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ABSTRACT: This research aimed to prepare and utilize a novel hybrid nanofluid (GO-SiO,-TiO,-
SDS) to significantly reduce the InterFacial Tension (IFT) to a level lower than the IFT value of the SDS
surfactant solution at the Critical Micelle Concentration (CMC) point. Accordingly, the GO-SiO,-TiO;
nanocomposite was synthesized, and its properties were evaluated through six different analyses, including
Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy (EDXS),
Map Analysis, Fourier Transform InfraRed (FT-IR), spectroscopy X-Ray Diffraction (XRD),
and ThermoGravimetric Analysis (TGA). To assess the effects of GO-SiO,-TiO.—SDS hybrid nanofluids
on IFT reduction, SDS surfactant solutions were prepared at varying concentrations of SDS (0, 200,
500, 1000, 2000, 3000, 4000, 5000, and 6000 ppm), and 500 ppm was determined as the CMC. Different
concentrations of the GO-SiO,-TiO, nanocomposite (100, 500, 1500, and 2500 ppm) were separately
added to deionized water, and then the SDS surfactant was added at the CMC value to prepare hybrid
nanofluids. The results of IFT measurements reported by the Du Noly ring method indicated that
IFT values at the interfaces between 500-ppm SDS surfactant solution/kerosene and (2500 ppm
GO-SiO,-TiO2-500 ppm SDS) hybrid nanofluid/kerosene decreased from 23.59 mN/m to 2.48 mN/m
and 0.51 mN/m, respectively. Therefore, using the GO-SiO,-TiO,—SDS hybrid nanofluid could reduce
the IFT value to a level lower than that of the SDS surfactant solution at the CMC point.
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tension reduction, Du Nody ring method.
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INTRODUCTION

Nanotechnology is now considered an extremely hot
and intriguing topic [1]. With the ever-increasing need for
energy worldwide, the use of this technology in different
energy-related industries, such as the oil industry, has
become increasingly important [2]. An application of
nanotechnology in the petroleum industry is to employ
nanocomposite-surfactant hybrid nanofluids to further
reduce InterFacial Tension (IFT) and release or produce
more crude oil trapped in reservoir pores (i.e., the residual
oil). However, all previous research projects have only
used two-component nanocomposites. In fact, they have
never applied three-component nanocomposites such as
the one synthesized for the first time in this research
project to prepare IFT-reducing nanocomposite-surfactant
hybrid nanofluids. Compared with two-component
nanocomposites, the advantage of using three-component
nanocomposites in preparing IFT-reducing nanocomposite-
surfactant hybrid nanofluids would be to provide certain
conditions in which the IFT-reducing characteristics
of three nanomaterials could be employed to help
the surfactant to further reduce IFT.

In fact, IFT is a factor that traps a large amount of crude
oil as residual oil in reservoir pores. This residual oil can
be released and produced by using IFT-reducing agents
such as surface-active agents (surfactants) and various
nanoparticles (e.g., SiOz, TiO, Al,Os, ZrO,, Fe,Os, and
GO) [3, 4, 5, 6, 7]. The foregoing methods are classified
as the chemical techniques of oil recovery and are
considered a subset of tertiary recovery methods (EOR methods).
In general, surfactants and nanoparticles cause one liquid
to disperse in another liquid and form emulsions through
absorption to the interface between two immiscible liquids
(e.g., water and oil). Therefore, they reduce IFT, capillary
forces, and the volume of residual oils in the reservoir.
Many researchers have tested the idea of using surfactants
and nanoparticles simultaneously as nanoparticle-surfactant
hybrid nanofluids to improve the efficiency of surfactants
in further IFT reductions. For instance, Mohajeri et al.
analyzed the effects of the ZrO,-SDS hybrid nanofluid and
the SDS surfactant solution on IFT reduction. They
reported that ZrO,-SDS hybrid nanofluid and SDS
surfactant solution reduced IFT by 3.1 and 16 mN/m,
respectively [8]. Likewise, Tavakkoli et al. reported that
SDS surfactant solutions and Al,03-SDS hybrid
nanofluids could reduce IFT by 3 and 0.8 mN/m,
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respectively [9]. Some other researchers tested the idea
of using nanocomposites instead of nanoparticles to
further decrease IFT. For example, Kazemzadeh et al.
observed that SiO,, TiO,, and TiO,-SiO, nanofluids reduced
IFT by 16.8, 19.1, and 13.2 mN/m, respectively [10].
Recently, researchers have integrated the two foregoing
ideas in their research projects to further reduce IFT.
In other words, they have used nanocomposite-surfactant
hybrid nanofluids for this purpose. According to
Garmroudi et al., the hybrid nanofluids of the GO-TiO;
and ZSCL extract and those of the GO and ZSCL extract
decreased IFT by 10.5 and 12.3 mN/m, respectively. They
concluded that nanocomposite-surfactant  hybrid
nanofluids were more efficient than nanoparticle-
surfactant hybrid nanofluids in reducing IFT [11]. Table 1
presents an overview of previous research projects on IFT
reduction through the use of nanocomposite-surfactant
hybrid nanofluids. In this research, the GO-SiO,-TiO;
nanocomposite, a nanocomposite based on three different
IFT-reducing nanomaterials, was synthesized for the first
time. This nanocomposite was then used to prepare
GO-SiO,-TiO,~SDS  hybrid nanofluids at different
nanocomposite concentrations and the surfactant CMC
value. The preparation of GO-SiO,-TiO,~SDS hybrid
nanofluids led to the creation of a new category called the
IFT-reducing nanocomposite-surfactant hybrid nanofluids
based on the three-component nanocomposites. These
nanofluids were evaluated and studied experimentally for
the first time in this research. Moreover, GO-SiO,-TiO,-SDS
hybrid nanofluids were prepared for the following purposes:
(i) simultaneous use of the IFT-reducing characteristics of
the three-component nanocomposite and the surfactant,
(i1) measuring the IFT values between the prepared GO-
Si0,-TiO,-SDS  hybrid  nanofluids at  different
concentrations of the nanocomposite and kerosene, and
(iii) determining the best nanocomposite concentration
in the hybrid nanofluid that can minimize the IFT value.

EXPERIMENTAL SECTION
Materials

For research purposes, GO nanomaterials with a thickness
of 3.4-7 nm and purity of more than 99%, as well as anatase-
TiO, nanomaterials with a thickness of 10-25 nm
and purity of 99.5%, were purchased from the US
Research Nanomaterials Company. Fig.s 1 and 2 display
their FESEM images. Deionized water, absolute ethanol
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Table 1: An overview of research projects on IFT reduction through using nanocomposite—surfactant hybrid nanofluids

4 IFT (mN/m) . Nanocomposite )
Base fluid Reference
To From Concentration (ppm) type
Surfactant solution .
0.18 29.1 . Fe;04-Eggshell Omidi et al. [12]
(CTAB + Brine)
rfactant solution
2.4 27 Surfactant solutio ZnO-MMT Nourinia et al. [13]
(CP plant extract + DDW)
Surfactant solution
1.354 29.1 ZnO-PAM Asl I. [14
M 9.18 (DTAB + Distilled water) © sletal. [14]
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SEMMAG: 50.0kx |  Det: InBeam
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View fleld: 4.15 ym | Date(midly): 07/20122

Fig. 2: FESEM image of anatase-TiO2 nanomaterial

(C2HsOH, 99.9%),tetraethyl orthosilicate (TEOS, 98%),
ammonia solution (NH;OH, 25%), and SDS (85%)
surfactant were all purchased from Merck Company.

Additionally, kerosene was supplied by Shiraz Oil
Refining Company. Deionized water was utilized
in the process of synthesizing nanocomposites, preparing
surfactant solutions, and as the base fluid to prepare
nanocomposite-surfactant nanofluids. Furthermore, kerosene
was employed as the oil phase.
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Research flowchart

Fig. 3 represents the stepwise flowchart of all
experiments conducted in this research from the first
experiment to the last one.

Synthesis of GO-SiO2-TiO2 Nanocomposite

The synthesis process of GO-SiO,-TiO, hanocomposite
powder consisted of two stages. In the first stage, the GO-
SiO, nanocomposite was synthesized through the in-situ
hydrolysis and condensation of TEOS on the surfaces of GO
nanosheets. For this purpose, 0.05 g of GO nanomaterial,
150 mL of absolute ethanol, and 30 mL of deionized water
were stirred with a magnetic stirrer for 35 minutes
at 1500 rpm to create a mixture. To homogenize the mixture
and separate GO nanosheets, the mixture was then placed
in an ultrasonic bath (Falc LBS2 device, 4.5 liters) with
an ultrasonic frequency of 40 kHz for one hour. Afterward,
a solution of ammonia was added dropwise to the mixture
to adjust the pH to 9, and 0.8 mL of TEOS was used
as a source of silica and added dropwise to the mixture.
The resultant mixture was again placed in an ultrasonic bath
for 40 minutes with an ultrasonic frequency of 40 kHz.
The final mixture was placed at room temperature
for 24 hours to complete the reaction and form GO-SiO,
nanocomposite suspension (Fig. 4). Eventually, the solid
content of the suspension (i.e., GO-SiO, nanocomposite)
was separated through centrifugation, washed three times
With absolute ethanol and once with deionized water, and
placed in 15 mL of absolute ethanol.

The hydrothermal method was used in the second stage
of GO-SiO,-TiO, nanocomposite synthesis. For this purpose,
35 mL of deionized water was added to the mixture of the
GO-SiO; nanocomposite and absolute ethanol. Then, 0.46 g
of the anatase-TiO, nanomaterial was added to the mixture,
and the resultant mixture was stirred for two hours at 1500 rpm
to obtain a completely uniform mixture in terms of color.
The homogenized mixture was then placed in an autoclave
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Fig. 3: The flowchart of this research

Fig. 4: GO-SiO2 nanocomposite suspension

for six hours at 120 °C. Eventually, the final product
(the GO-SiO,-TiO, nanocomposite) was separated through
centrifugation, washed three times with absolute ethanol
and once with deionized water, and dried at room
temperature to turn into powder (Fig. 5).

Confirmation of Nanocomposite Synthesis and Analysis
of its Properties

Six different analyses were conducted to confirm
the synthesis of the GO-SiO,-TiO, nanocomposite and
evaluate its properties. They were field emission scanning
electron microscopy (FESEM, by the Tescan Mira3
device), energy dispersive X-ray spectroscopy (EDXS),
map analysis, Fourier-transform infrared spectroscopy
(FT-IR, by the Thermo Scientific-Nicolet iS10 device),
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Fig. 5: GO-SiO2-TiO2 hanocomposite powde

X-ray diffraction (XRD, by the Philips PW1730 device), and
thermogravimetric analysis (TGA, by the SDT-Q600 device).

Preparation of surfactant solutions and Nanocomposite-
surfactant Nanofluids

The Critical Micelle Concentration (CMC) point
of the surfactant, at which the lowest IFT is observed,
was defined as the concentration at which surfactant
molecules start to aggregate and form micelles [15].
The CMC point is an important factor when using surfactants
alone as surfactant solutions or mixed with nanomaterials or
nanocomposites as hybrid nanofluids. Surfactant solutions
were prepared at different concentrations to determine
the CMC point of the surfactant. Therefore, different
concentrations of the SDS surfactant (i.e., 0, 200, 500, 1000,
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Fig. 6: Sigma 703D force tensiometer device employed to
measure IFT values
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Table 2: The weight and atomic percentages of the constituents
of GO-SiO2-TiO2 nhanocomposite

Fig. 7: Schematic of IFT values measurement through the Du
Notiy ring method used in the Sigma 703D force tensiometer device

2000, 3000, 4000, 5000, and 6000 ppm) were separately
added to deionized water and stirred with a magnetic stirrer
at low speed (to avoid the formation of foam) for five
minutes. This process resulted in the preparation of
colorless SDS surfactant solutions at different
concentrations. The CMC point of the SDS surfactant was
then determined, followed by separately adding different
concentrations of the GO-SiO,-TiO, nanocomposite (i.e.,
100, 500, 1500, and 2500 ppm) to deionized water to
prepare nanofluids at different concentrations of the
nanocomposite. Next, they were exposed to ultrasound
waves for 30 minutes using an ultrasonic homogenizer
(i.e., Sigma Sonic UH-1200-20 device) running at 70%
power to ensure that nanocomposite particles were
thoroughly dispersed in the deionized water. The SDS
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( Elements Wt. % At. % )
C 4.47 9.31
o} 38.41 60.02
Si 231 2.06

L Ti 54.81 28.61 )

surfactant was then added to the nanofluids at the CMC
value and stirred with a magnetic stirrer at low speed for
five minutes. This process resulted in the preparation
of nanocomposite-surfactant hybrid nanofluids at different
concentrations of the nanocomposite and the CMC value
of the surfactant.

Measurement of IFT Values

The Sigma 703D force tensiometer device was used
to measure the IFT values between the surfactant solutions
or hybrid nanofluids at different concentrations and
kerosene in ambient conditions (Fig. 6). The device
utilizes the Du Nolly ring method to measure IFT values.
To this end, half of the glass container of the device
was filled with a surfactant solution or hybrid nanofluid,
while the other half was filled with kerosene. The thin
platinum ring of the device was then placed vertically
under the interface between the two liquids and gradually
brought up. The device measured the force required
to separate the ring from the interface between the two
liquids (Fig. 7) and calculated the IFT value using Eg. (1).

F
o= 4_T[I‘f 1)
Where ¢ and F denote the IFT and the force required to
separate the ring from the interface between two liquids
(i.e., the surfactant solution or hybrid nanofluid and
kerosene), respectively, moreover, r and f represent the

ring radius and the correction coefficient, respectively.

RESULTS AND DISCUSSION
Results of FESEM, EDXS, and map analyses

Fig. 8 shows the FESEM images of the GO-SiO,-TiO;
nanocomposite at five different scales (i.e., 10 um, 5 um,
2 um, 500 nm, and 200 nm). Additionally, Fig. 9 depicts
the presence of carbon (C), oxygen (O), silicon (Si), and
titanium (Ti) in the nanocomposite. Table 2 lists the weight
and atomic percentages of these elements in the
nanocomposite. Fig. 10 illustrates the distribution and
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Fig. 8: The FESEM images of GO-SiO2-TiO2 nanocomposite on five different scales: a) 10 um, b) 5 um, ¢) 2 um, d) 500 nm, and e) 200 nm
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Fig. 9: EDXS analysis of GO-SiO2-TiO2 nanocomposite

dispersion of C, O, Si, and Ti elements in both separate and
combined forms within the GO-SiO,-TiO, hanocomposite.
Furthermore, the distribution maps of Si and Ti elements
on GO nanosheets in this nanocomposite indicate that Si and
Ti are uniformly distributed and dispersed on the nanosheets.
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Results of FT-IR analysis

The chemical bonds of the GO-SiO,-TiO,
nanocomposite were assessed using the FT-IR analysis, and
Fig. 11 displays the FT-IR spectrum of the nanocomposite.

The spectrum exhibits various peaks, including the
peak at 3416.70 cm™, which is due to the stretching
vibration of the O—H bonds of adsorbed water molecules
and hydroxyl groups on the surface of GO nanosheets [16].
Additionally, the peak at 2921.77 cm™ corresponds to the
stretching vibration of C—H bonds at the edges and defect
zones of GO nanosheets [17, 18]. The peak centered
at 2368.27 cm* results from the presence of carbon dioxide
gas in the FT-IR chamber [19]. Moreover, the peaks centered
at 1697.13 and 1629.63 cm™ correspond to the stretching
vibration of C=0 bonds in carboxylic groups at the edges
of GO nanosheets and the stretching vibration of C=C
bonds in aromatic rings of this nanomaterial, respectively
[20, 21]. The peak located at 1384.70 c¢cm™ can be
attributed to the bending vibration of C—H bonds in the GO
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Fig. 10: The distribution maps of constituents of GO-SiO2-TiO2 nanocomposite
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Fig. 11: The FT-IR spectrum of the GO-SiO2-TiO2 nanocomposite
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Fig. 12: The XRD pattern of the GO-SiO2-TiO2 nanocomposite
nanosheet structure [22]. Furthermore, the peak at 1068.42 cm

is caused by the symmetric stretching vibration of the Si-O-Si
group in the SiO, nanomaterial [23, 24], and the peak
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Combine2

at 661.57 cm™ is assigned to the stretching vibration
of Ti-O bonds in the TiO, nanomaterial’s structure [25,26].
Thus, the FT-IR analysis confirms the presence of SiO;
and TiO2 nanomaterials, along with GO nanosheets.

Results of XRD Analysis

After conducting XRD analysis on the GO-SiO,-TiO;
nanocomposite, X'Pert HighScore Plus was utilized
to identify crystalline phases present in the
nanocomposite. The results of the analysis revealed the
presence of three different phases. As depicted in Fig. 12,
the broad peak observed at 11.4° corresponds to the (001)
diffraction plane of GO nanosheets [27, 28, 29].
Additionally, the peak located at 23.0° can be considered
the characteristic peak of the SiO, nanomaterial,
specifically the cristobalite phase with a tetragonal
crystalline structure and a space group of P41212
(Reference code: JCPDS No. 01-076-0941) [30, 31, 32].
The diffraction planes of silica at (101), (111), (112),
(211), and (301) were located at 26= 23.0°, 27.5°, 36.1°,
41.2°, and 56.2°, respectively. Furthermore, anatase-TiO;
was detected as a crystalline phase with a tetragonal
crystalline structure and a space group of I41/amd
(Reference code: JCPDS No. 00-021-1272). The
diffraction planes of anatase-TiO; at (101), (004), (200),
(105), (211), (204), (116), (220), and (215) were located
at 20=25.3°,37.8°,48.2°, 54.0°, 55.3°, 62.9°, 69.4°, 70.5°,

3583



Iran. J. Chem. Chem. Eng.

101

9 +
98 +

97 1
8.4% weight
change
(0.11718 mg)

9

Weight (%)

95 4
94 -

A
i
!

92 4
91

0 200 400 600 800 1000
Temperature (°C)

Fig. 13: The TGA thermogram of the GO-SiO2-TiO2 hanocomposite

and 75.5°, respectively. Therefore, based on the XRD
analysis, the GO-SiO,-TiO, nanocomposite contains GO,
Si0O,, and anatase-TiO; phases.

Results of TGA

The TGA was conducted on 1.3950 mg of the
nanocomposite in an argon atmosphere with a heating rate
of 10 ‘C/minute to evaluate the thermal stability of
the GO-SiO,-TiO, nanocomposite.

According to Fig. 13, the thermal decomposition
of the nanocomposite started at 626 ‘C and continued up to
745 °C. Based on the results, 8.4 wt.% (0.11718 mg) of
the nanocomposite was decomposed within this
temperature range. The nanomaterials of SiO, and TiO;
existing in the nanocomposite cannot be decomposed
within the mentioned temperature range since they remain
stable until 800 °C [33, 34]. Therefore, the weight loss in
this temperature range is due to dihydroxylation from the
surfaces of GO nanosheets existing in the nanocomposite
and the thermal decomposition (pyrolysis) of the carbon
skeleton in the GO present in the nanocomposite [35, 36].
According to the TGA results reported by Haeri et al. [37]
and Ramezanzadeh et al. [38], the starting temperature of
the thermal decomposition of the GO-SiO, nanocomposite
was higher than that of the pure GO nanomaterial. This
temperature difference is due to the presence of silica
nanomaterials on the surface of GO nanosheets. The TGA
results of the GO-SiO, nanocomposites in those studies
were compared with the results of the GO-SiO,-TiO;
nanocomposite in the present study. The comparison
indicated that the starting temperature of the thermal
decomposition of the GO-SiO,-TiO, nanocomposite
was significantly higher than that of the GO-SiO;
nanocomposite. This significant difference is due to the
presence of TiO, nanomaterials in addition to the presence
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Table 3: Changes in IFT values due to changes in SDS
concentrations in surfactant solutions

7/~ SDS concentration in R
IFT (mN/m Explanation
surfactant solution (ppm) (miN/m) Xplanatio
0 23.59 Deionized Water
200 3.16
500 2.48 CMC point
1000 3.94
2000 4.28
3000 4.17
4000 4.36
5000 4.42
k 6000 3.7 j
25
€20 l‘
=2
E
f
% 15 4
5
'_
2 10
.1‘:% 109 CMC point
&
£
-—
0 T T T T T T T
0 1000 2000 3000 4000 5000 6000

SDS concentration in surfactant solution (ppm)

Fig. 14: The graph of changes in IFT values due to changes
in SDS concentrations in surfactant solutions (based on Table 3)

of SiO, nanomaterials in the GO-SiO.-TiO;
nanocomposite structure. Hence, the presence of SiO, and
TiO, nanomaterials in the structure of the GO-SiO.-TiO;
nanocomposite had a significantly positive effect on
increasing the thermal stability of this nanocomposite.

Measurement of IFT values

Table 3 and Fig. 14 demonstrate the measured IFT
values at interfaces between SDS surfactant solutions
with different concentrations (0, 200, 500, 1000, 2000,
3000, 4000, 5000, and 6000 ppm) and kerosene. As the
concentration of the SDS surfactant increased from 0 to
500 ppm, the IFT value sharply decreased to a minimum
level. This implies that the 500-ppm concentration of the
SDS surfactant, which resulted in the minimum IFT level
(2.48 mN/m), was the CMC point of the surfactant. However,
the IFT value increased as the surfactant concentration
increased from 500 to 1000 ppm. As the concentration further
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Table 4: Research hypotheses

(Number Hypothesis
Using the GO-SiO,-TiO,—SDS hybrid nanofluid can reduce
1 the IFT value to a lower level than the IFT value of the
SDS surfactant solution at the CMC point.
’ Using the GO-SiO,-TiO,~SDS hybrid nanofluid
L can significantly reduce the IFT value. )

1.4 4
1.2
E
=2
E
< 1.0
S
2
(<5)
[
T 0.8
&
k3]
[
~ 0.6

0.4 T

T T T T T
0 500 1000 1500 2000 2500
[NC concentration (ppm)—500 ppm SDS] Hybrid nanofluid

Fig. 15: Changes in IFT values due to changes in nanocomposite
concentrations in hybrid nanofluids (based on Table 4)

Fig. 16: (2500 ppm GO-SiO2-TiO2-500 ppm SDS) Hybrid nanofluid

increased from 1000 to 6000 ppm, the IFT value became
almost uniform with slight changes and small fluctuations.
After considering the 500-ppm concentration of the
SDS surfactant as the CMC point, GO-SiO,-TiO,-500
ppm SDS hybrid nanofluids were prepared at different
concentrations of the GO-SiO,-TiO, nanocomposite
(i.e., 100, 500, 1500, and 2500 ppm) to analyze research
hypotheses (Table 4). The IFT values at the interfaces
between hybrid nanofluids and kerosene were then
measured (Table 5 & Fig. 15), and the results revealed that
an increase in the concentration of the GO-SiO.-TiO;
nanocomposite in the hybrid nanofluid from 100 to 2500
ppm resulted in a continuous decrease in the IFT value.
At all the mentioned concentrations of the nanocomposite,

Research Article

Experimental Study of Effects of GO-SiO,-TiO,—SDS Hybrid ...

Vol. 42, No. 11, 2023

Table 5: Changes in IFT values due to changes in
nanocomposite concentrations in hybrid nanofluids

( [NC concentration (ppm)-500 ppm SDS] h
Hybrid nanofluid IFT (mN/m)
100 1.29
500 0.97
1500 0.61
L 2500 0.51 )

Fig. 17: Measurement of IFT value for (2500 ppm GO-SiOz-
TiO2-500 ppm SDS) hybrid nanofluid

The measured IFT values were lower than the IFT value
at the nanocomposite concentration of 0 ppm (i.e., the SDS
surfactant solution at the CMC point). This finding
confirmed Hypothesis 1 in this research project. In addition,
the lowest IFT value of 0.51 mN/m was recorded
at the 2500-ppm concentration of the nanocomposite
in the hybrid nanofluid (Figs. 16 and 17). Hence, the IFT
value was significantly reduced to the lowest level when
the hybrid nanofluid was used with a 2500-ppm
nanocomposite concentration. This finding confirmed
Hypothesis 2 in the current research. According to Fig. 17,
the interface between the hybrid nanofluid with a
nanocomposite concentration of 2500 ppm and kerosene
became unstable because it had the lowest IFT value.
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The hybrid nanofluid with a 100-ppm concentration of
the nanocomposite could significantly reduce the IFT
value from 2.48 mN/m (i.e., the IFT value of the SDS
surfactant solution at the CMC point) to 1.29 mN/m. This
was because the nanocomposites that absorbed many
surfactant molecules on their surfaces moved to the
interface between the hybrid nanofluid and kerosene by
Brownian motion [39, 40]. As a result, an additional
amount of surfactant molecules emerged on the interface,
which further reduced the IFT value [9]. There was also
a downward trend in the IFT value when the nanocomposite
concentration in the hybrid nanofluid increased from
100 ppm to 2500 ppm. In fact, the IFT value finally
reached 0.51 mN/m (i.e., the IFT value at a 2500-ppm
concentration of the nanocomposite) because increasing
the nanocomposite concentration in the hybrid nanofluid
increased the number of nanocomposites absorbed to the
interface. Accordingly, further nanocomposites appeared
on the interface. Given the IFT-reducing characteristics of this
nanocomposite, its abundance in the presence of surfactant
molecules could further decrease the IFT value [11].

CONCLUSIONS

This study sought to investigate the effects of GO-SiO,-
TiO2-SDS hybrid nanofluids on the reduction of IFT under
laboratory conditions. The experiments conducted in this
research project involved various steps, including the
synthesis of the nanocomposite, the confirmation of
nanocomposite synthesis and characterization of its
properties, the preparation of surfactant solutions and
nanocomposite-surfactant hybrid nanofluids, and the
measurement of IFT values using the Du Nolly ring method.

The results of the experiments revealed several key
findings. First, the synthesis of the GO-SiO,-TiO;
nanocomposite and its properties was confirmed and
evaluated using various analytical techniques such as
FESEM, EDXS, Map, FT-IR, XRD, and TGA analyses.
In addition, the CMC value of the SDS surfactant
was determined to be 500 ppm. Further, the use of the SDS
surfactant solution at the CMC value of 500 ppm significantly
decreased the IFT value from 23.59 to 2.48 mN/m.

Moreover, the use of GO-SiO.-TiO,-SDS hybrid
nanofluids at all nanocomposite concentrations (i.e., 100,
500, 1500, and 2500 ppm) resulted in a reduction in IFT
values to levels lower than the IFT value of the SDS
surfactant solution at the CMC point. Specifically, using
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the hybrid nanofluid with a concentration of 2500 ppm
GO-SiO,-TiO, and 500 ppm SDS led to the lowest IFT
value of 0.51 mN/m, which was significantly lower than
the IFT value of the SDS surfactant solution at the CMC point.

Overall, the findings suggest that GO-SiO,-TiO,-SDS
hybrid nanofluids have great potential for reducing IFT values.
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Nomenclature

Aluminum oxide Al,0;
Critical micelle concentration CMC
Cyclamen persicum CpP
Cetyl trimethyl ammonium bromide CTAB
Double deionized water DDW
Dodecyl trimethyl ammonium bromide DTAB
Energy dispersive X-ray spectroscopy EDXS

Enhanced oil recovery EOR
Force required to separate the ring from the

interface between two liquids, mN F
Correction coefficient, dimensionless f
Iron(l11) oxide Fe20s
Field emission scanning electron microscopy FESEM
Fourier transform infrared spectroscopy FT-IR
Graphene oxide GO
Interfacial tension IFT
Montmorillonite MMT
Polyacrylamide PAM
parts per million ppm
Radius of the ring, m r
Sodium dodecyl sulfate SDS
Silica SiO;
Tetraethyl Orthosilicate TEOS
Thermogravimetric analysis TGA
Titanium oxide TiO;
X-ray diffraction XRD
Zinc oxide Zn0O
Zirconium oxide ZrO;
Ziziphus spina-christi leaf ZSCL
Interfacial tension, mN/m o
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