transferred by convection and conduction mechanisms
to heat the farther points away from the wellbore. For this purpose,
an injection fluid with a high absorption capacity of electromag-
netic waves is required. This fluid might be water, some solvents
like n-hexane, or even nanofluids. Nanoparticles with extraordi-
nary properties such as size, high surface energy, electrical con-
ductivity, and high heat capacity, as well as Brownian motion, have
a significant effect on the rock and fluid properties of the reservoir
(Al-Farsi et al., 2016). The utilization of nanofluids has attracted a
great deal of attention due to their high electromagnetic waves
absorption capacity and their promising influence on the wetta-
bility alternation, interfacial tension, and oil relative permeability
(Bahraminejad et al., 2019). Taheri Shakib et al. (2018c) employed
three nanoparticles comprising of super activated carbon (CA), iron
powder (Fe), and titanium oxide (TO) to investigate the oil tem-
perature rise and its viscosity change under the influence of
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microwave. After 10 min of irradiation, the temperature of the oil
containing the CA, Fe, and TO nanoparticles increased from the
ambient temperature to 196, 170, and 158 �C, respectively. The
viscosity results demonstrated that among all the above-
mentioned nanoparticles, CA had the highest effect on reducing
this parameter. The oil viscosity of the nanoparticles decreased
from 880 cP before irradiation to 791.19 cP after 6min of irradiation.
Greff and Babadagli (2013) proved that following the microwave
irradiation, nickel nanoparticles would reduce the viscosity of pe-
troleum more than both iron powder and Fe3O4 nanoparticles.
Alnarabiji et al. (2018) utilized ZnO nanocrystals distributed in
water as an injection fluid at 2 W electromagnetic wave power and
a frequency of 13.6 MHz. The results showed a 23.3% increase in oil
production compared to the non-irradiated state. It was claimed
that the increase in nanofluid viscosity caused enhanced produc-
tion due to field orientation and the creation of large chains of
nanoparticles. Pourafshari and Alfarsi (2019) argued that the
nanoparticles might increase water thermal conductivity, energy
absorption, and consequently, the oil production. Therefore, they
utilized gamma-alumina (g-Al2O3) nanoparticles at a concentration
of 0.15 wt% and reported an oil recovery of 40.5% within 1000 W
power and 2450 MHz frequency. Al Farsi et al. (2016) used two
gamma-alumina and TiO2 nanoparticles to investigate thermal
conductivity, emulsion viscosity, and oil production at a frequency
of 2.45 GHz and a power of 1000W. The results revealed that lower
concentrations of TiO2 (0.05 wt%) had higher thermal conductivity,
but gamma-alumina shows an increasing trend until an optimum
concentration of 0.5 wt%. In comparisonwith TiO2, gamma-alumina
reduced emulsion viscosity more at an optimum concentration of
0.5 wt%. The best Production efficiency of 40% and 42% were re-
ported for the concentration of 0.1 wt% gamma alumina and
0.05 wt% TiO2, respectively. This can be justified by the difference in
the specific surface area of the two nanoparticles.

Although reducing oil viscosity is one of the most affecting
factors upon oil recovery, microscopic mechanisms including
wettability, adsorption of nanoparticles, and surface properties of
the rock must not be overlooked. Wettability also alters the capil-
lary pressure, saturation, and also the tension between rock surface
and nanoparticles through affecting the surface loads of the rock.
By altering these parameters, the fluid distribution in the porous
medium, the amount of irreducible water and also the residual oil
will change altogether which consequently will affect the oil pro-
duction figures (Ahmed and McKinney, 2011). Wettability depends
on several factors such as oil composition and amount of asphal-
tene, type of rock and its surface charges, temperature and pres-
sure, the geometry of the pore space, composition of water, salinity,
and pH (Ahmed and McKinney, 2011; Taheri-Shakib et al., 2018b).
Modifying each of the mentioned factors may change the oil con-
tact angle with the rock surface and thus might significantly impact
on the oil production. As the wettability of the rock shifts towards
the hydrophilic, capillary pressure decreases and spontaneous
imbibition occurs which therefore causes the imbibition of wetting
fluid into the porous media. Moreover, the oil phase is detached
from the rock surface, and water will be substituted by taking its
place. As a result, the oil displacement will become much more
efficient. Despite all the efforts carried out, the simultaneous effect
of electromagnetic waves and nanoparticles on rock and fluid
properties is still vague and untouched. Regarding the electro-
magnetic radiation on colloidal fluids such as nanofluids, in addi-
tion to increasing the fluid temperature, the Brownian motion of
the particles also changes (Liboff, 1966). Furthermore, due to the
electromagnetic field alternative direction, charged and magnetic
particles are oriented in that direction. As the particles move, the
colloidal stability and disjoining pressure will change, and the
amount of nanoparticles adsorbed on the rock surface will vary.



Fig. 1. Nanoparticle synthesis and modification setup.
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Also, the temperature affects the adsorption capacity of the rock
depending on whether the adsorption of nanoparticles is endo-
thermic or exothermic (Ahmadi and Shadizadeh, 2018). Previous
studies have merely investigated the simultaneous effects of
nanoparticles and electromagnetic waves macroscopically. The
microscopic effects of this hybrid process, such as nanoparticle
stability and rock wettability alteration under electromagnetic
waves have not been comprehensively focused.

Therefore, in this study, nanoparticles of Fe3O4, and TiO2/Fe3O4
are first synthesized by the co-precipitation method. Thereafter, for
the purpose of stability in water, these nanoparticles as well as
commercial TiO2 nanoparticles have been modified by citric acid.
The temperature rise and stability of these nanoparticles under the
irradiation were also measured. Then, after the microwave irradi-
ation at 2450 MHz and power levels of 50% and 100%, the wetta-
bility alteration of the carbonate rock is measured in the presence
of TiO2, Fe3O4 and TiO2/Fe3O4 nanoparticles. Consequently, the
amount of oil outflow from the rock is obtained by measuring the
weight changes of the rock andwill be comparedwith other results.
Furthermore, inductively coupled plasma (ICP) and pH tests have
been measured to obtain the ion displacement and its effect on the
fluid. On the other hand, according to the above, there is the
question of how will the waves affect the absorption of nano-
particles on the rock surface. To answer such question, the
adsorption rate of nanoparticles after radiation has been measured
at the optimal concentration. Another contributory factor that af-
fects the oil production, as well as wettability, is the oil viscosity.
Accordingly, the oil viscosity after microwave radiation has been
measured in two modes of with and without the presence of
nanoparticles.

2. Materials and method

2.1. Rock and fluids

The carbonate rock sample with 97% of calcium carbonate has a
porosity of 38%. For the wettability test, the rock sample is cut into
thin sections with a diameter of 38.1 mm and a thickness of 2 mm.
The oil sample taken from one of the Iranian oil fields has an API
gravity of 15� and a viscosity of 481 cP at room temperature. Three
types of nanoparticles, iron oxide (Fe3O4), titanium dioxide (TiO2),
and TiO2/Fe3O4 composites were utilized in this study. It should be
noted that TiO2 was purchased from the US nano Research Com-
pany and the two remaining nanoparticles were synthesized in the
laboratory.

In the synthesis of nanoparticles, deionized water has been used
for the purpose of washing. Also, FeCl3$6H2O and FeCl2$4H2O has
been employed as precursors for the synthesis of Fe3O4. Moreover,
ammonia (25 vol%) has been utilized to increase the pH of the so-
lution and prevent precipitation of precursors. Moreover, citric acid
has been applied to modify the surface of nanoparticles, and ulti-
mately, nitrogen gas was used to deoxygenate the environment.

2.2. Synthesis of the nanoparticles

2.2.1. Fe3O4

Any high temperature calcination converts Fe3O4 to g or a-Fe2O3
(Gharibshahi et al., 2020). For this reason, co-precipitation method
is commonly used to synthesize nanoparticles without any calci-
nation process. It must be considered that co-precipitation method
is one of the oldest methods of synthesizing nanoparticles and it is
also used to synthesize Fe3O4 nanoparticles. The advantage of this
method is that it is an inexpensive and time-saving one. Large
amounts of nanoparticles can also be synthesized at low reaction
volumes (Nawaz et al., 2019). In this method, Fe2þ and Fe3þ ions
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precipitate in the presence of OH� through the following reaction
(Nawaz et al., 2019):

Fe2þ þ2Fe3þ þ 8OH�/FeðOHÞ2 þ 2FeðOHÞ3/Fe3O4 þ 4H2O

(1)

The system illustrated in Fig. 1 is used to synthesize Fe3O4

nanoparticles. To synthesize this substance, 1.72 g of FeCl2$4H2O
and 4.67 g of FeCl3$6H2O are added to a three-neck flask containing
200 mL of water and stirred vigorously for 10 min. The flask is
located in a water bath at 80 �C. Thereafter, while the solution is
being stirred vigorously, the ammonia (25 vol%) is added to the
solution in a dropwise way for 15 min. During such process, the pH
of the solution is measured. The final pH obtained is 11. After this
step, the solution is then stirred for another 30 min for better
uniformity and distribution of the particles throughout the solu-
tion. Finally, the resulting solution is washed several times with
deionized water and separated by 0.4 Tmagnet which results in the
entire separation of nanoparticles. The separated particles are dried
at 60 �C in a vacuumed condition and stored in powder form. It
should be noted that nitrogen gas has been used to remove oxygen
from the environment and thus prevent the occurrence of any
unwanted reactions including the conversion of Fe3O4 to Fe2O3.

2.2.2. TiO2/Fe3O4

To synthesize the nanocomposite, 2 g of purchased TiO2 is first
added to 200 mL of water and sonicated for 30 min. The colloidal
solution is then placed in the previous system and stirred vigor-
ously. Like the Fe3O4 synthesis, iron oxide precursors are first added
and stirred for 5 min in the presence of nitrogen gas at 80 �C. It
must be regarded that the next steps are like the previous section.
Regarding this nanocomposite, the amounts of the two materials
are equal, and the magnetic properties of the nanocomposite in-
crease as the TiO2 quantity decreases (Liu et al., 2012).

2.3. Surface modification

The nanoparticles used in this study are not stable in the
aqueous environment by themselves, and this instability initiates
many errors in the results. For the stability of these nanoparticles, it
is necessary to change the surface charge of these materials and
increase the so-called zeta potential. In this study, citric acid, which



Fig. 2. Designed setup for static tests.
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is highly soluble and stable in water, was used to coat surfaces of
nanoparticles. The surface modification of Fe3O4 and TiO2/Fe3O4
nanoparticles has been performed similarly (Sabzi dizajyekan et al.,
2019). A dispersion is prepared from 2 g of citric acid and 4 mL of
water and placed inside the ultrasonic bath for better dissolving. In
the synthesis stage, after washing the nanoparticles, they are
returned to the three-neck flask in the water bath and stirred by a
mechanical mixer. The citric acid solution is then added to the flask
drop by drop for 2 h. However, the reaction medium is vigorously
stirred. After finishing the work, the obtained nanofluid is washed
several times with deionized water and kept as a solution. Surface
modification of TiO2 is as follows:

First, a solution with a certain concentration of TiO2 nano-
particles is prepared and placed in an ultrasonic bath for 30 min.
Thereafter, 18 mL of hydrochloric acid is added to the solution until
the pH of the solution reaches less than 3 and it is stirred in a water
bath at 85 �C for half an hour. Then 2 g of citric acid is dissolved in
4 mL of deionized water and is then added in a dropwise way to the
solution from the previous steps and is stirred vigorously for 2 h.
The solution is rinsed several times with deionized water until the
pH of the solution reaches above 5. Ultimately, the solid particles
are separated from the solution by centrifugation and placed in an
oven at 60 �C for 12 h.

2.4. Characterization techniques

FTIR analysis (PerkinElmer Spectrum Version 10.03.06) was
used to check the existing bonds of the synthesized nanoparticles.
The X-ray diagram of the nanoparticles was obtained by a X'Pert
MPD of the Philips Company using Co Anode (1.78901 Å). By
applying Scherrer's formula and the X-ray line-broadening tech-
nique, the average crystalline size of the nanopowder was then
measured. The particles morphology was observed by field emis-
sion scanning electrom microscopy (FESEM) (FEI ESEM Quanta
200). Furthermore, in order to evaluate magnetic properties of
nanoparticles, vibrating sample magnetometry (VSM) with a
maximum magnetic field of 10 kOe was used at room temperature.

2.5. Experimental setup for static tests

To compare the effect of different nanofluids on rock wettability,
it is mandatory that some parameters including the nanoparticle
concentration be equal in the all cases compared. Due to the sharp
rise in temperature during the irradiation process, the water con-
tained in the nanofluid evaporates and the concentration of
nanofluid changes. To do this, a system, as shown in Fig. 2, is
designed and a condenser is installed in it. The condenser prevents
water to evaporate and therefore the fluid concentration remains
relatively unchanged.

In these methods, the test rock is surrounded by nanofluid and
after a while, the rock is separated from the nanofluid and its
contact angle is measured by the sessile drop method. Considering
the radiation, due to the fact that the reaction speed is very high,
the irradiation time is greatly reduced. According to the pre-tests,
three times of 6, 28 and 55 min have been selected. The time of
6 min is based on the fact that no changes has been observed in the
contact angle of oil with the rock. Also, after 55 min, the perfor-
mance of the microwave oven sharply drops and the obtained data
proves to be significantly scattered. Also, the time of 28 min falls
between the other two times.

As depicted in Fig. 2, the prepared rock and fluids are placed in a
cylindrical container and then connected to a condenser by a
converter. Finally, thewhole system is placed inside themicrowave.
In this system, the condenser condenses the evaporated fluid and
reverts it to the container. Microwave with a frequency of
1800
2450MHz and power levels of 100% and 50% were used to irradiate
the samples. The Mastech Model M56531C infrared thermometer
was employed to measure the temperature changes of the
microwave-irradiated fluids.

2.6. Wettability measurement

In this study, the sessile drop method was used to measure the
wettability of the rock. For this purpose, an oil droplet is placed on
the rock surface. Preliminary experiments show that after 10min of
dropping a drop of oil on the rock, the oil contact angle with the
rock does not change and the so-called oil reaches equilibrium.
Therefore, this time is the basis of contact angle tests. After 10 min,
when the droplet is in equilibrium with the rock, the photos are
taken. The left and right angles of the droplet are measured by
Image-J software, and the mean angles are reported. Also, The ICP
and pH tests are taken from the optimal samples to understand the
governing mechanisms. The procedure for performing the wetta-
bility test is as follows:

� The nanoparticles are dispersed in water through sonicating the
whole colloids for half an hour.

� Initial contact angle of the oil with the rock is measured in the
presence of deionized water.

� Firstly, a thin section of the rock is placed in 25 mL of prepared
nanofluid for 48 hwithout irradiation, and then oil contact angle
with the rock is measured (Moslan et al., 2016).

� After that, 25 mL of nanofluid with a thin section of rock is
inserted into the designed setup and irradiated at two power
levels of 50% and 100%; and at three irradiation times of 6, 28,
and 55 min. It should be noted that this method is new and does
not exist in the literature and the authors came up with the idea
to do this research.

� When the irradiation is over, the rock is separated from the
solution and it is set aside for one day to reach equilibrium.
Consequently, the oil contact angle with the rock is measured in
the presence of deionized water.



Fig. 3. FTIR comparison of TiO2, Fe3O4 and TiO2/Fe3O4.
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2.7. Imbibition test

As the capillary pressure changes, the external fluid (such as
water or nanofluid) penetrates into the rock, and the imbibition
phenomenon occurs. In the spontaneous imbibition phenomenon,
the nanofluid penetrates into the porous medium (due to surface
tension difference) and displaces the oil. Moreover, with increasing
temperature due to radiation, the relative permeability to the fluids
(both nanofluid and oil) increases (Sola et al., 2007) To calculate the
oil outflow, the rock weight is measured once before the test and
once after the test. The following equation is used to calculate the
oil recovery:

R ¼ moe

moi
¼ mri �mra

Vrfro
� 100% (2)

where R is the oil recovery, %;moe is the weight of oil extracted,moi
is the initial weight of oil within the rock, mri is the weight of the
rock before the test,mra is the weight of the rock after the test, Vr is
the volume of rock, f is the porosity, and ro is the density of the oil
before irradiation.

2.8. Adsorption test

To understand how the waves affect the nanoparticle-rock
interaction, the concentration of the nanoparticles that has the
best wettability alteration is utilized to measure the adsorption of
the nanoparticles. First, three concentrations of 0.05 wt%, 0.1 wt%,
and 0.2 wt% were prepared from each nanoparticle, and then the
calibration curve was plotted using UV spectrophotometry. Then,
according to literature (Monfared et al., 2015; Ahmadi and
Shadizadeh, 2013a) 1 g of carbonate rock powder with a size of
200e300 mm is poured into 10 mL of nanofluid solution. This
compound is then irradiated at a 50% power level at the best time of
the wettability alteration test. Also, for comparison, the rock is
exposed to different nanofluids at a concentration of 0.2 wt%
without radiation for 24 h. After the test is completed, the rock
powder is removed from the solution using a 200-mmmesh. Finally,
UV absorbance (UV spectrophotometry) of this solution is
measured, and the calibration chart reads its concentration. The
absorption of the nanoparticles is obtained from the difference
between the primary concentration and after irradiation concen-
trations obtained from the calibration curve.

2.9. Viscosity measurement

Oil viscosity is one of the characteristics that is highly depen-
dent on temperature. This feature is also one of the main and
determining parameters in the amount of oil production. As the
temperature changes, the viscosity of the oil also changes, and
typically, at low pressures, the viscosity of the oil decreases with
increasing temperature (Ahmed and McKinney, 2011). The tem-
perature of the oil increases with the radiation of electromagnetic
waves, and consequently, its viscosity changes depending on the
type of oil (Shang et al., 2018). To achieve a clear understanding of
the mechanisms governing the process, oil viscosity has been
measured under the following conditions.

A certain amount of oil is inserted into the system, and its vis-
cosity is measured by the AntonPar CD Rheometer. Initially, to
determine the effect of temperature on oil viscosity, 30 mL of oil is
placed in the rheometer, and its viscosity is measured at a tem-
perature range of 20e80 �C. To obtain the effect of the microwave
on the oil viscosity, the oil is irradiated at different times with a
time increment of 5min, and after the oil has been cooled for 4 h, its
viscosity is measured. To investigate the effect of nanoparticles on
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oil viscosity after radiation, the optimal concentration of each
nanoparticle is combined with oil and stirred for half an hour. The
resulting oil is irradiated at the optimal time obtained in the pre-
vious stages, and after the oil cools, its viscosity is measured at
ambient temperature.
3. Results and discussion

3.1. Characterization of nanoparticles

Fig. 3 illustrates the result of FTIR test of TiO2, Fe3O4 and TiO2/
Fe3O4 nanoparticles in the range of 4000e400 cm�1. Peaks
1636 cm�1 and 3370 cm�1 represent the hydroxyl group of water
adsorbed on the surface of nanoparticles, which are specific to the
curvature of the HeOeH bond and the tensile vibration of the HeO,
respectively. Also, the peak at 1039 cm�1 and 1340 cm�1 may be
due to the vibration of TieO and FeeOeTi bonds (Khashan et al.,
2017; Salamat et al., 2017). The range 700e400 cm�1 corresponds
to the vibration of the TieOeTi and FeeO bonds of the TiO2/Fe3O4
composite nanoparticles (He et al., 2008), with a peak of 592 cm�1

for the FeeO tensile vibration (Khashan et al., 2017). Peaks
690 cm�1 and 784 cm�1 are specific to the vibrations of TieO (Al-
Amin et al., 2016) and TieOeTi (Salamat et al., 2017), which are
greatly reduced according to the intensity chart of these peaks. This
decrease is due to radiation absorption by Fe3O4 nanoparticles. The
overlap of the TieO and FeeO peaks during this period caused it to
widen, indicating that the Fe3O4 nanoparticles adhered to the TiO2

surface and were successfully synthesized. The peaks obtained
from this study are compared with previous studies and are listed
in Table 1.

Fig. 4 demonstrates the XRD analysis of the synthesized TiO2/
Fe3O4 nanoparticles measured by a cobalt tube made by Philips'
X'Pert MPD from the Netherlands. According to the specified peaks,
two substances, Fe3O4 and TiO2, have been detected. The peaks of
35.31�, 41.57�, 43.2�, 50.69�, 62.8�, 67.47�, 74.2� indicate the peaks
specific to Fe3O4 crystal (JCPDS card No. 19e629) (Khashan et al.,
2017). These sharp peaks indicate good crystallization of magne-
tite particles with the typical inverted cubic spinel structure. Also,
the peaks of 29.67�, 44.45�, 56.63�, 63.85�, 65.25�, 74.45�, 82.07�,
84.17� are for TiO2 anatase with tetragonal crystal structure (Horn
et al., 1972). According to the shape, Fe3O4 peaks are stronger
than TiO2 peaks, indicating that Fe3O4 nanoparticles adhere to TiO2
(Salamat et al., 2017). Also, due to the fact that the TiO2 in the
synthesized nanocomposite (TiO2/Fe3O4) has weaker peaks than
the pure TiO2 nanoparticles, it can be concluded that the synthe-
sized nanocomposite is in the core/shell structure. The absence of
other peaks confirms the absence of other phases, and no chemical



Table 1
Adsorption index peak of functional groups present in TiO2/Fe3O4 nanocomposite.

Functional group Absorption index peak, cm�1 Reference

FeeO 592 (Salamat et al., 2017; Khashan et al., 2017)
TieO 690 (Salamat et al., 2017; Khashan et al., 2017)
TieOeTi 784 Khashan et al. (2017)
TieO 1039 Al-Amin et al. (2016)
HeOeH 1636 Khashan et al. (2017)
OeH 3122e3370 Salamat et al. (2017)

Fig. 4. X-ray diffraction pattern of the synthesized TiO2/Fe3O4.

Fig. 6. VSM analysis of Fe3O4 and TiO2/Fe3O4 nanoparticles.
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reaction has occurred between TiO2 and Fe3O4, and the adhesion of
the two nanoparticles is solely due to the presence of adhesion
forces. In addition to the X-ray diffraction test, the black color as
well as the high magnetic strength of the nanoparticles (Fig. 6)
confirm the formation of magnetite on the TiO2 crystals. The crystal
size of the synthesized nanoparticles was calculated using the
Scherer formula (Salamat et al., 2017; Omidi et al., 2020):

Dp ¼ Kl
Bcosq

(3)

where Dp is the crystal size, l is the wavelength equal to 1.54178 Å
for the cobalt tube, B is the FWHM XRD peak, and q is the XRD peak
position. The average nanoparticle crystal size is calculated to be
20.23 nm. According to Fig. 5, which shows the FESEM image of
nanoparticles, it can be observed that the synthesized
Fig. 5. Field scanning electron microscopy (FESEM) image of TiO2/Fe3O4 nanoparticles
at a magnification of 240,000 times.
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nanoparticles have a spherical structure and a particle size of
15e40 nm. The magnetic property of this material causes the par-
ticles to stick to each other or to clump. Drying the suspended
particles in the liquid also causes them to clump, and the large size
of these nanoparticles might proves this fact.

Fig. 6 shows the magnetization properties of Fe3O4 nano-
particles and TiO2/Fe3O4 nanocomposite after the surface modifi-
cation. According to Fig. 6, the magnetic saturation of these two
nanoparticles is 63.74 and 28 emu/g, respectively. Therefore, in
comparison with bare Fe3O4 with magnetic saturation of 93 emu/g
(Iida et al., 2007), it can be noted that TiO2, and citric acid, have a
significant adverse impact on the magnetic property of Fe3O4.
Modification of the surfacewith citric acid creates a thick layer with
very weak magnetic properties on the surface of nanoparticles.
Although citric acid increases the stability of the nanofluid, it re-
duces the bipolar interaction between the particles, an important
parameter in N�eel relaxation theory, and the dissipation efficiency,
which in turn reduces the wave absorption rate (de Sousa et al.,
2013). It is worthy to note that the results in this section are
consistent with previous studies (Sabzi dizajyekan et al., 2019; Liu
et al., 2012). The diagram is S-shape like and no hysteresis loop is
observed, indicating superparamagnetic behavior.

TiO2 has a dielectric constant of 86 and no magnetic properties
(Reddy et al., 2003). When electromagnetic waves are emitted, TiO2
absorbs the electric field of the waves and generates heat as it
polarizes. Synthesis of TiO2/Fe3O4 nanoparticles alters the proper-
ties of each of the TiO2 and Fe3O4 nanoparticles. Thus, the features
of these nanoparticles are a combination of the properties of each
of the nanoparticles mentioned. TiO2 does not merely exhibit
magnetic properties, but as previously mentioned, synthesized
nanocomposite has amagnetic saturation of 28 emu/g. This is much
less than the magnetic saturation of Fe3O4, which has a value of 63
emu/g. Also, its dielectric properties are lower than TiO2 and higher



Table 3
Qualitative analysis of nanoparticle stability after 1 min of microwave irradiation at
power level of 50%.

Nanoparticle type Before irradiation After 1 min irradiation

Fe3O4

TiO2/Fe3O4

TiO2
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than Fe3O4. These nanoparticles are then expected to produce re-
sults similar to or between two other nanoparticles.

3.2. Stability of nanoparticles under irradiation

The stability of the nanoparticles or, in general, a colloidal so-
lution depends on the electrostatic forces between the particles.
The higher the repulsive force than van der Waals, the greater the
tendency of the nanoparticles to repel each other, so the more
stable the solutionwill be. Nanoparticles such as Fe3O4 and TiO2 are
unstable in water and precipitate after a short time. Nanoparticle
instability reduces their performance in the interaction between
rock and fluid. Surface modification techniques are used to increase
stability. In which hydrophilic materials are used and coated on the
surface of the nanoparticles. The mechanism of the surface modi-
fiers is that the electrostatic forces between the colloidal particles
increase, and thus the stability is increased. The zeta potential for
the three Fe3O4, TiO2, and TiO2/Fe3O4 nanoparticles are illustrates in
Table 2. Since the absolute magnitude of the zeta potential is
greater than 30 mV, thus the nanoparticles are stable (Sun et al.,
2016).

In addition to quantitative stability, qualitative stability was also
investigated. According to the observations, the synthesized
nanocomposite has no precipitation up to three days. On the third
day, the upper part of the solution becomes clearer, indicating a low
deposition of nanoparticles. TiO2 nanoparticles become unstable
after 8 h, and Fe3O4 nanoparticles after one month have neither
precipitated nor discolored.

To investigate the effect of microwave on nanoparticle stability,
the nanofluid is first placed into the microwave at power level of
50% and irradiated for 1 min. No instability was observed in the
synthesized nanocomposites (TiO2/Fe3O4) and also Fe3O4 nano-
particles. According to zeta potential data (Table 2), only TiO2 is
unstable under irradiation and Table 3 proves precipitation of TiO2
nanoparticles. TiO2 has no magnetic properties and has poor
orientation in the electromagnetic field. Accordingly, TiO2 becomes
unstable and precipitates merely by increasing temperature due to
radiation. It can be said that with radiation, materials that absorb
more energy and are more dynamic in the presence of electro-
magnetic waves are more stable, and hence the negative effect of
increasing temperature is eliminated. It must be mentioned that
with increasing temperature, the probability of collision and
clumping of nanoparticles increases. In addition, the faster change
of direction creates long chains of nanoparticles and thus the
nanofluid viscosity increases (Alnarabiji et al., 2018).

3.3. Effect of nanoparticles on electromagnetic heating efficiency

Different nanoparticles have different dielectric properties and
subsequently absorb different microwave energy. Fig. 7 shows the
temperature changes versus irradiation time for different fluids
including deionized water, TiO2, Fe3O4, and TiO2/Fe3O4 water-based
nanofluids at microwave levels of 100% and 50%.

Continuous radiation, which is the result of the microwave po-
wer level of 100%, causes the temperature to rise more than other
power levels. Among these nanoparticles, Fe3O4 is most capable of
Table 2
Zeta potential of nanoparticles.

Nanoparticle type Zeta potential, mV

Before irradiation After irradiation

TiO2 �30 �12
Fe3O4 �89 �81
TiO2/Fe3O4 �48 �35
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absorbing waves and converting them to heat energy. Both TiO2/
Fe3O4 and TiO2 have approximately equal temperature gradient at
lower power.

Fe3O4 has the highest magnetic saturation. This means that in
the electromagnetic field, it responds faster to the field and stores
more energy. TiO2 does not have magnetic properties, but it has a
high dielectric constant (Reddy et al., 2003) and is capable of
absorbing microwave oscillating electric field. Therefore, TiO2 has a
higher ability to absorb and convert the energy compared to water.
The slower growth of TiO2 nanofluid temperature than other
nanoparticles might be attributed to higher energy gap of the TiO2
band. TiO2 has a dielectric constant of 86, non-magnetic properties,
and a 3.2 ev energy gap (Reddy et al., 2003), which is a good
absorber for the electromagnetic field in the frequency range of
13e18 GHz (Zhu et al., 2010). The microwave used in this study has
a frequency of 2.450 GHz. At this frequency, the TiO2 absorbs mi-
crowave less than the higher frequencies. So there is a need for
more energy to move electrons from one band to another. This
energy is obtained at longer times of radiation.

The temperature difference at a constant time varies for
different nanoparticles dissolved in various base fluids. The water
begins to evaporate when it reaches a temperature of 100 �C. This
phase change in the open environment has little effect on the fluid
temperature. Oil has a lower dielectric constant than water
(Callarotti and Paez, 2014; Liu et al., 2018). Therefore, it has a slower
temperature slope than water. But oil components have a different
boiling point and can grow temperatures up to 250 �C or higher at
longer irradiation time (Hu et al., 2017).

Fig. 8 also indicates an increase in temperature of the oil con-
taining nanoparticles after 5 min of irradiation. According to Fig. 8,
TiO2 exhibits the lowest temperature increase compared to other
nanoparticles, and Fe3O4 has the highest temperature increase. The
order of power of these particles in increasing the oil temperature is
the same as their order in increasing the water temperature.



Fig. 7. Temperature changes with time for different fluids at different power levels of (a) 100% and (b) 50%.

Fig. 8. Increased oil temperature in the presence of nanoparticles after 5 min of mi-
crowave irradiation.
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3.4. Effect of nanoparticles on rock wettability

Fig. 9 shows rock wettability alteration in the presence of
nanoparticles without radiation. According to Fig. 9, TiO2/Fe3O4
nanocomposite has the best efficiency in contact angle reduction.
Note that the rock was in contact with nanofluids for 48 h.

Contact angle diagram and oil droplet photography for TiO2
nanofluid are brought in Fig. 10 and Table 4, respectively. It can be
perceived from Fig. 10 that 0.05 wt% and 0.1 wt% of TiO2 nanofluids
have little effect on the wettability of rock, but 0.2 wt% TiO2
nanofluid decreases contact angle from 160� to 30� after 55 min of
irradiation. In this section, power levels have ignoring differences.
Fig. 11 and Table 5 demonstrate that by utilizing Fe3O4 nanofluid at
Fig. 9. Rock wettability alteration by different nanofluids at 100 �C without irradiation
after 48 h of nanofluid-rock contact.
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the optimum time of 28 min, the power level of 50%, and the
concentration of 0.2 wt%, it will result the highest drop in contact
angle and also the strong hydrophilic angle of 19�.

Unlike TiO2 at concentrations of 0.05 wt% and 0.1 wt%, Fe3O4 has
a significant effect on this process, which at a concentration of
0.1 wt% after 55 min of irradiation, the rock exhibits neutral
wettability. Fe3O4 Concentrations of 0.05 wt% and 0.1 wt% gave
almost similar results in the change of wettability at the power
level of 50%. This proves that higher concentrations will give better
results, but at level of 100%, this difference increases. There is also a
significant difference in the power effect as the power level 50% is
particularly superior to level 100%.

Unmodified iron oxide (Fe3O4) with a magnetic saturation of 80
emu/g (Sabzi dizajyekan et al., 2019) is an excellent absorber for the
microwave magnetic field. Wen et al. (2012) showed that in the
range of 2.13e6.02 GHz, the magnetic loss is much higher than the
dielectric loss, and after that, the dielectric loss increases further.

Fig. 12 and Table 6 show the effect of synthesized TiO2/Fe3O4
nanocomposite on the rock wettability under microwave irradia-
tion at two power levels of 50% and 100%. It is worth to note that the
initial oil contact angle with rock is 159� and 156� for lower and
higher powers, respectively. At 28 min of radiation and 0.2 wt%
concentration, the changes in contact angle at 50% and 100% power
levels are 71.8% and 51.25%, respectively, confirming the more sig-
nificant effect of power level of 50% compared to level of 100%.

According to Figs. 10e12, the concentrations of 0.05 wt% and
0.1 wt% in TiO2 and TiO2/Fe3O4 show little effect on the wettability
of the rock, but Fe3O4 nanoparticles at these concentrations have a
significant impact on the contact angle. For example, the concen-
tration of 0.1 wt% of Fe3O4 in 55 min increases wettability from
strongly oil-wet (151.5�) to neutral (94�). The common point of all
graphs is that irradiation time and power, respectively, have a
maximum and minimum effect on the oil contact angle. According
to Fig. 9, in the absence of microwave radiation, the TiO2/Fe3O4
nanocomposite has the best effect on wettability, but in the pres-
ence of these waves, it is Fe3O4 that reacts better under irradiation.
This may be due to the stability, zeta potential, and microwave
absorption properties of the nanoparticles.

It must be noted that the wettability depends on the surface
charges (Taheri-Shakib et al., 2018b; Chibowski et al., 1994; Buckley
et al., 1989). Positive surface charge (calcite or carbonate rock) ab-
sorbs negatively charged tail of polar oil components such as car-
boxylic acid through polar attraction (Mehrabianfar et al., 2021);
therefore, these rocks tend to be oil-wet. On the contrary side,
negatively charged rocks such as quartz or sandstone tend to repel
the oil components and exhibit hydrophilic properties (Ahmadi
et al., 2015). Accordingly, an external electric or magnetic field
can alter the wettability by disrupting the order of electrical



Fig. 10. Oil-rock contact angle changes during irradiation at different concentrations of TiO2 and different power levels of (a) 50% and (b) 100%.

Table 4
Oil droplet on the rock surface after exposing the rock at different power levels and irradiation time in the presence of TiO2.

Power level Time of irradiation, min

6 28 55

50%

100%

Fig. 11. Oil-rock contact angle changes during irradiation at different concentrations of Fe3O4 and different power levels of (a) 50% and (b) 100%.

Table 5
Oil droplet on the rock surface after exposing the rock at different power levels and irradiation time in the presence of Fe3O4.

Power level Time of irradiation, min

6 28 55

50%

100%
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charges. According to Fig. 13, at constant temperature and pressure,
the nanoparticles apply a constant pressure (called disjoining
pressure) onto an oil drop on a solid surface. By using an oscillating
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electric field, the colloidal particles begin to oscillate and produce
an acoustic wave due to the electroacoustic phenomenon (Zhang
and Austad, 2006). The generated acoustic wave alternately forces



Fig. 12. Oil-rock contact angle changes during irradiation at different concentrations of TiO2/Fe3O4 and different power levels of (a) 50% and (b) 100%.

Table 6
Oil droplet on the rock surface after exposing the rock at different power levels and irradiation time in the presence of TiO2/Fe3O4.

Power level Time of irradiation, mins

6 28 55

50%

100%
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the oil absorbed on the rock; therefore, the disjoining pressure
changes due to the vibration of ions and particles, the energy loss,
and the forces acting on the microwave-affected system. As dis-
joining pressure increases, the oil phase is extracted from the rock
surface with greater efficiency (Wasan et al., 2011), and hydrophilic
nanoparticles are adsorbed on the rock surface instead of oil
(Abhishek et al., 2019). Adsorption of nanoparticles alters the
wettability of the rock to hydrophilic. The higher the magnetic and
dielectric properties of the nanoparticles, the better the reaction to
electromagnetic waves.

Nanoparticle stability data after irradiation (Tables 2 and 3) also
confirms the greater effectiveness of Fe3O4 and TiO2/Fe3O4 mag-
netic nanoparticles than TiO2. TiO2 instability reduces disjoining
pressure. It also lowers the absorption of nanoparticles and
Fig. 13. Schematic view of adsorption of nanoparticles on rock and roll of disjoining
pressure.
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precipitates on the walls of rock surfaces.
Fig. 14 shows FESEM images of the rock before and after the

radiation. Fig. 14(a) illustrates that after the rock is aged, the oil is
well absorbed on the rock surface and into the cavities and forms a
complete oil-wet surface. In addition, Fig. 14(b and c) are images of
the rock after 28 min of radiation at 0.2 wt% of Fe3O4 nanoparticles
with power level of 50%. Additionally, from Fig. 14(b) it can be
perceived that almost all the oil has been extracted from the rock.
As can be seen from Fig. 14(c), Fe3O4 nanoparticles are adsorbed on
the rock surface, and there are no traces of oil. Because of their
magnetic properties, Fe3O4 nanoparticles adhere to each other and
form larger particles, which is evident in Fig. 14(c) by varying the
size of the particles. Fig. 14 (d and e) shows the adsorption of the
synthesized nanocomposite and TiO2 nanoparticles on the rock
surface, respectively.

Table 7 lists the adsorption results of nanoparticles, which in-
dicates that microwave has a significant effect on the particle
charges and intermolecular forces. Adsorption of the Fe3O4 nano-
particles on the surface of the rock is more than other nano-
particles, which is consistent with the mentioned results. Higher
adsorption of nanoparticles can cover more area of the rock surface
and make the rock surface charges uniform. However, higher
adsorption could alter wettability more efficiently, but is not
economically viable.

Asphaltene, carboxylic acid, and naphthenic acid are the main
constituents of petroleum, which due to their negative charge, are
adsorbed on carbonate rock surfaces with a positive charge and are
the main factors of rock oil wetness (Taheri-Shakib et al., 2018b). As
the system temperature increases, the interfacial tension between
the water and the oil decreases (Hamouda and Rezaei Gomari,
2006) as well as the oil density, which reduces the oil contact
angle with the rock according to the following formula:



Fig. 14. FESEM images of carbonate rock surface under test: (a) after rock aging and before radiation, (b) after radiation, (c) higher magnification and absorption of Fe3O4

nanoparticles, (d) adsorption of TiO2/Fe3O4 nanocomposite, and (e) adsorption of TiO2 nanoparticles.

Table 7
Adsorption of the nanoparticles in two modes of radiation and without radiation.

Nanoparticle type Adsorption after 28 min of irradiation, mg/L Adsorption after 1 full day without irradiation, mg/L

Fe3O4 3.525 1.35
TiO2/Fe3O4 2.80 1.08
TiO2 2.62 0.81
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Fig. 15. The rate of oil withdrawal from the irradiated rock during the imbibition
process at a concentration of 0.2 wt% and 28 min of irradiation.
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s¼ rhðrw � rnwÞg
2cosq

(4)

where s is the interfacial tension, r is the pore throat radius, h is the
height of capillary rise, rw is the wetting phase density, rnw is the
non-wetting phase density, and g is gravity.

With temperature increase, the zeta potential of carbonate rock
decreases from large positive numbers to small positive ones
(Hamouda and Rezaei Gomari, 2006). This phenomenon indicates
an increase in repulsion forces between acids separated from oil
and the rock surface. It also demonstrates that the calcite surface is
deficient in calcium ion charge. It can be observed that the surface
required for carboxylic acid adsorption is reduced. Thus, the rock
hydrophobicity weakens. Also, Hamouda and Karoussi (2008)
stated that both the contact angle of oil with calcite surface and
oil-water interfacial tension show a decrease with temperature
which is in favor of higher oil recovery. Viscous forces are
temperature-dependent and therefore the relative permeability
changes with temperature. For a high tension system, as the tem-
perature at a constant saturation increases, the relative oil
permeability increases and the relative water permeability de-
creases, so the relative permeability vs. water saturation diagram
shifts toward more water saturation values. Therefore, the rock
shows the behavior of hydrophilicity (Punase et al., 2014). As the
temperature increases, the solubility of asphaltene in the oil in-
creases (Bera and Babadagli, 2015), and the oil becomes a more
stable and uniform colloid. In this case, the asphaltene adsorbed on
the rock surface is easily removed from the rock surface and dis-
solved in the oil; as a result, the surface charge of rock changes from
negative to positive, and the rock exhibits hydrophilic properties.

Increasing the environment temperature due to microwave ra-
diation has various effects on fluid-rock interactions as well as
fluid-fluid interactions. By electromagnetic radiation and by
increasing the ambient temperature, the energy produced is
absorbed by the molecules, and bypassing through the bonding
energy, it breaks the hydrocarbon bonds, which occur in processes
such as cracking, desulfurization, and demetalization. In the
cracking process, heavy crude oil molecules such as resin and
asphaltene are broken down into lighter molecules. The high
temperature and breakdown of the asphaltene and resin molecules
make the molecules more stable and soluble in oil (Mohammadi
et al., 2016; Escrochi et al., 2008). Asphaltene precipitation is
delayed by increasing the onset point (Taheri-Shakib et al., 2018a).
Asphaltene molecules, one of the factors affecting the oil-wetness
of the rock, are therefore easily removed at high temperatures
from the rock surface, resulting in a faster rate of wettability
change.
Fig. 16. Oil outflow from the rock after 28 min of irradiation in the presence of TiO2

and at power levels of 50% (left) and 100% (right).
3.5. Imbibition test results

Imbibition is the penetration of external fluid into a porous
medium by capillary forces. The greater the fluid infiltration, the
greater the output or oil production. Fig. 15 shows the results of oil
production from the imbibition process at the optimum concen-
tration (0.2 wt%) of nanofluids from wettability test results.

According to Fig. 15, as the power decreases, the production
increases. The power level of half or 50% in the microwave is such
that the radiation is switched on and off alternately and uniformly.
Continuous irradiationwith 100%microwave power to the aqueous
fluid creates a superheated zone that prevents steam from escaping
and increases the internal pressure of the fluid. This increase in
pressure also prevents oil from leaking out. But 50% of the power
facilitates the exit of water vapor by disconnecting and recon-
necting, and the oil comes out at alternating intervals. The highest
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oil production is related to Fe3O4 nanoparticles, which shows effi-
ciency of approximately 75%. The superiority of Fe3O4 nanoparticles
can be attributed to the high capacity of this material in absorbing
electromagnetic waves based on VSM test data (Fig. 6) and tem-
perature changes (Figs. 7 and 8). The imbibition results are also
consistent with the results of the wettability section. The other two
nanoparticles show almost equal oil extraction. This efficiency, in a
short time, confirms the ability of electromagnetic waves to
enhance oil recovery. Fig. 16 shows the oil outflow from the rock
surrounded by nanofluid after microwave irradiation. Based on the
amount of oil spread on the vessel wall and the effect of water
vapor condensate, it can be understood that at the power level of
50%, oil leaves the rock slowly during radiation, but at the power
level of 100%, oil leaves the rock in the final stages of radiation.
3.6. Effect of microwave on pH and adsorption of nanoparticles

The acidic and basic properties of the environment depend on
the presence of hydroxide ion (OH�) and proton ion (Hþ). With
increasing proton ions in a solution, the fluid becomes more acidic
(pH < 7), and in reverse, by increasing hydroxide ion, the



Table 8
Results of rock and fluid ion chromatography after 28 min of irradiation at a power
level of 50% and 0.2 wt% concentration.

Nanoparticles type Ca2þ concentration, mg/L Mg2þ concentration, mg/L

TiO2 43.00 13.31
Fe3O4 92.706 19.036
TiO2/Fe3O4 48.23 9.54
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environment pH shifts towards the basic mode (pH > 7). Fig. 17
elaborates the pH change of nanofluid at a concentration of
0.2 wt % and after 28 min of irradiation at two power levels of 50%
and 100%.

Initially, all fluids were acidic. According to Fig. 17, after irradi-
ation, the pH changes from acidic to basic. The pH of TiO2 varies
between 6.0 and 8.7, which is the highest percentage of change
among Fe3O4 nanoparticles and TiO2/Fe3O4 nanocomposite. At high
pH values, carboxylic acid acts like a surfactant which may affect
the wettability of the rock (Punase et al., 2014). The mechanism of
action of surfactant on wettability exists in several sources in the
literature (Ahmadi and Shadizadeh, 2013b, 2017; Ahmadi, 2016).

Depending on the constituents of the rock, two chemical pro-
cesses may occur between the fluid and the rock. These processes
involve dissolving the rock in the fluid and absorbing the nano-
particles on the rock surface (Hamouda and Abhishek, 2019).

CaCO3 þH2O#Ca2þ þ HCO�
3 þ OH� (5)

2CaCO3 þH2Oþ NP#CaCO3 � NPþ Ca2þ þ HCO�
3 þ OH�

(6)

MgCO3 þH2O#Mg2þ þ HCO�
3 þ OH� (7)

2MgCO3 þH2OþNP#MgCO3 � NPþMg2þ þ HCO�
3 þ OH�

(8)

Equations (5) and (7) show the dissolution of calcite and mag-
nesium minerals in the water, and Eqs. (6) and (8) show the ab-
sorption of nanoparticles on the surface of calcite. In both
equations, the release of the hydroxide ion is common, and this ion
is the dominant factor in increasing the pH of the medium. Table 8
shows the ICP results of the samples after irradiation.

Table 8 confirms Eqs. (5)e(8). The table also shows that the
presence of Fe3O4 nanoparticles caused the further dissolution of
the calcium ion in the fluid. As seen in previous results, Fe3O4 has a
greater effect on wettability and imbibition than other nano-
particles. The ICP test also confirms this. Further dissolution of
these particles in the nanofluid cleans the rock surface of the oil and
oil-friendly agents. Therefore, more nanoparticles are adsorbed on
the rock surface, and the wettability of the rock tends to be more
hydrophilic. These results show that the adsorption of Fe3O4 on the
rock surface is higher than other nanoparticles (Table 7).

According to these results, it can be claimed with certainty that
electromagnetic waves affect charged and magnetic particles.
Fig. 17. pH changes of nanofluids after 28 min of radiation at different power levels.
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These waves can control the movement of these particles and affect
the physical properties of nanofluids, such as viscosity.

3.7. Effect of microwave on oil viscosity

Fig. 18 shows a decrease in oil viscosity with increasing tem-
perature. At ambient temperature, the oil viscosity is 481 cP, which
decreases to 25 cP by increasing the temperature to 80 �C. Fig. 19
shows the changes in oil viscosity under microwave irradiation
with a power level of 50% at various times with an interval of 5 min.
Fig. 19 depicts that by increasing the irradiation time to 5 min, the
oil viscosity decreases, and then with increasing time, the viscosity
increases so that the oil viscosity reaches 827 cP in 40 min. Oxygen
in the environment and atmospheric pressure can be considered as
the reasons for the increase in viscosity over time (Shang et al.,
2018). At low pressures, lightweight petroleum components are
easily separated, and heavy elements remain. The initial decrease in
viscosity can be due to the breakdown of large hydrocarbon chains
into smaller and lighter components (Taheri-Shakib et al., 2017).
The inverse trend of viscosity diagrams over time indicates the exit
of light elements or the formation of large chains and polymeri-
zation. This conclusion is consistent with the findings of other re-
searchers (Britten et al., 2005; Gunal and Islam, 2000; Mozafari and
Nasri, 2017).

The effect of different nanoparticles on the oil viscosity after
5 min of irradiation is shown in Fig. 20. According to Fig. 20 at both
level of 100% and 50%, Fe3O4 nanoparticles have the most signifi-
cant effect on reducing the viscosity of the oil so that its viscosity
reaches from 481 to 200 cP at the level of 50%. Other nanoparticles
show a decrease in oil viscosity, but their effects are not as much as
Fe3O4 nanoparticles. Figs. 7 and 8 confirms the superiority of Fe3O4

nanoparticles in increasing oil temperature, which is consistent
with the viscosity results.

This data suggests that, firstly, the reduction of oil viscosity by
different nanoparticles is not the same. Because the type of nano-
particles has an important effect on heating rate and temperature
rise. Secondly, because the viscosity change is related to the change
in the oil properties, the tendency of the oil to adhere to the rock
Fig. 18. Viscosity changes versus temperature.



Fig. 19. Oil viscosity changes with irradiation time.

Fig. 20. Effect of different nanoparticles on the oil viscosity at power levels of 100%
and 50% and 5 min of irradiation time.

H. Shamsi Armandi, A. Jafari and R. Gharibshahi Petroleum Science 18 (2021) 1797e1812
surface changes. To prove this, the oil was irradiated at 5-min in-
tervals, and its viscosity and contact angle with the intact aged rock
were measured. Fig. 21 shows a relation between oil-rock contact
angle and oil viscosity.

It is clear that with decreasing the viscosity, the contact angle
also diminishes, and after increasing the viscosity, the contact angle
increases. This indicates that by changing the properties of oil, both
physically and chemically, the degree of its tendency to spread on
the rock surface also changes. As mentioned earlier, the decrease in
the viscosity of the irradiated oil is due to the breakdown of large
molecules. Asphaltene is also one of the functional groups that al-
ters the wettability of rocks. As the oil lightens, the amount of
asphaltene and, consequently, the tendency of the oil to spread on
the rock surface decreases.
Fig. 21. Oil viscosity change versus oil contact angle with the rock surface.
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4. Conclusion

In this research, the effect of three nanoparticles of TiO2, Fe3O4,
and TiO2/Fe3O4 nanocomposite on the fluid-rock and fluid-fluid
interactions in the presence of microwave radiation has been
investigated. TiO2 nanoparticle is commercially available, but the
other mentioned nanoparticles are synthesized by the co-
precipitation method. All of the nanoparticles are coated with cit-
ric acid for better stability and distribution in water. Identification
analysis shows that synthesis and surface modification are suc-
cessful. The results reveal that the microwave can have excellent
efficiency in reducing the contact angle of oil with rock at the
optimal power level of 50%. In the presence of Fe3O4 nanoparticles,
the contact angle is reduced from 155� to 19� in 28 min. During the
imbibition process, much oil is produced from the rock in a short
period of time. So that 75% of the oil is produced with Fe3O4
nanoparticles. According to the additional tests of pH, ICP, and
viscosity, it can be concluded that the change in the rock wetness
with microwave radiation is affected by various parameters such as
oil viscosity and type of nanoparticles. Increasing the temperature
dissolves the asphaltene in the oil, reduces the viscosity of the oil,
and makes it easier to detach from the rock surface. The disjoining
pressure of nanoparticles accelerates the oil detaching process and
changes its surface properties by being adsorbed on the rock sur-
face. ICP and pH data indicates the separation and dissolution of
calcite in the aqueous medium. As the rock particles are removed,
the intact surface of the rock becomes visible and does not contain
any oil functional groups.

Overall, the study shows that microwaves increase oil produc-
tion through various mechanisms such as changing surface charges
and rock wettability, reducing oil viscosity, changing the adsorption
rate of nanoparticles, and increasing the rock solubility in a fluid.
Microwaves have a tremendous ability to change the properties of
rock and fluid. They can be used as a clean source of energy to
produce oil in the tertiary recovery level or to stimulate oil wells.
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