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Abstract—Microwave (MW) absorption ability of Fe;O, nanoparticles was increased by attaching NiO nanomaterials
to them through a co-precipitation approach. The surface of the synthesized nanohybrids was hydrophilized using
three different natural agents to disperse in water. The synthesized nanohybrids were characterized by several analyses.
The colloidal stability, magnetic behavior and the effect of surface modification agent on the MW absorption ability of
the synthesized nanohybrids were investigated. The ability of surface-modified nanohybrids to increase the oil recov-
ery factor was studied by injecting them into a 2D glass micromodel as the porous medium. The results showed that
CA is the best modification agent with high colloidal stability, strong MW absorption and the lowest effect on the
reduction of magnetic saturation of uncoated nanohybrids. Citric acid decreased the saturation magnetization from
55.43 emu/gr at the uncoated state to 52.82 emu/gr at the modified state. The oil sample with more polar compounds
such as asphaltene could be further heated and its viscosity further reduced in an EM heating process. By adding
0.1 wt% of the Fe;O,-NiO nanohybrids, the viscosity of sample (S1) was reduced by 266 mPa-s more than the MW
radiation state alone. The findings indicate that MW radiation can significantly increase the heavy oil recovery factor.
Water injection had only 16.6% oil recovery; however, this value increased to 41.5% by radiating 400 watts MW. This
increase will be further enhanced by adding modified Fe;O,-NiO nanohybrids to water. The Fe;O,-NiO @ CA, Fe;O,-
NiO @ APTES, and Fe;O,-NiO @ PEG had 69%, 63.5%, and 58.3% oil recovery, respectively. Finally, it was found that
the surface modified nanohybrids could change the wettability of the porous medium from oil-wet to water-wet. After
coating the glass with the Fe;O,-NiO @ CA nanofluid, the oil contact angle decreased from 140° to 17°.
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INTRODUCTION

Heavy and extra-heavy oil extraction is a challenging issue in the
oil industry [1]. Due to high oil viscosity, oil extraction from these
reservoirs is difficult, and transport and refining is costly. High lev-
els of sulfur, heavy metals, carbon dioxide, and nitrogen content in
these types of oils have raised environmental concerns caused by
their refining [2]. On the other hand, oil recovery from these res-
ervoirs is poor and its world market prices are much lower than
light crude oil [1,3]. Therefore, it is important to improve the qual-
ity of heavy oils and increase their production capacity due to the
rising demand for energy in the future.

Generally, recovery of residual and unproductive oil from heavy
oil reservoirs is achieved using thermal enhanced oil recovery (EOR)
methods. These methods entail conventional approaches such as
steam and hot water injection, combustion, steam-assisted gravity
drainage (SAGD), and newer methods like EM heating [4-8]. The
basis of all these methods is to heat a greater volume of a reser-
voir optimally. Raising the oil temperature reduces the viscosity of
oil and improves its ability to move in the reservoir and towards
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the production well [9,10]. Conventional methods are not com-
patible with all types of reservoirs and do not typically satisfy eco-
nomic and environmental issues [11,12]. In recent years, EM heating
or radiofrequency heating (RF) has shown promising signs for over-
coming the disadvantages of conventional methods in conducted
research. [4,5,13-15]. Compared to the conventional thermal EOR
methods, the EM heating process is a precise, controllable, economi-
cally feasible, environmentally friendly, and selective heating pro-
cess with the least lost energy into the reservoir. Besides, the EM
heating process has high compatibility with diverse types of reser-
voirs and a short process time to heat the production zone.

EM heating is classified into three categories, according to the
frequency ranges (from 3 kHz to 300 GHz): ohmic or resistive heat-
ing with low frequency, induction heating with medium frequency,
and high frequency or MW radiation [5]. In MW radiation, the
dominant heating mechanism is dielectric heating [16]. Microwaves
increase the internal energy of a substance by stimulating dielec-
tric reactions and creating atomic polarization within it [17]. As a
result, the temperature of the material increases. Thus, unlike con-
ventional thermal conduction and convection heating methods,
microwaves can heat materials without physical contact in less time
[5,7]. Experimental studies showed that the total energy efficiency
of MW heating could be approximately 80%. Chemical reactions
using MW occur up to 10-1,000 times faster than conventional
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methods. MW heating consumes the lowest energy compared with
different electrical heating methods [5,18,19].

Using the MW radiation method, it should be borne in mind
that any substance is not able to absorb microwaves [20]. For exam-
ple, crude oil is not a suitable absorbent of microwaves [19,21].
However, by increasing the number of polar components, such as
asphaltene and resin molecules, the ability of crude oil to absorb
microwaves increases. Microwaves have a low penetration depth.
Therefore, the stimulated area inside the reservoir can be reduced
[22]. To overcome these difficulties, using additional materials like
nanoparticles is an appropriate way to enhance the performance
and decrease the expense of using this technique in field opera-
tions [23]. Using high MW absorbent nanomaterials dispersed in
the injected fluid would absorb a greater amount of radiated energy
[23,24]. Consequently; transferring heat energy from injected fluid to
crude oil can warm up a more significant reservoir volume [25,26].

Nanoparticles possess special properties, including small size, high
surface area, high dispersibility, and catalytic activity, and high
strength [27,28]. Different laboratory studies are required to deter-
mine the best nanoparticle and to find comprehensive and accu-
rate information about the process of MW radiation coupled with
nanofluid injection [29,30]. Several nanostructured materials, in-
cluding metallic nanoparticles, carbon nanomaterials, and zeolites,
were used in previous studies [31-36]. Using MW radiation pro-
cess coupled with nanofluid injection has different effects on an oil
reservoir; for example, decreasing the viscosity of crude oil or bitu-
men, changing the wettability of rock reservoir, separating the oil
and water into the reservoir, and increasing the oil recovery factor
in an EOR operation [19,23,26,31,33-35,37-41]. Given the efforts
made, the best type of nanoparticle and its injection conditions
and the mechanism of their effect on the process are still unclear.

Magnetic nanoparticles showed desired potentials for use in all
areas of the petroleum industry like oilfield applications [42]. Regard-
ing the literature, superparamagnetic iron oxide (Fe;O,) nanoparti-
dles have a better potential for use in this process than other nano-
particles [43]. Nevertheless, they can trigger the magnetic loss term
of EM-waves and have a poor ability to absorb the dielectric loss
of EM-waves [20]. Mixing a material with another strong MW
absorbent by coating, doping, cladding, and modifying can increase
their ability to absorb MW energy [17].

Therefore, in this study, Fe;O, (Iron oxide) nanoparticles were
hybridized with NiO (nickel oxide) nanomaterials to improve the
MW absorbing capacity and their performance in an MW radiation
operation. Fe-Ni hybrid possesses suitable EM absorption proper-
ties in a specific frequency band due to its excellent magnetically
soft properties such as morphology variability, complex permea-
bility, and permittivity [20]. Hence, this alloy is widely employed in
electronic devices. Fe;O,-NiO nanohybrids were treated with three
specific modification agents including citric acid (CA), (3-amino-
propyDtriethoxysilane (APTES), and polyethylene glycol (PEG 6000)
to yield hydrophilic particles. The characteristics of modified/unmod-
ified nanohybrids were investigated using various analyses: Fourier
transform infrared spectroscopy (FTIR), X-Ray Diffraction (XRD),
field emission scanning electron microscopy (FESEM), energy dis-
persive X-ray spectrometry (EDX), and vibrating sample magne-
tometer (VSM). The stability of the synthesized nanohybrids in water,

the injected fluid in the EOR process, and their ability to absorb
EM waves were quantitatively and qualitatively determined. In the
next stage, the effect of oil type (three oil samples with different
asphaltene content) on the amount of MW absorption of synthe-
sized nanohybrids was investigated. This analysis was done to find
the capability of the synthesized nanohybrids for use in different
oil reservoirs. Finally, several micromodel injection tests were per-
formed to explore the ability of the modified nanohybrids in the
EM heating process in order to boost the oil recovery factor. Herein,
we attempted to find the best surface modification agent with high
stability and strong performance in the EM heating process.

MATERIALS AND METHODS

1. Materials

FeCl,-6H,0, FeCl,-4H,0, ammonia solution (NH,OH), sodium
hydroxide solution (NaOH), toluene (C,Hy), and trichloromethyl-
silane (CH,;CLSi) purchased from the Merck Company were used
for synthesizing Fe,O, nanoparticles and applying oil-wetting con-
dition in the micromodel. NiO nanoparticles with 20 nm diame-
ter were supplied from US Research Nanomaterials to hybridize
with Fe;O, nanoparticles. CA (C;H;O,), (3-aminopropyl)triethox-
ysilane (APTES, C,H,NO;Si), polyethylene glycol 6000 (PEG,
H(OCH,CH,),OH) as the modification agents were provided from
Titrachem Company. Nitrogen (N,) flow with high purity was used
as an anti-oxidant throughout the synthesis process. Deionized (DI)
distilled water was used during the tests as the dispersion medium,
solvent, and washing fluid.

Three oil samples from different Iranian oil reservoirs were pre-
pared for use in the static and dynamic EM-absorption and micro-
model flooding tests. The properties of oil samples are in Table 1.
2. Synthesis of Fe,0,-NiO Nanohybrid

Fe,0,-NiO nanohybrid with a weight ratio of 3: 1 was synthe-
sized via a co-precipitation method with some modifications [44,
45]. For this purpose, 1g of NiO nanoparticles was sonicated in
200 ml of DI-water at maximum power for 30 min. Then, FeCl;-
6H,0 (7 g, 259 mmol) and FeCl,-4H,0 (2.57 g, 12.95 mmol) were
added to the solution in a three-bottleneck flask. The obtained solu-

Table 1. The properties of oil samples at ambient pressure and tem-
perature (1 atm. 25 °C)

No. Property Value
API 15
Densi ’ 0.9658
Sample 1 (S1) ensrry‘ (g/.cm )‘
Dynamic viscosity (mPa-s) 650
Asphaltene content (g/g) 0.135
API 19
Densi ’ 095
Sample 2 (S2) enSIty‘ (g/Fm ).
Dynamic viscosity (mPa-s) 91.40
Asphaltene content (g/g) 0.1120
API 33
Densi ’ 0.86
Sample 3 (S3) en51ty. (g/Fm ).
Dynamic viscosity (mPa-s) 1.87

Asphaltene content (g/g) 0.0105
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tion was deoxygenated by a bubbling N, flow. The ammonia solu-
tion was added dropwise to adjust the pH at 11. The solution was
stirred vigorously at 75°C for 2 hours. The black precipitate was
washed several times with DI-water using magnetic decantation (a
permanent magnet, 0.5 T) and dried in an oven at 60 °C. To avoid
developments of 7 or a-Fe,O; instead of Fe;O, nanoparticles, no
calcination treatment was used in this process [46-48].
3. Surface Modification of Fe;0,-NiO Nanohybrid

Surface modification of Fe;O,-NiO nanohybrids is required when
they are used in an EOR process because Fe;O,-NiO nanohybrids
are very unstable in water [49]. To disperse these nanohybrids in
water as the cheapest and most available solvent in EOR processes,
their surfaces should be hydrophilic. Deposition of nanoparticles
decreases through surface modification, and less oil formation dam-
age like permeability reduction can occur in the porous medium.
Although surface modification is a key step for their use in the
EM heating process, it should not affect the EM absorption ability
of particles. The surface modification reduces the active surface
area of nanoparticles for absorbing EM waves. Therefore, the type
of modification agent is important. The optimum operational con-
ditions of each surface modification agent, like the amount of sur-
face modifier agent, temperature, sonication, and stirring time,
were determined by the information provided in the literature and
some pre-tests before each phase. A schematic of surface modifica-
tion of Fe;O,-NiO nanohybrids with three different agents, a weak
acid (like CA) [50,51], silane agent (APTES) [52,53], and polymeric
compound (PEG 6000) [54,55], is shown in Fig. 1.

At first, 1 g of synthesized Fe;O,-NiO nanohybrids was added

Adding 1 gr of synthesized Fe;04-NiO
nanohybrids to water

sonicated for 30 min at
maximum power

(&\

Washing with
magnetic decantation

)

Fe;0,-NiO @ CA

Drying in an oven
at 60°C for 12 hours

L]

Fig. 1. The schematic of surface modification.
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to DI-water. The solution was sonicated at the maximum power for
30 minutes (Fig. 1). Then, in the next stage, an appropriate amount
of modification agent (2 g of CA, 4 ml of APTES, and 0.8 g of PEG
6000) was added to the solvent. The solution was stirred vigor-
ously at a specific temperature in a given period under N, flow.
Finally, the blackish-brown precipitates were decanted magneti-
cally and washed three times with DI-water and dried in an oven.
4. Characterization

To identify the synthesized nanohybrids and the presence of
functional groups of modification materials on their surface, Fou-
rier transform infrared spectroscopy (FTIR, PerkinElmer Spectrum
Version 10.03.06) and X-ray crystallography with Cu-Ka radiation
(XRD, Philips Company JEOL JDX-803) were used. The FTIR anal-
ysis of the modified/unmodified nanohybrids was performed as
solids dispersed in the KBr matrix at the ambient temperature. This
analysis was carried out in the range of 4,000-400 cm™" to justify
the presence of modifying functional groups coated on the nano-
hybrid surfaces. The XRD analysis was accomplished by dried pow-
der (at room temperature, Cu anode material, step size 0.02° and
scan step time 1 second) to identify the structure of unmodified
synthesized nanohybrid and to determine its crystal size. This analy-
sis was carried out to verify the accuracy of the proposed nanohy-
brid synthesis method and to check for impurities in the final
powder. Field emission scanning electron microscopy (FESEM,
FEI NOVA FESEM 450) was performed to characterize the shape
and morphology of all synthesized nanohybrids. This analysis was
done by dilution of the solution, including bare and surface-modi-
fied Fe;O,-NiO nanohybrids, to avoid the existence of any agglomer-
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at 70 °C for 7 hours #
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. [ « )
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ated particle in the captured image. Energy dispersive X-ray spec-
trometry (EDX, VEGA\\-TESCAN-LMU) was used for the ele-
mental analysis or chemical characterization of surface composi-
tion of all modified and bare powder samples. A vibrating sample
magnetometer (VSM) test was applied to determine the saturation
magnetization of coated/uncoated synthesized nanohybrids. This
analysis was performed using solid modified/unmodified nanohy-
brids at room temperature over a range of applied fields from
—10,000 Oe to 10,000 Oe. The stability was determined qualita-
tively by detecting the deposition of particles within the solution
and using Zeta potential analysis over time (SZ-100 HORIBA Sci-
entific). This analysis was also conducted at room temperature using
a 0.1 wt% of each surface-modified nanohybrid dispersed in the
DI-water solution.

5. The Ability of Nanoparticles to Absorb MW Energy

Two scenarios were designed to investigate the impact of sur-
face modification on nanohybrid efficiency in the EM heating pro-
cess, in order to capture heat and efficiently pass it to its sur-
roundings. At first, 50 ml of 0.1 wt% of modified water-dispersed
nanohybrids was put under 400 watt MW radiation (2.45 GHz).
The temperature of the prepared samples was recorded every 30
seconds (before the evaporation point of water) using an infrared
thermometer.

In the second scenario, 0.1 wt% of the hydrophobic bare nano-
hybrids was dispersed in 50 ml of three different crude oil sam-
ples and then placed under 400 watt MW radiation. Like the first
scenario, the temperature of the prepared samples was recorded
every 30 seconds using an infrared thermometer.

6. Micromodel Flooding

To study the ability of the modified nanohybrids in the EOR
process under EM heating, a micromodel flooding setup was used
(Fig. 2). A domestic type microwave oven (Feller MW-305) with
some modification was used to generate microwaves and to allow
the injection of nanofluid into the glass micromodel, operating at
a frequency of 2.45 GHz and power of 900 watts (with five power

levels of 10, 30, 50, 80, and 100%). To visualize the fluid flow of
injected flow into the porous medium, a 2D glass micromodel with
dimensions of 6x6x0.006cm was employed. The porosity and
permeability of the glass micromodel were 0.38 and 890 mD, respec-
tively. To simulate the fluid flow into a real reservoir rock, a dolo-
mite pore shape pattern was utilized.

For applying oil-wet conditions, similar to most carbonate oil
reservoirs [56,57], the micromodel was saturated with the NaOH
solution and was retrieved for 1 hour. Then, to eliminate impurities,
the micromodel was washed with DI-water and dried at 200 °C for
20 minutes. In the next stage, the micromodel was fully saturated
with a dilute solution consisting of 98% pure toluene and 2% tri-
chloromethylsilane for at least 5 minutes. Finally; the micromodel was
washed with methanol and then dried in the oven for 30 minutes.

After, the micromodel was fully saturated with heavy crude oil
(S1). Several nanofluids with all the modified nanohybrids (0.1 wt%
in DI-water) were prepared. To obtain Darcy flow conditions, the
rate of nanofluid injection was adjusted at 0.07 ml/h using a high
precision syringe pump. All of the injection scenarios were car-
ried out at ambient pressure. The results of the oil recovery factor
experiments were achieved by taking a snapshot from the porous
medium and analyzing it using computer image processing, Pho-
toshop software. The number of black pixels (representing the
remained oil in the porous medium) before and after flooding is
the basis of this method to determine the oil recovery factor. The
oil recovery factor in this method was calculated by Eq. (1) [56].

R Soi~Sor

o O
No. of black pixels in fully oil saturated
—No. of black pixels after flooding

~No. of black pixels in fully oil saturated

where R is the recovery factor, S,; as the initial oil saturation calcu-
lated by the number of black pixels of the photo in a fully oil-satu-
rated state (before flooding operation) and S, is the residual oil

Digital Calmera

Microwave Oven

Computer

Syringe Pump b

]

00
00
00
00

O

Waste Storage

Light Source

Fig. 2. Schematic of micromodel setup.
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saturation (after flooding operation) obtained by counting the
number of black pixels after flooding. To investigate the influence
of EM heating, the porous medium was put under 400-watt MW
radiation. In the MW radiation mode, only the ultimate oil recov-
ery factor was investigated due to safety issues. To this end, after
the injected fluid breakthrough, a photograph was taken and a sta-
ble state was formed in the porous medium.
7. Wettability Measurement

The wettability alteration of each nanohybrid was measured using
the sessile drop technique. For this purpose, some glass panes
(3x2x1 cm) were converted to the oil-wet form (regarding the
detailed procedure described in section 2.6). Then, they were im-
mersed in different water colloidal solutions prepared by individ-
ual modified nanohybrid for two days at 70 °C. Finally, the contact
angle of an oil droplet on the surface was measured. The average
value was reported based on the measurements made on three
points of each glass.

SEM HV: 15.0 kV
SEM MAG: 151 kx

WD: 9.12 mm
Det: SE

View field: 1.37 ym | Date(m/dly): 07/21/20
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8. Viscosity Measurement
The oil and injected fluid viscosities were measured by a rota-

200

Fe;0, «
150 - < NiO o

Intensity
-
8

20 30 40 50 60 70 80
2 Theta (Degree)

Fig. 3. The XRD pattern of uncoated Fe;O,-NiO nanohybrid.
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tional cylinder-cone viscometer from Anton Paar Company. All
viscosity measurement tests in this study were at room tempera-
ture (25 °C). All samples were homogeneous and without air, and
the amount of shear stress applied to the fluids was considered to
be 5005 Viscosity change tests were conducted before and after
the oil was exposed to the electromagnetic field. Also, the impact of
adding synthesized nanohybrids to the oil samples was analyzed.

RESULTS AND DISCUSSION

1. Characterization of Synthesized Nanohybrids

Fig. 3 shows the XRD pattern of uncoated Fe;O,-NiO nanohy-
brid. The diffraction peaks at each angle correspond to an individ-
ual crystalline plane of Fe;O, based on the JCPDS card No. 019-
0629, and NiO based on the JCPDS card No. 047-1049. Synthesiz-
ing of nanohybrid Fe;O,-NiO was observed due to the absence of
peaks, which was attributed to the presence of impurities. Also, the
crystal size of Fe;O,-NiO nanohybrid determined by Scherrer’s equa-
tion [44] was 21 nm.

According to the JCPDS card No. 019-0629, the diffraction peaks
at 260=30.2°, 35.5°, 434°, 53.7°, 57.2° and 62.9° correspond to
(220), (311), (400), (422), (511), and (440) crystalline planes of Fe;O,
nanoparticles, respectively [58]. Also, the diffraction peaks at 20=
7.2°,43.3°, 62.9°, 75.4°, and 79.4° correspond to (111), (200), (220),
(311), and (222) crystalline planes of NiO nanoparticles (Based on
JCPDS card No. 047-1049), respectively [59].

The FESEM representative image of bare and surface-modified
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Fe;0,-NiO nanohybrids is depicted in Fig. 4. This image indicates
that Fe;O, and NiO nanoparticles were approximately spherical.
The average size of this nanohybrid was estimated at approximately
40 nm. Also, the diameter of the modified nanohybrids was in-
creased <5-8 nm, which is not significant in a surface modification
process. Therefore, the used surface modifier agents in this study
had a minimum effect on the particle size of the nanohybrids. The
elemental mapping of Fe, Ni, and O elements is exhibited in Figs.
S1 and S2, which are presented in supporting information. These
results indicate the consistent presence of these elements in the
final synthesized Fe;O,-NiO nanohybrid over the selected region.
So, in the synthesized Fe;O,-NiO nanohybrid with a weight ratio
of 3: 1, Fe;O, and NiO nanoparticles is well distributed.

To determine the functional groups of modification agents on
the surface of synthesized nanohybrid, the FTIR results of modi-
fied nanohybrids are shown in Fig. S3 (see supporting information).
Regarding the results, the accuracy of the surface modification pro-
cess and surface coating of the nanohybrids can be determined.
The EDX results of all modified/unmodified synthesized nanohy-
brids to characterize elemental or chemical surface composition
are illustrated in Fig. 5. Regarding this figure, the existence of Fe,
O, and Ni species was confirmed in all samples, showing the syn-
thesis of Fe;O, and NiO compounds (Figs. 5(a)-(d)). The EDX analy-
sis results of Fe;O,-NiO @ CA samples in Fig. 5(b) demonstrate
the presence of the C element of CA on the surface of the modi-
fied nanohybrids. The observed peaks related to carbon (C), nitro-
gen (N), and silicon (Si) species in Fig. 5(c) confirm the presence

FeKa. JOKa
1500 OKe: 2500
2000_]
| Hele 4
Hela
1000
1500] FeKo.
Lo
500
NiKo.
FeKp
o NiKp v
5 0 5 10
(a) Unmodified Fe;04-NiO nanohybrids (b) Fe;04-NiO @ CA
JOKa OKo.
J 1500
1500
f
FeLa 5 i FeKo
1 1000
1000-]
NiLo.
500
NiKe.
FeKp
Lk ke
e !
. kev o 3 " v " kev
0 5 0

(¢) Fe;04-NiO @ APTES

(d) Fe;04-NiO @ PEG 6000

Fig. 5. EDX analysis of all modified/unmodified synthesized nanohybrids.
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Fig. 6. VSM analysis results of coated/uncoated nanohybrids.

of APTES in the Fe;O,-NiO @ APTES samples. Besides, accord-
ing to Fig. 5(d), the existence of C species of PEG was empha-
sized in the Fe;O,-NiO @ PEG 6000 nanohybrids.

The results of the VSM analysis of all modified and bare nano-
hybrids as a function of the external magnetic field from —10,000
to 10,000 Oe are presented in Fig. 6. The superparamagnetic behav-
ior and proper magnetic responsiveness of all modified and bare
nanohybrids can be obtained due to the S-shape of their VSM
results.

From Fig. 6, all of the Fe;O,-NiO nanohybrids were separated
from the solution rapidly by closing an external magnetic field to
the bottle. Thus, by providing an external magnetic field on the way
to the oil production line, the nanoparticles separated from crude
oil quickly. The amount of saturation magnetization of uncoated
Fe;0,-NiO nanohybrids in the mass mode is 55.44 emu/g, which
is less than just Fe;O, nanoparticles in that (93 emu/g). This is due
to the presence of NiO particles in the synthesized nanohybrid,
which has much lower magnetic properties than Fe;O, nanoparti-
cles. Besides, the surface modification reduces the magnetic per-
formance of the nanohybrids. The effective surface area of a nano-
particle decreases after surface modification. Therefore, by expos-
ing them to an EM field, lower EM energy can be absorbed over
the surface of the nanoparticles. Thus, the surface coating acts as a
shield and keeps the surface of the nanoparticles from reaching
the waves. However, the type and nature of surface modification
agents play a pivotal role in this reduction. Table 2 represents the
coercivity and saturation magnetization threshold for all modified
nanohybrids.

From Table 2, CA had the minimum effect, which decreased

only 2.61 emu/g of saturation magnetization of uncoated Fe;O,-
NiO nanohybrids. The reason for this phenomenon may be differ-
ent surface modification mechanisms of CA compared to APTES
and PEG, as well as the variation in the crystallinity degree and
particle size [60]. Long-chain coatings, high surface density, and
macromolecules of PEG and APTES on the surface of the nano-
hybrids through a steric stabilization mechanism increase the size
and the weight of the nanohybrids [61]. In contrast, a thick and
weak magnetic layer with small CA molecules has a negligible effect
on the size of the nanohybrids. This highly crystalline layer has an
optimal magnetization [62]. The saturation magnetization of Fe;O,-
NiO @ PEG 6000 and Fe;O,-NiO @ APTES was 47.19 emu/g and
43.32 emu/g, respectively. The surface modification with all three
modifying agents had a marginal impact on the coercivity and main-
tained their superparamagnetic behavior. In conclusion, the sur-
face modification reduced the magnetic performance of Fe;O,-
NiO nanohybrids, while improving the stability of nanoparticles in
the injected fluid by reducing the dipolar interaction between par-
ticles. Consequently; it reduced the specific absorption rate (SAR)
as a result of coating nanoparticles with a thin non-magnetic layer
of modification agent [63]. Among selected modification agents in
this study, CA had the least influence on the magnetic behavior of
the synthesized nanohybrids [45].

Finally, the stability of nanofluids prepared with modified nano-
hybrids is a crucial issue for their use in an EOR process using EM
heating. This factor was quantitatively investigated by Zeta potential
analysis (see Table 2). Also, it was qualitatively studied by monitor-
ing the deposition of particles within the solution (0.1 wt% in 10
ml DI-water) over time up to one week after sonication, as illus-
trated in Table 3.

The bare Fe;O,-NiO nanohybrids had a low Zeta potential. Thus,
they were extremely unstable in aqueous solutions and not enough
resistant to precipitate in colloidal ones. In less than 1 hour, they
were deposited in the solution. By comparing Tables 2 and 3, it
can be found that Fe;O,-NiO @ CA nanohybrids are very stable.
After one week, even after a few months, no sedimentation in this
colloidal solution was observed. Therefore, CA is the best modifi-
cation agent with highly stable nanohybrids in aqueous solutions
caused by attaching carboxylate groups of CA with two free and
charged (—62.4 mV) dangling ends on the surface of bare nanohy-
brids [63]. It produced a negative charge by coating CA ions on the
nanoparticle surfaces to improve their electrostatic stabilization
and to form a Columbic repulsion force between them. Hence, the
nanoparticle stability improves with minimum particle size in-
creasing [64]. Also, it can be found that Fe;O,-NiO @ APTES has
moderate stability (—41.8 mV Zeta potential) and Fe;O,-NiO @

Table 2. Magnetic properties and colloidal stability of all modified nanohybrids

Sample Coercivity Saturation magnetization Zeta potential Stability behavior Time of stability
(Oe) (emu/g) (mv)
Fe;0,-NiO 43 55.44 -135 Very unstable <3 hours
Fe;0,-NiO @ CA 3.5 52.83 —-62.4 Good stability >one month
Fe;0,-NiO @ APTES 2.2 43.32 —41.8 Moderate stability about one week
Fe;0,-NiO @ PEG 6000 3.7 47.19 —24.8 Low stability <3 days
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Table 3. Stability analysis of prepared nanofluids

Time (day)

Type of modified nanohybrid

Fe;O,-NiO @ CA

Fe;O0,-NiO @ APTES

Fe;O,-NiO @ PEG 6000

Immediately after
preparation

PEG 6000 nanohybrids are too unstable in a colloidal solution.
Although Fe;0,-NiO @ APTES nanohybrids are more stable than
Fe;O,-NiO @ PEG 6000, both of them start to deposit in the solu-
tion almost after three days. It is due to the steric stabilization of
these two types of materials in comparison with CA. In steric sta-
bilization, the nanoparticle surface is coated by a layer of macro-
molecules, such as polymers and long-chain molecules like amino
silanes with high surface density [61]. This layer, on the one hand,
serves as a barrier between the particles to be attached and in-
creases the particle size and their tendency to precipitate.

Overall, the Fe;O,-NiO nanohybrids are very stable in acidic
solutions like modification with CA (pH=5-6) compared to other
materials such as APTES and PEG 6000 (pH=7-7.5). Therefore, it
can be expected that oil formation damage problems like permea-
bility reduction of the porous medium decrease in such circum-
stances.

2. MW Absorption Performance of Modified Nanohybrids

Fig. 7 shows the results of temperature variation under 400 watts
MW radiation for prepared water-based nanofluids (0.1 wt%) with
all modified nanohybrids. As shown in Fig. 7, by adding Fe,O,-
NiO @ PEG to water, the rate of heating decreased compared to
the water-only condition.

This phenomenon could be attributed to the non-MW absorp-
tion polymer layer formed on the surface of the nanohybrids. This
layer absorbed some MW energy that was irradiated to the particles
to heat itself. On the other hand, this layer increased the resistance

ety
-

e

= %= Distilled Water
-4 Fe304-NiO @ APTES
—— Fe304-NiO @ CA
--#--Fe304-NiO @ PEG

Temperature (°C)
g &8 & 8

0 30 60 90 120 150 180
Time (s)

Fig. 7. Results of water-based nanofluids (0.1 wt%) temperature vari-
ation under 400 watts MW radiation.

of heating into the solution. Therefore, the rate of temperature rise
was attenuated. Also, Fe;0,-NiO @ CA had more ability to absorb
MW energy in comparison with Fe;0,-NiO @ APTES and heat
the aqueous solutions. After 180 seconds of radiation, Fe;O,-NiO
@ CA and Fe;0,-NiO @ APTES nanohybrids increased the solu-
tion temperature 6 °C and 2.5°C more than water alone, respec-
tively. The trend of temperature rise for these two types of nano-
hybrids indicated that with passing radiation time, this difference
increases. Also, the small differences in the low irradiation time
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Fig. 8. Effect of adding 0.1 wt% of nanohybrids to different crude
oil on the temperature rising under MW radiation.

are due to the little opportunity of the nanohybrids for absorbing
and transferring MW energy to their surroundings. Therefore, it
can be concluded that the type and the nature of the surface mod-
ification agent, which makes a difference in the surface modifica-
tion performance of the coating material, play a pivotal role in the
efficiency of absorbing MW energy by nanoparticles. The surface
modification of nanoparticles improves the colloidal stability of

R. Gharibshahi et al.

nanoparticles to inject into oil reservoirs and reduces the useful
surface area exposed to electromagnetic radiation. So, selecting the
suitable surface modification agent is very important in the EM
heating process. Fig. 8 illustrates the effect of adding 0.1 wt% of
bare Fe;O,-NiO nanohybrids into different crude oil samples as a
function of temperature rise under MW radiation.

Magnetic loss is the MW absorbing mechanism of all modified
nanohybrids in the EM heating process. Magnetic loss heating mech-
anism refers to various energy dissipation inside ferromagnetic com-
pounds like Fe;O, and NiO. The time-varying magnetic field, H(t),
of the microwaves makes the magnetic moments rotate inside
magnetic materials. The temperature of the materjals increases due
to the combination of energy dissipation of generated hysteresis and
eddy currents as heat inside them [65]. Moreover, dipolar polar-
ization is another mechanism of absorbing MW energy by pre-
pared nanohybrid solutions. Dipolar polarization is caused by the
electric field component, E(t), of microwaves owing to the contin-
uous rotation of polar molecules (DI-water) by aligning with an
oscillating magnetic field. The temperature of the medium increases
by pushing, pulling, and colliding the rotating molecules with other
neighboring molecules. Besides, the ionic conduction mechanism
in Fe;O,-NiO @ CA solution improves the MW absorbing effi-
ciency compared to other modified nanohybrids. In this process,
the dissipated energy as heat is due to collisions within the solu-
tion of mobile charged species (like ions).

100 T Without MW-Radioation
00 - * With MW-Radioation
» With MW-Radaition+nanohybrids
2 80
% 70
g
=~ 60 |
Ea
g 50
<
240 A
=
= 30
(=]
20 -
10 -
0
0il(S2)
(b)

700 T
” Without MW-Radioation
600 - ~ With MW-Radioation
. r With MW-Radaition+nanohybrids
w
%500
N
2400 - |
2
=3 -
gaoo |
- s
5200 £
100
o £
0il(S1)
@
2
~
]
<
A& LS
g
.:é.
w
g 1
R
2
© 0.5 1
0

‘ r \E" MW-Radaition+nanohybrids

~ Without MW -Radioation
~ With MW -Radioation

0il(S3)

(c)

Fig. 9. Oil viscosity variation under MW radiation and adding 0.1 wt% of synthesized nanohybrids for all three oil samples, (a) oil sample

(S1), (b) oil sample (S2), and (c) oil sample (S3).
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Fig. 10. Results of the ultimate oil recovery factor.

In Fig. 8, the amount of heating and the fluid temperature growth
during the EM heating process relies on the type of fluid used. Oil
type is an important parameter in the process of EM heating. MW
radiation cannot heat the oil to the same extent. It depends on the
composition of the oil and the number of its polar components,
like asphaltene. For instance, heavy oil (S1) had more capacity to
be heated than oil (S2) in the MW radiation process. Also, the
MW radiation had a negligible effect on the heating of the light
crude oil (S3). The temperature of the samples after 180 seconds
of MW radiation increased on average from 25 °C to 43 °C, 37°C
and 28°C for oil SI, S2, and S3, respectively. This shows that oil
(S3) cannot absorb MW energy well. Nonetheless, by adding only
0.1 wt% of the Fe;O,-NiO nanohybrids, the MW absorption behav-
ior of all oil samples was enhanced. For example, the temperature
of the oil (S3) after adding 0.1 wt% of Fe;O,-NiO nanohybrids in-
creased from 28 °C to 54 °C. The synthesized nanohybrids could
absorb the radiated MW energy well and can transfer it to their
surroundings effectively. Thus, the temperature of the oil sample
increased, and due to the heating process, its viscosity decreased
[66]. The results of the oil viscosity reduction by adding synthe-
sized nanohybrids (0.1 wt%) during MW radiation are presented in
Fig. 9. The viscosity of all oil samples decreased under MW radia-
tion. In this process, the addition of the synthesized nanohybrids
to oil samples helped further lessen viscosity. However, compar-
ing Figs. 9(a)-(c) reveals that the amount of viscosity reduction of
oil (S1) was greater than the others. The explanation for this effect
is that this oil sample contains more polar components, such as
asphaltene. Additionally, by comparing Figs. 7 and 8, it can be con-
cluded that the aqueous solution had more ability to absorb EM
wave energy than all crude oil samples due to its polar nature and
OH bonds.

3. Effect of MW Radiation on Oil Recovery Factor

The results of ultimate oil recovery factors for modified nano-
hybrids with and without MW radiation are demonstrated in Fig.
10. As shown, MW radiation can significantly increase the heavy
oil recovery factor. Water injection had only 16.6% oil recovery
without any MW radiation. Nevertheless, by radiating 400 watts

MW, this value increased to 41.5% (approximately 24.9% enhance-
ment). This confirms that EM heating can help the injected fluid
to improve oil extraction from heavy oil reservoirs. This increase
will be further enhanced by adding modified Fe,O,-NiO nanohy-
brids to water. This involves two reasons: first, by increasing the
mobility ratio of the injected fluid due to the changes in its den-
sity and viscosity, and second, the ability of nanohybrids to effec-
tively heat crude oil by absorbing MW energy.

Mobility ratio, (M) defined as the mobility of displacing fluid
(nanofluid), divided by the mobility of displaced fluid (crude oil),
was calculated as follows [11]:

C(_‘ ) -(&)(& @
-6

0

s
X

where A is the mobility of fluid phase, k is the relative permeabil-
ity, p¢is the viscosity. Also, i and o denote the injected fluid and oil,
respectively. The viscosity of the injected fluid increased by supple-
menting the synthesized nanohybrids to the base fluid (water).
The viscosity results of the prepared nanofluids with 0.1 wt% of

4.5
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Fig. 11. Effect of nanohybrid addition on the viscosity of the injected
fluid.
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modified nanohybrids at 25 °C are shown in Fig. 11. From Fig. 11,
the addition of synthesized nanohybrids increased the viscosity of
water by about 3 mPa-s. Regarding Eq. (2), the mobility ratio de-
creased by increasing the viscosity of the injected fluid (£4) due to
the addition of nanoparticles to water. The mobility ratio could be
changed from an undesired value (M>1) to the desired value (M<1),
meaning that the displaced phase (oil) had higher mobility than
did the displacing phase (water). Therefore, more oil could be pro-
duced from the porous medium [67]. The Fe;O,-NiO @ CA injec-
tion as an example of how the fluid moves at different injection
times without MW irradiation is shown in Fig. S4 (see supporting
information).

All the modified nanohybrids increased the oil recovery with a
marginal difference and this amount increased by radiating MW
energy. The Fe;0,-NiO @ CA, Fe;0,-NiO @ APTES, and Fe;O,-
NiO @ PEG had 69%, 63.5%, and 58.3% oil recovery, respectively.
These results are consistent with the findings of section 3.2. Accord-
ingly, CA is an appropriate agent to modify Fe;O,-NiO nanohybrids
to have high MW absorption ability and high oil recovery factor
simultaneously. The microscopic images of Fe;O,-NiO @ CA nano-
fluid injection with and without MW radiation are shown in Fig.
12. The amount of trapped oil in the case of MW radiation de-
creased. The bubbles of vapor formed a discrete phase in the mi-
cromodel. However, by joining these bubbles together, a continuum
phase formed to push the oil toward the production zone with ade-
quate power like a piston. Besides, these bubbles increased the heat
transfer surface between injected fluid and oil to enhance the effi-
ciency of heating, and consequently; to reduce oil viscosity.

The sessile drop technique was used to measure the wettability
alteration of each nanohybrid to find the reason for the difference
between oil recoveries in no MW mode. The results of the oil con-
tact angle using modified nanohybrids are shown in Table 4 and
Fig. $4 in supporting information.

As shown, at first, the oil droplet was distributed on the glass
completely. The contact angle was 140°. Therefore, a strong oil-wet
condition could be assumed in this condition. After coating the glass

Trapped Oil

Injected Fluid

Matrix

(@)

Table 4. The results of the wettability alteration

with the prepared nanofluids, the oil contact angle of Fe;O,-NiO @
CA, Fe;O,-NiO @ APTES, and Fe;O,-NiO @ PEG was 17°, 22°,
and 32°, respectively. It showed that the Fe;O,-NiO @ CA nano-
fluid had the greatest effect on the reduction of the oil contact angle.
Thus, Fe;0,-NiO @ CA nanofluid injection could change the wet-
tability of porous medium from strongly oil-wet to strongly water-
wet. This could be related to the bonding of the carboxyl group of
the CA molecules (adsorbed Fe;O,-NiO @CA on the glass sur-
face) to the hydrogen bonds of the water molecules. By increasing
the surface free energy, more oil can be produced from the porous
medium in comparison with Fe;O,-NiO @ APTES and Fe;O,-
NiO @ PEG nanofluid injection.

The fluid flows of different surface modified nanofluids as the
injected fluids into the porous medium with/without MW radia-
tion are presented in Fig. 13. Comparing Fig. 13(a)-(d), in no MW
radiation mode, water had the least oil recovery factor. However,
the amount of produced oil increased by adding nanohybrids to
the DI-water as the base fluid, because the addition of nanohybrids
changed the hydrodynamic properties of injected fluid such as
density and viscosity. Therefore, the mobility ratio can be changed
from an unfavorable value (M>1) to a favorable value (M<1) and
the fluid flow of injected fluid improved into the porous medium,
consequently. Also, when 400 watts MW was radiated, the front
part of the injected fluid became more uniform than no MW radia-
tion mode for all the modified nanohybrids (Fig. 13(e)-(h)). For
instance, for Fe;O,-NiO @ CA nanohybrids, there were fewer fin-
gers of injected fluid and more surface of the micromodel was in
contact with the injected fluid in the MW radiation mode (Fig.
13(f) compared to Fig. 13(b)). As a result, much oil can be pro-
duced from the porous medium. This is because the oil viscosity is
reduced by absorbing MW energy through heavy crude oil (accord-
ing to the results of section 3.2). The injected fluid could push the
oil more easily and quickly toward the outlet port of the micro-
model. Besides, the water solvent of the injected fluid was warmed
up and then was evaporated (see Fig. 12). So, the mobility ratio of
injected fluid improved, which means that the displaced phase

Oil Layer Vapor Water Bubbles

Matrix

Vapor Water Bubbles
(b)
Fig. 12. Microscopic images of Fe;0,-NiO @ CA nanofluid injection (a) without and (b) with MW radiation (at a 10x magnification scale).

Type of fluid Water Fe;O,-NiO @ CA

Fe,0,-NiO @ APTES Fe,0,-NiO @ PEG 6000

Oil contact angle 140° 17°

22° 32°
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(e) water (f) Fe304-NiO @ CA
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(g) Fes04-NiO @ APTES  (h) Fe304-NiO @ PEG 6000

Fig. 13. The fluid flow of injected fluid into the micromodel (a)-(d) without MW radiation and (e)-(h) with 400 watts MW radiation.

(oil) had higher mobility than the displacing phase. When consid-
ering these two mechanisms (oil viscosity reduction and mobility
ratio enhancement of injected fluid), the time of operation of the
injection should be shortened.

CONCLUSION

The primary purpose of this study was to improve the ability of
Fe;0, to absorb maximum MW energy in an EM heating process
for enhanced ol recovery. For this purpose, magnetic NiO nanopar-
ticles were coupled with them through a co-precipitation method.
The surface of the synthesized nanohybrids was hydrophilized
using three different natural agents, including citric acid (CA), (3-
aminopropyl) triethoxysilane (APTES), and polyethylene glycol
(PEG 6000) to disperse in water. Synthesized surface modified nano-
hybrids were characterized by several analyses, such as FTIR, XRD,
FESEM, EDX, and VSM. Moreover, the micromodel flooding setup
was used to study the potential of synthesized nanohybrids in an
EOR process. The results indicated that CA is the best agent for
the simultaneous modification of superparamagnetic nanomateri-
als with high stability and MW absorption and oil extraction. The
saturation magnetization of Fe;O,-NiO @ CA decreased from 55.44
emu/g to 52.83 emu/g. Microwave radiation has little effect on heat-
ing light crude oil (S3). The temperature of the samples increased
from 25 °C to 43 °C, 37 °C and 28 °C for S1, S2 and S3 oil samples
after 180 seconds of microwave irradiation, respectively. By adding
only 0.1 wt% of unmodified Fe;O,-NiO nanohybrids, the micro-
wave absorption behavior of all oil samples increased. By dispers-
ing only 0.1 wt% of Fe;O,-NiO @ CA into the water, the solution
temperature enhanced about 6 °C more than DI-water alone under
400 watts MW radiation after 180 seconds. The viscosity of all oil

samples was decreased under MW radiation. In this process, the
addition of the synthesized nanohybrids to oil samples helped fur-
ther lessen viscosity. The results showed that water injection has
low ability to recover residual oil in heavy and extra-heavy oil res-
ervoirs. Although nanofluid injection increases the oil extraction
coefficient, the use of nanofluid injection alone does not have a
significant effect on increasing the amount of oil produced from
the porous medium for such oils.

Microwave radiation significantly increased the oil recovery fac-
tor compared to the case without microwave radiation. Using 400
watts microwave radiation, oil recovery factor for water injection,
injection of nanofluid containing Fe;0,-NiO @ CA, Fe;0,-NiO @
APTES, and Fe;O,-NiO @ PEG was increased by 24.9%, 41.3%,
37.2% and 34.2%, respectively, compared to the state without radi-
ation. In addition, the oil contact angle of Fe;O,-NiO @ CA,
Fe;O,-NiO @ APTES, and Fe;O,-NiO @ PEG was 17° 22°, and
32°, respectively. It showed that the surface modified nanohybrids
could change the wettability of the porous medium from oil-wet
to water-wet.
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1. Elemental Mapping

The results of the EDS mapping of the Fe;O,-NiO nanohybrid
are as follows:

The elemental mapping of Fe (yellow), Ni (blue), and O (red)
elements are exhibited in Fig. S2, which indicates the consistent pres-
ence of these elements in the final synthesized Fe;O,-NiO nanohy-
brid over the selected region in Fig. S1. So, as shown in Fig. S2, in
the synthesized Fe,0,-NiO nanohybrid with a weight ratio of 3: 1,
Fe;0, and NiO nanoparticles are well distributed.

2. FTIR Results

To determine the functional groups of modification agents on
the surface of synthesized nanohybrid, the FTIR results of modi-
fied nanohybrids are shown in Fig. S3. The FTIR result of uncoated
nanohybrids is illustrated in Fig. S3(a). In all IR spectra presented
in Fig. S3, the peaks overlapped around 570-590 cm™" are attributed
to the Fe-O band in Fe;O, and Ni-O band in NiO nanoparticles.
The peaks around 3,296-3,392 cm™' and 1,610-1,622 cm ™' can be

assigned to the stretching vibration of the O-H band owing to the
existence of some water in the sample. In Figs. S3(b)-(c), all labeled
peaks could be ascribed to the transmittance band energy of func-
tional groups in different modification agents. Regarding the results,
the accuracy of the surface modification process and surface coat-
ing of the nanohybrids can be determined.
3. The Fluid Flow Pattern of Injected Fluid Different Injection
Times without MW Irradiation

The Fe;0,-NiO @ CA injection as an example of how the fluid
moves at different injection times without MW irradiation is shown
in Fig, 4.
4. Wettability Alteration

The sessile drop technique was used to measure the wettability
alteration of each nanohybrid to find the reason for the difference
between oil recoveries in no MW mode. The results of the oil con-
tact angle using modified nanohybrids are shown in Fig. S5.
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MaxView Live 0

Fig. S1. FESEM image of the Fe;O0,-NiO nanohybrid at 2500 magnification scale.
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Fig. S2. Elemental mapping and Distribution patterns of (a) Fe, (b) Ni, (c) O elements, and (d) combine all elements in the synthesized
Fe;0,-NiO nanohybrid.
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Fig. S3. The spectra of (a) bare Fe;O,-NiO nanohybrid and modified nanohybrid with (b) CA, (c) APTES, and (d) PEG 6000.
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Fig. S4. The fluid flow of Fe;O,-NiO @ CA nanofluid at the different times of injection, (a) 0 min, (b) 20 min, (c) 40 min, (d) 50 min, and (e)

180 min.
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Fig. S5. The results of oil contact angle on a glass (a) water, (b) Fe;O,-NiO @ CA, (c) Fe;0,-NiO @ APTES, and (d) Fe;0,-NiO @ PEG 6000.




