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ABSTRACT

In this paper, BFO NPs were synthesized to prepare nanofluid using the nitric-assisted sol-gel method followed by
calcination at different temperatures 200, 350, 500, and 650°C. Sandstone samples were then saturated with as-
prepared nanofluids for electromagnetic properties measurements. The effect of calcination temperature on the
structural and morphological aspect of BFO NPs was studied using XRD and FESEM. The electromagnetic absorption
of the saturated sandstones was measured using the vector network analyzer at X band frequency. The measured
scattering parameters were validated with simulation using the finite element method. The simulation results showed
that the maximum absorption from the simulation for each sample are 5.73, 5.93, 36.60, 33.19, 36.13dB for Sy, ine,
S200 S350 Ss00 Ses0, respectively. On the other hand, experimental results showed that the maximum absorption for
Sbriner S2000 S350 S500, and Sesp is 51.93, 11.63, 8.98, 7.79, 6.97dB, respectively. BFO NPs calcinated at 650°C have the
best permittivity values of 10.08 and 3.27 and have the highest real permeability value of 1.22 compared to other
samples. Conclusively, the BFO nanopatrticle calcinated at 650°C shows the best potential forenhanced oil recovery,

which can be selected for further study for EOR application.
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INTRODUCTION

Ever since the discovery of oil as a source of energy
globally , the energy demand has become ever-
increasing on a yearly basis. However, several research
efforts have been made towards the development of
alternative energy sources e.g., renewable energy, there
is still a gap for renewable energy to replace oil and gas
entirely [1]. Thus, in order to sustain our society until the
time where renewable energy is capable of completely
substituted oil and gas as a primary source of energy,
it is essential to maximize the production of oil from
the existing oil fields [2]. Oil recovery operations are
subdivided into three stages: primary, secondary, and
tertiary oil recovery methods. According to Ali et al. [3],
about 30% to 60% of oil remains in most reservoirs
after both primary and secondary recovery. However,
the amount of fossil fuels is limited, finite, and it is

getting harder to extract them from the same reservoir.
Besides, the production rate of the existing fields is
declining, and the frequency of new site exploration
has also become tremendously low over the past
decades [4]. Several recent studies have proposed the
use of dielectric NPs with an electromagnetic field
for Enhanced Oil Recovery (EOR). However, despite
their responsive behaviour as absorbing materials
for EOR agents, some problems arise and create
questions regarding the efficiency of these particles
and EOR mechanisms. Previous studies have reported
nanomaterials’ dielectric and magnetic properties,
such as (ZnO, NiO, or Fe,03) for EM waves absorption
for EOR application. However, the existing literature
lacks studies on sandstones’ dielectric and magnetic
properties saturated in multiferroic BFO nanofluid.
Multiferroic materials have a unique property, they
possess two or more of the primary ferroic ordering
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in the same phase. It has been widely used in many
applications such as ferromagnetic resonance, sensors,
data storage, photocatalyst, spintronic, etc. [5]. Among
the other multiferroic materials, BiFeO5 (BFO) is one of
the few magnetoelectric materials at room temperature
[6]-[7]. The researchers have extensively investigated
it due to its interesting ferroelectricity and anti-
ferromagnetism properties [8]. Thus, itis widely studied
for many potential electronics and other industries
applications [9].

In recent years, BFO NPs were reported to be synthesized
by several methods such as solid-state [10], auto-
combustion [11]-[12], hydrothermal [13]-[14], sol-gel
[9],[15]-[17], co-precipitation [5],[18] etc. Metal oxide
NPs have interestingly gained much attention due
to their attractive thermal, electric, and magnetic
properties that showed they are potential candidates
for enhanced oil recovery. A novel technique called
Electrical Enhanced Oil Recovery (EEOR) was first
investigated by Haroun et al. [19] using Fe,05, CuQ,
and NiO Nanoparticles (NPS). These NPs increased
the oil recovery with water-flooding by 9 — 22% in
the presence of an electrical field. Besides, Zinc Oxide
(ZnO) has been considered as a potential material
for EOR due to its excellent dielectric properties and
high dielectric loss in the presence of the EM field.
ZnO and Al,03 NPs have been studied extensively
[4],20]-[21] due to their fantastic dielectric properties
that enable the polarization of the NPS to occur
underexposure to an electric field. However,it is shown
that dielectric NPs, such as Al,O5; and ZnO, improve
the ROIP by 10% compared to without the presence
of EM wave. According to the polarization model,
the electrorheological effect is directly influenced
by dielectric loss-the greater the dielectric loss, the
strong the electrorheological effect [20]. Some studies
also proposed the use of either magnetic nanofluid
or dielectric nanofluid to increase oil recovery. For
instance, Ferromagnetic NPs CO%* Fe?*, Fe3*,0,
were being studied by Soleimani, et al. [22], results
showed that the sampleirradiated by electromagnetic
(EM) waves achieved 20% higher residual oil in place
(ROIP) compare to the one without any EM radiation
at 75MHz [23]. The viscosity and mobility of the oil
decreased due to the heating of the oil generated by
the rotational and alignment of magnetic NPs when
they are subjected to the oscillating magnetic field.
In another study, Soleimani et al. [23] synthesized a

novel- Yttrium Iron Garnet (YsFe;0;,) using the sol-
gel method to study its effect in EM-assisted EOR. The
core flooding results showed that this nanoparticle
yielded the recovery of 43.64% ROIP at 13.6MHz EM
waves. Ali, et al. [3], compared the performance of
BiFeO3; and ZnO NPs in another study, and it was
observed that BiFeO; performs better as an EOR agent
due to its high complex permittivity and permeability
compared to ZnO. Aside that, it has a higher reflection
loss of -9.77dB at high frequency and also displays
higher stability at the X-band frequency. Currently,
there are only a few studies on the electromagnetic
properties of sandstone [24] or sandstones saturated
by various types of nanofluid [3]. To the best of
the author’s knowledge, there is study has been
conducted on relationship between the calcination
temperature and the EM absorption of sandstone
saturated with BFO nanofluids and brine. Some studies
dielectric and magnetic properties of palletized BFO
nanopowder, but effect of calcination temperature on
the electromagnetic absorption of sandstone saturated
with different nanofluids in X-band frequency has not
been explored. Thus, here in, the electromagnetic
properties of sandstone saturated with BFO was studies
at X band frequency for EOR application.

METHODOLOGY

Materials

Bismuth (Ill) nitrate pentahydrate (99%, Aldrich), iron
(1) nitrate nonahydrate (99%, Schmidt), ethylene glycol
(1,2-ethanediol), nitric acid (65 wt%, Fisher), sodium
chloride (NaCl), and sandstone (Angsi-E2) were used
in this study. All chemicals used were analytical grade.
Distilled water was used at all stages of the experiment.

Synthesis of BiFeO3; NPs

BFO NPs were synthesized using the nitric-assisted
sol-gel method referred from a study [25]. Bismuth
(1) nitrate pentahydrate, Bi(NO3);-5H,0) and Iron (Ill)
nitrate nonahydrate (Fe(NO3);—9H,0) were dissolved
in a stoichiometric ratio of 1:1 into 80 ml ethylene
glycol (C,HgO,). In order words, approximately 22.4g
of Bi(NOs);-5H,0); and 22.4g of Fe(NOs);-9H,0 were
dissolved in 80ml of EG (~88.8g) in order to obtain an
EG/NO;™ of 4 molar ratio. The redox reaction between
the NO5™ anions and the OH group of the EG yielded
nitrogen oxides (NO,) that gave the brownish color
to the mixed solution [25]. Glyoxylate (C,H,0,%)
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ligands were also produced from the redox reaction,
as given by:

HO — CH, - CH, - OH + 2NO,” — C,H,0,%)
+2NO + 2H,0 (1)

During the redox reaction, the glyoxylate ligands are
produced to act as chelating agents for Fe** and Bi**
cations and form a homogenous polyester precursor
without the segregation of the cations [26]. The mixed
solution was stirred then for 20 minutes at room
temperature until the nitrate salts were completely
dissolved. 5 mL of nitric acid was added to act as a
catalyst and lower the pH value of the solution down.
The resulting solution was then heated at 80°C and
stirred continuously for 30 minutes until a dark reddish-
brown transparent sol was obtained. The sol was then
transferred into 4 Petri dishes and putin the ovento dry
for Thrat 110°C to obtain xerogels. The xerogels of each
Petri dish were transferred into crucibles. Each xerogels
was then calcinated in the air at 200°C, 350°C, 500°C,
and 650°C for 4 hours to remove any volatile matter
residues and water molecules. After the calcination
process, well-crystallized BFO products were obtained
then grounded into powder form using a mortar and
pestle. Each powder was labeled according to their
calcinated temperature; BFO200, BFO300, BFO500,
and BFO650.

Preparation of nanofluid

Nanofluid was prepared using a two-step method
whereby 0.1 wt% as-synthesized BFO NPs were
dispersed in 3% wt brine to act as dispersion fluid. The
resulting solution was magnetically stirred for 1 hr to
achieve homogenous dispersion. On the other hand,
a brine solution without BFO NPs was prepared with
15 wt% of NaCl as control. The sandstone samples

Table 1 The concentration of salt and NPs for the
preparation of sandstone saturated
with nanofluid and brine

Sam[.)le Gemmaelion wt% of | wt% of

labelling NacCl NPs
Sg Brine 15 0
S200 Brine, BFO200 3 0.1
S350 Brine, BFO350 3 0.1
Sso0 Brine, BFO500 3 0.1
Se50 Brine, BFO650 3 0.1

were cut and filed to the size of 0.5 x 1 x 2.3 cm to fit
perfectly in the sample holder of the X-band waveguide
of the vector network analyzer. The sandstones were
thenimmersed in the prepared nanofluids respectively;
Brine, BFO200, BFO300, BFO500, and BFO650.

Characterization

The crystallinity and phase compositions of the
as-synthesized BFO powders calcinated at various
temperatures were characterized with powder
X-ray diffraction (XRD, Panalytical Xpert3) using
monochromatic Cu Ka radiation (1 = 1.5406A) in the
diffraction angle (260) ranging from 10°to 70°. The data
were collected with 0.02° step size. The morphology
and particle size of the BFO samples were examined by
Field Emission Scanning Electron Microscope (FESEM,
Zeiss Supra V55) incorporated with Energy Dispersive
X-ray Spectroscopy (EDX). The electromagnetic
absorption properties of the saturated sandstones
(thickness = 0.5cm) were measured at X-band
frequency ranging from 8.2 - 12.4 GHz.using a Vector
Network Analyzer (VNA, Keysight E5071C).

Numerical Simulation
In this work, Finite-Element Method (FEM) based
numerical simulation with COMSOL Multiphysics
software was used to validate the measured properties
of the saturated sandstones with VNA. The model was
based on a 2 ports rectangular waveguide Transverse
Electric (TE10) mode with wave excitation at one end
(Port 1) and exit from the other end (Port 2), as shown
in Figure 1 [3],[27]. Maxwell’s equation is required to
describe the EM wave propagation. (4) represents the
three-dimensional far-field pattern of a plane wave
that is expressed in terms of complex permittivity,
permeability, and the conductivity of the medium
[31,[27]-[28]:

Vxﬂrl(vxmkﬁ(Sr:£)E50 2)

we,

where y, is the relative permeability, E is the electric
field vector, k, is the wavenumber in free space, ¢, is
the relative permeability, w is the angular frequency,
o is the conductivity of the medium, ¢ is the
permittivity of free space. In the simulation model,
assumptions such as o = 0 ur = 1 have been made to
express Equation 1 in terms of refractive index. The
relative complex permittivity and relative complex
permeability obtained from the VNA analysis were
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Figure 1 Rectangular waveguide loaded with nanofluid

then used to calculate the refractive index using the

formula:

Refranctive index, n = e, 1, 3)

A Refractive index is used for the electric displacement
model in the simulation. Then, scattering parameter
(S) for the incident and transmitted waves in a two-
port system, as shown in Figure 2, were calculated to
measure the reflection and transmission coefficients
during the simulation of sandstone saturated with
brine and nanofluids. The scattering parameter for
port 1 (S1) and port 2 (52) can be calculated using the

formulas as shown:
Jpore1 ((E = E))Ey)dA,
Jpore 1 (EVEy)dA,

Joori2 (B = Ey) E»)dA,
Lpore2 (ExEy)dA,

S1:

Slz

Where E; and E, are the electric field patterns on
ports 1 and 2 separately. The reflection (R) and
transmission (T) are related to the scattering parameters

by the equations given as:

“4)

)

R= |Sl|2
R=|S,

(6)
(7

And that can be used to compute the reflection loss
(RL) using the formula:
RL=10log(1 —R) (8)
The simulated result can then be compared with the
measured result using VNA from the experiment.

RESULTS AND DISCUSSION

Structural and morphology analysis

The morphology of the BFO calcinated at 350°C
appears to have an agglomeration of many small-
sized particles. Most of the particles are irregularly
shaped microplates with various lengths and widths
similar to the morphology of Bi,Fe,Oq4 as reported by
Gadhi et al. [29]. This agrees with the high proportion
of second phase impurity Bi,Fe,Oq4 in the sample as
detected by XRD.

On the other hand, the particles appear to be more
angular and anisotropic as the calcination temperature

Figure 2 A simulation model and EM radiation pattern across a porous medium with a two-port system
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increased to 500°C and 650°C. The BFO NPs calcinated
at 650°C are more compact and less porous compared
to the rest. Moreover, the grain boundaries appeared
to be more visible and larger in BFO NPs calcinated
at higher temperatures. The particles appeared to
have agglomeration and it is non-homogeneous
and decreases as the particle size increases. The
agglomeration of particles may be due to the high
surface energy of NPs to achieve the most stabilized
form, as spherical agglomeration has achieved the
lowest surface-to-volume ratio [7]. The average size of
the particles for each sample was measured and have
been found outto be 94.4,66.87,99.69,and 137.53 mm
respectively, for BFO (200C), BFO (350C), BFO (5000C),
and BFO (650C) NPs. The particle size measured by
FESEM appeared to be larger than the crystallite size
obtained from the XRD because one particle can consist
of multiple crystallite domains.

EDX analysis

The Energy Dispersive X-ray Spectroscopy (EDX)
analysis was connected to the FESEM spectrometer.
The EDX analysisis used to determine the homogeneity
and the elemental distribution of synthesized

Date :25 2020 Time :9:58:36
Universil eknologi PETRONAS

Table 2 EDX weight and atomic ratios of as-synthesized
BFO NPs calcinated at 200°C, 350°C, 500°C, and 650°C

Element Samples Weight % | Atomic %
BFO (200C) 24.47 47.34
BFO (350C) 4.19 15.66
Carbon, C BFO (500C) 5.73 18.71
BFO (650C) 9.1 28.29
BFO (200C) 31.71 46.07
Oxvaen. O BFO (350C) 20.71 58.15
ygen. BFO (500C) 24.05 58.89
BFO (650C) 15.97 37.23
BFO (200C) 5.64 2.35
BFO (350C) 17.06 13.72
Iron, Fe BFO (500C) 17.98 12.62
BFO (650C) 43.14 28.81
BFO (200C) 38.18 425
BFO (350C) 58.05 12.48
Bismuth, Bi | BFO (500Q) 52.23 9.79
BFO (650C) 31.77 5.67

nanocomposite. The weight and atomic ratio of BFO
are shown in Table 2 and the EDX spectrum for all
the samples are as shown in Figures 3 and 4. It was
observed that BFO (500C) has the highest amount of

Date :25 Nov 2020  Time :9:58:36
Universiti Teknologi PETRONAS

Figure 3 FESEM images of BFO200 and BFO350

Signal A = InLens Date :25 Nov 2020  Time :10:28:53
Mag =

50.00 K X

Universiti Teknologi PETRONAS

Date :25 2020 Time :10:44:59
Universi eknologi PETRONAS

Figure 4 FESEM images of BFO500 and BFO650C at 50.00kx magnification
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oxygen (O), BFO (650C) has the highest amount of iron
(Fe), and BFO (350C) has the highest amount of Bi. The
EDX analysis indicates that the Bi/Fe atomic percent
ratio equals 0.196 ~ 0.909, and BFO (350C) has the
Bi/Fe ratio closest to 1.0.

XRD analysis

The XRD spectra of BFO NPs calcinated at 200°C, 350°C,
500°C, and 650°C are presented as shown in Figure 5.
The XRD spectrum of BFO NPs calcinated at lower
temperature BFO (200C) shows the weak characteristic
peak, which indicates the amorphous nature of the
NPs. However, the XRD pattern for the rest of the BFO
NPs calcinated at higher temperatures reveals the
presence of more prominent peaks. The secondary
impurity phases, such as Bi,Fe,O4 and Bi,sFeO,, were
detected at 27.96°,33.2°,47°, and 27.4°,32.19°,35.68°,
54.2° respectively. These peaks are denoted by * and ®
on the XRD spectra. The similar oxygen affinity of both
Bi and Fe ions gives rise to such secondary impurities
[30] The intensity of these peaks decreases as the
calcination temperature reaches 500°C and above.The
main diffraction peaks of BiFeO3; NPs were observed
at 22.45° 31.77°, 32.08°, 38.94°, 39.49° 45.74° 51.31°,
51.73°,66.28° 67.06° corresponding to (012), (104),
(110),(006), (202), (024),(116), (122),(018),(214), (300),
(208), and (220) Miller indices, respectively. The splitting

0}

—~
ol
—
(=]
=

Intensity (a.u.)

of the peak at 26 = 32° confirms the rhombohedral
symmetry of BiFeO5[31].

The average crystallite size of the as-synthesized
nanoparticles was calculated using the Debye-Scherer
as given by:

kA

Dywp= —— 9
XRD ﬁCOS@ ()

where k= 0.9 is the correction factor, £ is the full width
at half maximum (FWHM) of the most intense peak,
J is the Cu target wavelength (1.5406 A) and @ is the
glancing angle. The average grain size calculated
from the Scherrer equation equals 21.26, 16.41,
30.30 nm for BFO nanoparticles calcinated at
350°C, 500°C and 650°C, respectively. However, an
abnormality of higher average crystallite size is
observed on the BFO calcinated at 350°C could be
associated with the impurity second phase Bi,Fe,O,,
which is the most intense peak at 20 = 27.96° in the
XRD spectrum.

EM absorption Measurement

The incident EM waves consist of the coupling of
an oscillatory E-field and M-field, the material being
radiated on will interact with either one of these two

——BFO (200C
——BFO (350C
—BFO (500C
BFO (650C
# BiFe4Oq

¢ BixsFeOy

—_ — — —

Figure 5 XRD patterns of BFO calcinated at 200°C, 350°C, 500°C and 650°C
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fields or both. A multiferroic material such as BFO
would respond to both fields simultaneously due to
its magneto-electric coupling property [32]. The real
part of the permittivity can characterize the amount of
energy stored by the material. On the other hand, the
conduction current that is caused by the presence of
free electrons for conduction represents the imaginary
part of permittivity, ¢”". The imaginary component
represents the total energy loss when radiated by EM
waves. The Complex permittivity, ¢, can be expressed
as given by:

g=¢—je"

(10)

where ¢'is the real part of the complex permittivity and
&' is the imaginary part of the complex permittivity.
The amount of magnetic loss is represented by the
imaginary portion of the complex permeability. The
Complex permeability, i, is expressed as:

= p —jp" (11)

where 1’ is the real part of the complex permeability
and u'’ is the imaginary part of the complex
permeability. The synthesized bismuth ferrite is
susceptible to impurity phases; thus anomalies
related to parasitic phases, and defects agglomerated
at the grain boundary are expected. Oxygen
vacancies are usually present in the samples from
mechanochemical synthesis, which leads to valence
fluctuation of Fe ions from 3* to 2* states, resulting
in high conductivity in samples. The frequency
dependence of real permittivity (¢'), imaginary
permittivity (¢'') and dielectric loss (tan J,) of
sandstones saturated with brine, and BFO nanofluid
calcinated at different temperatures (200°C, 350°C,
500°C, and 650°C) were measured with VNA in X-band
frequency (8.2GHz — 12.4GHz) shown in Figure 6. The
performance in dielectric properties depends on
the ionic, orientational, space charge distribution,
etc. [33]. As opposed to the general trend where the
real permittivity (or dielectric constant) decreases
as the frequency increases. It has been observed
that the dielectric constant (¢') remains almost
constant throughout the entire range of X-band
frequency. This is because, at high frequency, the
electric dipoles of the samples failed to keep up and
respond to the rapid variation of the alternating
applied E-field. The movement of charges became
more responsive E-field as the polarization decreases.

According to Rhaman et al. [34], this phenomenon
is consistent with the Maxwell-Wagner double layer
model where the resulted increment in charge
movement in neighboring sites is predominated by
the characteristics of the the material’s dielectric high-
frequency region.

Moreover, it can be observed that the value of the
dielectric constant (¢') of the sample increases as
the calcination temperature increases. Since the
dielectric constant (&") is directly proportional to the
square root of conductivity, the increment in real
permittivity appears to imply the decrease in resistivity
for the samples, which is in agreement with the work
by Ibrahim et al. [35]. According to Rabinkin and
Novikova [36] and Khandekar et al. [37], the orientation
polarisation of the ferrite materials is mainly due to
the presence of the rotational displacement of d Fe?*
and Fe3* ions dipoles. In other words, the rotation of
Fe?* — Fe3* dipoles can be visualized as the dipoles
try to align themselves in response to the alternating
E-field by exchanging electrons between one another.
Since the perovskites of BFO containing polyvalent
cations such as Fe?* and Fe3* are known to exhibit
a prominent dielectric permittivity due to electron
transfer between both valence states [38], the amount
of Fe affects the dielectric properties. The dielectric
loss (¢"”) showed wide variations with frequency for
all the samples. However, dielectric loss is observed
as the same trend as the dielectric constant, where
it increases as the calcination temperature increases.
From both results for dielectric constant and dielectric
loss, it is obvious that with the addition of BFO NPs,
the dielectric properties of the sandstone saturated
with the nanofluid increased. Out of all the samples,
the sandstones saturated with BFO nanofluid with
calcination temperature of 650°C, S5, appears to have
the highest dielectric loss in the range of 10-11 GHz.
The average value of & for S5op and Sgso are 2.18 and
3.27, higher than the rest of the samples.

As mentioned earlier, multiferroic NPs are capable
of displacing oil with the same mechanism as
the electrorheological fluids (ERF), and the
electrorheological (ER) effect is heavily dependent
on the dielectric loss. The greater the dielectric loss,
the stronger the ER effect [20]. S50 appears to be the
best candidate for EOR application as it has the best
dielectric properties amongst the others. The ratio of
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Figure 6 (a) The behavior of dielectric permittivity (¢') as a function of frequency for Sy ines S200r S350 Ss00: S650
(b) dielectric loss(¢”) (c) dielectric loss (tan &¢).

dielectric loss (¢') with respect to dielectric constant
(¢") can be referred to as dielectric loss factor (tan d,),
expressed as:

"

&
tan J, = ra (12)

where 0, is the loss angle between the two
components. Similar to its magnetic counterpart,
magnetic loss factor (tan J,) can be expressed as the
ratio of magnetic loss (1”') with respect to permeability
(1) as shown:

"

U

tan 9, = ? (13)
where is the loss angle between the two components.
Generally, the loss factors can be used to quantify

the effect of energy loss in a lossy material, in this
case, it can be due to domain wall resonance due

to the high-frequency range. Based on Figure 6, the
dielectric loss factor of S35, appears to be higherin the
range of 8.2-8.5 GHz. Whereas Sgs, has the broadest
range of dielectric loss values from around 8.6 GHz to
11.3 GHz, and the value decreases afterward.

The magnetic properties, such as permeability,
magnetic loss, and magnetic loss factor, are plotted
against the X-band frequency, as shownin Figure 7.The
value of x' and x’ are generally smaller in magnitude
compared to dielectric properties, and the x' does
not vary much as the frequency increases. However,
the magnetic performance appears to improve as the
calcination increases. The average value of i/’ increases
from as low as around 0.4 by Sy,ie to the highest value
around 1.3 by Sgs. It is also observed that adding
BFO nanofluid improves the magnetic performance
of the sandstone. As the calcination temperature
increases, the crystalline size increases. Increasing

H PLATFORM VOLUME 4 NUMBER 2 2021 e-ISSN: 26370530



PLATFORM - A Journal of Science & Technology

(a) - Sbnns (b) * sl:win-
2.0 " Sy 204 ® Sy
18 * S ® Sy
) 4 Sgp 154 4 Sug
1.6 - v S v Sem

1.0+ L
1 * etrflu o
1.4 vy T .l o.l LE LN .;. * " +*
v, Ay AT ¥, ¥ ' *u 3 o B 4y,
124 T AN Tzl Ty 05my v, o ° A R
- “‘n’v' Y v, Y . c;l .!'. * ‘.,: n.‘,‘I..!
= 4028 Saaa N 3 - " vl ee v, @
RE 0o, = -, h e
O, oo gl : e TR et
0.8 g g Ipe * u wh 4 v
- 05 e e T, v ientles |
06 2403, v . . seygd Al ey, 4 g
I P gas W' ® e o ms 4 & IV .
* . . 10 o* @ L L S C
04, e, ¥ ¢ +¥P000g400, gt ' v
I A ™ o ” o s P
0.2 h 154
0.0 T T T T T T T T -2.0 T T T T
9 10 " 12 9 10 11 12
Frequency (Ghz) Frequency (Ghz)
(© * Suine
5 - = Sgpp
® Sy
L] - S5UU
] ¥ Sggp
=, - . . "
: * @ ., * +
# TRIL q. .3 | .’.: .
- .v * v T =g 4
< 0] ‘h'!gﬂw 4 ﬂ“"?::"ft‘ it
5 et R R T X -
* + = e " . =
» »
- ¢ AR ¢
-
n
5 : . — ;
8 9 10 11 12
Frequency (Ghz)

Figure 7 The graph of (a) The behavior of permeability (') in X-band frequency range for Sy ines S200: S350: Ss00 @aNd Ses0

(b) magnetic loss (1) (c)

crystal size is expected to decrease coercivity due to
the grain boundaries at which the domain walls are
pinned decreases. Since pinning sites are the main
source of coercivity, decreasing the size of pinning
size decreases coercivity which means increases in
permeability [35].

According to recent studies, the presence of oxygen
(O) defects that lead to Fe?" ions and grow of magnetic
Fe203 as an impurity are the source of magnetization
of BFO. Since the average crystalline size of the as-
synthesized BFO NPs is small on average (d << 65nm),
therefore they exhibit stronger multiferroic properties.
The cycloid structure of BFO NPs is being suppressed
with smaller crystalline size, which enhances the
magnetic moments [30],[39]. For the x"”, the data
obtained for all samples dispersed within the range
of 1.0 and -1.0. The negative values of " observed

magnetic loss factor (tan ,)

indicate the transformation from magnetic to electrical
energy.Thus, S500 and S650 have the highest average
value of u'' (0.042 and 0.089) compared to the other
samples. Although magnetic loss factor (tan J,)
values presented in Figure 7 shows a huge variation
for all samples, the tan J, appears smaller compared
to the tan d,. This matches the experimental results
from Ali et.al and Reshi et al. [3],[33], suggesting that
dielectricloss is the major contributor in EM radiation
absorption at X-band frequency.

Reflection loss measurement

According to the microwave absorption theory, the
impedance and reflection loss at the X-band frequency
band can be calculated using:

Z =\/7ta h( 27rft)

(14)
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RL =20 log (Q) (15)

zip t 1
where,
Z;, = input impedance on the surface
1 = relative permeability
& = relative permittivity
RL = reflection loss (dB)
j=complex number
f=frequency
¢ = speed of light
t = thickness of samples used

Based on the formula, the reflection loss (RL) is
closely related to both complex relative permittivity
(¢) and complex relative permeability (x). In general,
any frequency range at which the RL is smaller than
-10dB is considered effective absorption bandwidth
as it corresponds to 90% of EM wave absorption
[40]. Figure 8 shows the experimental RL curves for
all samples ranging from 8.20 GHz to 12.40 GHz. For
the calculated data, it can be observed that all of
the sandstone samples that are saturated with BFO
nanofluid have a reflection loss higher than —10dB with
5mm of thickness. The lowest value of RL calculated is
-51.90 dB at 11.40 GHz by Si,ine.The comparison
between numerical simulation and experimental RL
for all the sandstone samples are shownin Figure 9.

Reflection Loss (db)

¢ s650

It appears that in the simulated data, the maximum
EM adsorption band range is shifted towards the lower
portion of the X-band frequency as the calcination
temperature increases. S35 has a very high reflection
in therange of 11.4 - 12.4 GHz, 9.4 — 10.4 GHz for S,
and 8.2 - 8.5 GHz for Sg5,. However, both Sy i and Syg0
appear not to have any RL less than -10dB but show a
decreasing trend in RL as the frequency increases. The
maximum absorption from the simulation for each
sample is 5.73, 5.93, 36.60, 33.19, 36.13 for Syiner Sa00s
S350, Ss00: Ses0, respectively. The experimental RL for all
samples are as shown in Figure 8. The data from the
experiment shows a very wavy plot, this may be due to
the attenuation of the signal during the measurement
of electromagnetic properties. It can be seen that the
reflection loss of all the sandstone samples saturated
with BFO nanofluid does not reach more than
10dB. And the maximum absorption of the samples
appears to have a decreasing trend as the calcination
temperature increases. The maximum absorption is
51.93,11.63,8.98,7.79,6.97 for Spyines S200: S350 Ss00,aNd
Ses0 respectively. In contrast to the simulated results,
no reflection loss response shows minimum value in a
range of frequencies. And the absorption performance
appears to have no drastic change as the frequency
increaseswhich is notin agreement with the simulated
results as the errors are not being taken into accountin
the simulation.

60 : :

10 1" 12

Frequency (Ghz)

Figure 8 Experimental calculated of Reflection Loss (RL) curve for Syines S200r S350- Ss00, @aNd Sgso at X-band
(8.2 GHz - 12.4 GHz) frequency
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CONCLUSION

In conclusion, bismuth ferrite NPs (BFO) were
synthesized successfully by using nitric acid-assisted
sol-gel using ethylene glycol as solvent. Both the EDX
and XRD results confirmed the presence of single-
phase bismuth ferrite (BiFeO;) in the samples as the
calcination temperature increases with the reduction
in impurity phases. The optimum temperature to
obtain high purity BFO NPs is 650°C which agrees
with many studies in the past. The structural analysis
showed the rhombohedral phase formation with
crystallite size varying from 18 —30nm, which showed
the trend of increment as the calcination temperature
increases once the impurity phases are eliminated.
Among all the samples, BFO NPs calcinated at 650°C
appear to have the best permittivity values of 10.08
and 3.27 for its real and imaginary counterparts.

Moreover, BFO (650°C) also appears to have the
highest real permeability value of 1.22 compared to
other samples, although the difference between the
samplesis very small. It is suggested that to synthesize
the BFO NPs with optimum electromagnetic properties
for EOR application, the calcination temperature for
BFO NPs is set to 650°C. The simulation results on
FEM may not seem to agree with the experimental
data, which may be due to the assumption made
in the simulation that the conductivity and relative
complex permeability of the samples are zero. Based
on the past experimental study, the network analyzer
results showed a similar pattern for sandstone soak
with nanofluid. Although the results showed that BFO
calcinated at 650°C has the highest potential amongst
the other as an EOR agent, it is not very well studied
that if the performance of BFO NPs is going to be
betterin an actual oil recovery experiment. Therefore,
itis highly recommended to study the comparison of
the performance as an EOR agent between the metal
oxide NPs and BFO NPs in a core flooding experiment.
All in all, the BFO NPs show great potential as an
EOR agent.
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