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Abstract

The increasing interest in employing nanofluids within the oil and gas sector has spurred significant research efforts. This study focuses on the
formulation of two bio-nanofluids, comprising aluminum oxide nanoparticles suspended in isopropanol alcohol. Environmentally friendly
dispersion stabilizers, namely egg and soy protein, were individually incorporated into the nanofluid formulations. The chemical composition
and particle size distribution of the resulting nanofluids were rigorously characterized using X-ray diffraction (XRD) and dynamic light
scattering (DLS) analyses, respectively.

Interfacial tension measurements between the bio-nanofluids and crude oil were conducted across a range of salinities, specifically 1, 3, and 5
wt.% NaCl solutions. Analysis of the oil recovery data revealed a notable improvement in performance with the soy protein-based nanofluid
(SAO), exhibiting approximately a 36% enhancement in oil recovery at a concentration of 0.3 wt.% soy protein and 0.5 wt.% aluminum oxide
nanoparticles and isopropanol. Similarly, the egg protein-based nanofluid (EAO) demonstrated a significant improvement of 33% in oil recovery
at a concentration of 0.7 wt.% egg protein and 0.7 wt.% aluminum oxide nanoparticles and isopropanol. This discrepancy in performance was
attributed to SAQ's superior ability to reduce interfacial tension with crude oil, achieving a lower value of 0.03 mN/m compared to 0.04 mN/m
for EAO at 3% NaCl.
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1. Introduction

There is a rising need to improve the oil extraction methods from its reserves due to the increasing energy demand worldwide
[1-2]. The used enhanced oil recovery (EOR) method depends majorly on the petrophysical properties of the rock, the
composition of the hydrocarbon phase to be extracted and reservoir conditions [3-4]. One of the most important and used
methods for oil extraction is chemical enhanced oil recovery (CEOR) because of its high recovery factor [4-5]. The surfactant
flooding has gained attention as one of the most successful used CEOR methods [4]. The main mechanism of the surfactant
flooding is lowering the interfacial tension (IFT) between crude oil and water and alter the wettability of the rock which leads
to releasing the oil by decreased capillary forces in the porous medium [6]. However, the main challenges that surfactant
flooding faces are surfactant adsorption on the rock which leads to increasing the cost of the process, and its harmful effect on
the environment [7]. In order to solve these challenges, some authors reported using surfactant/alcohol mixtures to lower the
interfacial tension using sulfonate/alcohol mixtures [8-12]. Lately, several authors reported using nanomaterials with different
conventional enhanced oil recovery methods such as surfactant flooding [12-15], polymer flooding [16-18] and
alkali/surfactant/polymer flooding [19-20] to enhance sweep efficiency by lowering the interfacial tension and altering the rock
wettability. For instance, Xu et al. achieved low values of interfacial tension (IFT) between crude oil and formation water by
using nanofluids (silica gel nanoparticles and an anionic surfactant) [21]. The lowest interfacial tension was achieved by using
0.05 wt % of the anionic surfactant. Suleimanov et al. used nanofluids which contain nonferrous metal nanoparticles and an
anionic surfactant to lower IFT and enhance oil recovery [22].

In this study, the authors did not use brine to prepare the nanofluid. The lowest interfacial tension was reported at 0.001 wt %
nanoparticle concentration. Shahzad et al. used different nanomaterials (silica, alumina, and zirconium oxide) and different
types of surfactants to increase the oil recovery [23]. Concentrations of 0.01 wt % nanoparticles achieved the lowest interfacial
tension (1.45 mN m—1) in there case. Moreover, Betancur et al. developed nanofluids that contain different cationic surfactants
and silica gel nanoparticles. They studied the interactions between nanoparticles and surfactant; however, they didn't use brine
to prepare nanofluids [24], the lowest interfacial tension (IFT) reaching down to 5 mN m—1. Betancur et al. improved oil
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recovery by using a nanofluid which consists of a surfactant mixture and magnetic based carbon shell nanomaterials [25]. A
concentration of 100 mg L—1 nanoparticles achieved the lowest interfacial tension. It is worth mentioning that these studies
focused solely on effect of nanoparticles on the interfacial tension and not take into account the possibility of implementing
synergistic effects by further compounds, e.g. in order to enhance the stability of the nanodispersion. Therefore, this study
includes additional compounds next to aluminum oxide nanoparticles and isopropanol alcohol. As natural surfactant, proteins
(egg and soy protein) were added, addressing a gap related to the exploration of multifunctional nanofluids. A comparative
analysis for the two bio-nanofluids was made by using chemical flooding. Also, the interfacial tension properties of the bio-
nanofluid were measured with crude oil, addressing the effect of different concentrations and optimizing conditions for enhanced
oil recovery.

2. Experimental

2.1. Chemicals and materials

Egg protein and soy protein are supplied from local companies, while aluminum oxide nanoparticles (<50 nm particle size
(DLS), 20 wt.% in isopropanol) (1A) are provided from Sigma-Aldrich. The characteristics of the investigated Egyptian crude
oil are presented in Table 1.

Table 1 The characteristics of the investigated Egyptian crude oil

Characteristic APl aromatic asphaltene wax  resin density

Value, unit 18 43.6% 14.67 % 7.4% 24.87% 0.978 g/L

2.2. Bio-Nanofluid Preparation

In the first step, different concentrations of NaCl solution (1, 3, and 5 wt.%) were prepared. The investigated concentrations of
aluminum oxide nanoparticles, which is 20 wt.% in isopropanol, were added to the brine solutions and stirred for half hour
through a magnetic stirrer and then sonicated with an ultrasonic probe for two hours (25 kHz, 600 W). After that, different
concentrations of egg protein and soy protein were separately introduced into the suspensions, and they were sonicated for
another two hours. The particle size and zeta potential of the bio-nanofluids were measured by the Dynamic Light Scattering
(DLS) using the Zetasizer Nano ZS instrument. The diffraction patterns of the prepared nanomaterials were determined by XRD
analysis. X-ray diffraction (XRD) measurements were carried out using (Bruker D5005 XPERT) and CuKa radiation.

2.3. Surface, Interfacial and Wettability Measurements

The Surface tension measurements of the prepared bio-nanofluids, with different concentrations of protein and the same
concentration of 1A, were measured by De-Nolly Tensiometer (Kruss-K6 type) to determine the optimum concentration of
protein in the bio-nanofluids, resulting in the lowest IFT between the bio-nanofluids and the investigated crude oil [7]. IFT is a
useful indicator of the changes in capillary forces between oil and bio-nanofluids. When the IFT is reduced, it implies that the
forces at the interface between oil and nanofluids are weakened.. By reducing IFT through the addition of bio-nanofluid, the
capillary forces can be overcome more easily. This reduction in capillary forces is anticipated to enhance the efficiency of oil
recovery processes [14-26]. The interfacial tension was measured by SDT (Kruss, Germany) while the contact angles were
measured by Drop Shape Analyzer (Kruss, Germany). All Measurements were taken at room temperature.

2.4. Bio-Nanofluid Flooding Experiment

The flooding experiments were conducted using a sand-packed bed (589.28 ml total volume, 700 g mass of sand, 5.0 cm internal
diameter and 30 cm in length). The porosity of the sand bed ranged between 24.9 and 26.32% and the sand size was of 0.70—1.75
mm (mesh size between 1.5 and 3.5 meshes). The sand bed was saturated with brine solution (NaCl: 30,000 ppm) for two days.
Then, 150 ml of the investigated crude oil was injected at temperature 50 °C and pressure 2.0 MPa (reservoir conditions) at a
flow rate of 1 cm3 / min, being left to be aged at 50 °C for a whole day. A secondary recovery was carried out by only brine
solution (water flooding), and the oil recovery was measured at the end of this stage. Finally the bio-nanofluids were injected
through the sand-packed setup under reservoir conditions with the same flow rate (1.0 cm3/min) [7-27]. The schematic setup
for the flooding experiments is presented in Figure 1.
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Figure 1 schematic of the used sand-packed bed for the bio-nanofluid flooding experiments.

3. Results and Discussion

3.1. Characterization of Bio-nanofluids

Figure 2 (A and B) shows the XRD pattern of soy protein (SAQ) and egg protein (EAO) based nanofluids. For the pure protein,
there are two diffraction peaks near °20 of 9° and 19°, which are characteristic peaks of the a-helical and p-folded structures in
the secondary structure of the protein, respectively [28-29]. Dipping Al203 nanoparticles to soybean and egg protein structures,
itis a process of aggregation and entanglement between protein molecules; therefore, its molecular structure remains intact. The
peak of protein widened and shifted to 19.5° after adding 20 wt% of Al203. This is because the Al203 disrupts the molecular
structure of the protein and reacts with it by cross-linking [30-31]. The XRD exhibited characterization peaks of aluminum
oxide (SAO and EAO) at scattering angles (2) of 25.8(3 0 0), 35.5¢ (4 0 1), 32.92(200), 38.1(104), 45.5(0 3 1),61.3¢, 67.12(214)
and 90.1(119).
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Figure 2 XRD pattern for SAO and EAO nanofluids
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DLS also confirmed the nanosized particles of SAO and EAOQ. The size of SAO ranged from 37.84 to 78.82 nm, while the
EAO ranged from 50.75 to 91.28 nm as shown in Table 2 and Figure 3.

Table 2 The particle size of the prepared nanofluids with distilled water

Compound
Soy protein/Aluminum Oxide (SAO) nanofluid 43.82 -42.3
Egg protein/Aluminum oxide (EAO) nanofluid 58.77 -50.2
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Figure 3 particle size distribution of SAO and EAO

3.2. Surface, Interfacial tension Measurements
In order to determine the optimum concentrations of protein at which the surface tension is the lowest within the nanofluid
composition, five different concentrations of the protein (0.1, 0.3, 0.5, 0.7 and 1.0 wt.%) were investigated at the same

concentration of aluminum oxide nanoparticles/isopropanol mixture (0.5 wt.%) in the nanofluids and a salinity (5 wt.% NaCl)
as shown in Figure 4.

Figure 4 Surface tension for different concentrations of egg and soy protein at the same concentration of 1A (0.5 wt.%)
and 5 wt.% NaCl
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At concentrations of 0.7 wt.%, egg protein, the lowest surface tension of the bio-nanofluid was found, while the soy protein
achieved the lowest surface tension of bio-nanofluid at 0.3 wt.%. In the following, the surface tension for different
concentrations of the mixture (aluminum oxide nanoparticles/isopropanol) were measured at different salinities (1, 3, and 5
wt.% NaCl), while keeping the concentration of the protein constant (0.7 wt.% for egg protein and 0.3 wt.% of soy protein) as
seen in Figure 5.
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Figure 5 Surface tension for different concentrations of the mixture (aluminum oxide nanoparticles/isopropanol) with different proteins (a)
Soy protein, and (b) Egg protein at different salinity (1, 3, and 5 wt.% NaCl)

The SAO exhibited the lowest surface tension at 0.5 wt.% of 1A in the bio-nanofluid composition, while the EAO achieved the
lowest value of surface tension at 0.7 wt.% of IA. The effect of increasing the content of salt was shown in Table 4. For ASO,
the surface tension decreased with increasing salinity as it reached the lowest 12 mN/m at 5 wt.%.

While the surface tension decreased with increasing the salt to reach 17 mN/m at 3 wt.%, the surface tension increased by
increasing the salt to 5 wt.% to be 24 mN/m. The amino acid composition and sequence of proteins can vary between soy and
egg proteins. This can influence the overall molecular structure and interactions between protein molecules, affecting their
ability to form cohesive forces at the surface.

For EAO nanofluids, this can be explained based on three mechanisms; (a) Water molecules are attracted to each other
through hydrogen bonding. When salt is added, the ions (Na+ and ClI-) disrupt the hydrogen bonding network of water. The
chloride ions can surround and shield the water molecules from each other. This disruption weakens the cohesive forces
between water molecules, making it easier for the surface tension to decrease, (b) The ions from the salt can compete with
water molecules for hydrogen bonding. Water molecules at the surface have fewer neighboring water molecules to bond with,
and the presence of ions makes it less favorable for water-water interactions. This weakens the cohesive forces at the surface,
leading to a reduction in surface tension, or (c) The addition of salt can increase disorder or entropy at the water-air interface.
Water molecules at the surface are more ordered compared to those in the bulk, and the presence of salt disrupts this order. As
a result, the surface tension decreases as the disorder at the interface increases.
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Table 3 Interfacial tension of Bio-Nanofluids with crude oil (mN/m) at different concentrations of the mixture (aluminum oxide
nanoparticles/isopropanol) at different salinity (1, 3, and 5 wt.% NaCl)

0.7 Egg protein with different concentration of 1A

0 26.39 22.8 17.4
0.3 0.1 0.07 0.19
0.5 0.08 0.05 0.12
0.7 0.05 0.04 0.08

1 0.09 0.06 0.1

0.3 Soy protein with different concentration of 1A

0 26.39 22.8 174
0.3 0.08 0.06 0.05
0.5 0.04 0.03 0.02
0.7 0.06 0.05 0.05

1 0.08 0.07 0.07

From Table 3, The lowest achieved interfacial tension for EAO nanofluid, with the investigated crude oil, was 0.04 mN/m at
0.7 wt.% egg protein and 0.7 wt.% of IA and salinity 3 wt.% NaCl, with increasing the salinity to 5 wt.%, the interfacial
increased to 0.08 mN/m due to the complex structure of the egg protein. While the interfacial tension decreased from 17.4
mN/m to 0.02 mN/m by using 0.3 wt.% soy protein and 0.5 wt. % IA.

3.3. Wettability and Work of Adhesion

In Table 4, the change in wettability of the rock, i.e. in the contact angles are evaluated after the addition of the bio-nanofluids
solutions. The contact angle changed from 153.45° to 26.8° 22.34° after the addition of the EAO (1A 0.7 wt.%) and SAO (1A
0.5 wt. %) respectively as shown in Table 4. The data showed that the rock wettability was changed from oil-wet to water-wet
after the addition of the bio-nanofluids. Consequently, this lowered the adhesion forces between the rock surfaces and the oil
drops which facilitate the displacement process of the oil recovery.

The bio-nanofluids are adsorbed at the sand rock surfaces leading to the repelling of the oil drops from the rock surface and
further increasing the oil recovery [7-32]. Young-Dupre equation [32—-33] measured the work of adhesion (Wa) by using the
surface tension (YL) and the contact angle at the rocks surface (o).

Wa=YL (1+Cos(e))

In table 4, the data of the work of adhesion is shown to decrease at increasing the bio-nanofluid concentration, achieving the
lowest value at the smallest contact angle. The Wa decreased from the blank oil sample (3.5 mJ/m2) to 0.6702*10-3 mJ/m2
for SAO (0.5 wt. % of IA) nanofluid. The same behavior was observed for the EAO nanofluid (0.7 wt.% 1A) as the lowest Wa
was 1.0712* 10-3 mJ/m2. This confirms that the highest oil recovery is achieved at the lowest value for the adhesion work
and the least IFT.

Table 4 Contact angle at different concentrations of IA, room temperature, and 3 wt.% NacCl

0.7 wt.% Egg protein

Conc. (wt.%) Contact Angle (©)
Work of Adhesion (mJ/m?)*10°

0 153.45 3498.66
0.3 35.23 2.4661
0.5 32.45 1.6225
0.7 26.78 1.0712

1 34.72 2.0832

0.3 wt.% Soy protein
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Conc. (Wt.%) Contact Angle () Work of Adhesion (mJ/m?)*10°

0 153.45 3498.66
0.3 26.36 1.5816
0.5 22.34 0.6702
0.7 30.21 1.5105

1 33.64 2.3548

3.4. Oil Recovery by Bio-nanofluids Flooding

There are many factors that affect the flooding process such as the interfacial tension of the flooded solutions with the crude
oil, and the wettability alteration of the rock surfaces. After the flooding with the bio-nanofluids, the interfacial tension
between the crude oil and the injected bio-nanofluid changed the rock wettability to water-wet which consequently untrapped
the oil from the rock pores. From the data listed in Table 5, the maximum oil recovery factor of 36.1% was achieved by 0.3
wt.% soy protein mixed with 0.5 wt. % IA. While the maximum oil recovery factor for egg protein based nanofluid was
33.5%, achieved with 0.7 wt. % egg protein and 0.7 wt. % IA. The difference between the incremental oil recovery factors of
SAO and EAO nanofluids could be due to the difference between their chemical compositions. The molecular structure of
proteins, including their amino acid composition and sequence, influences their interfacial behavior. Soy protein has a
different amino acid composition and structure than egg protein, contributing to its superior interfacial properties. The specific
arrangement of amino acids in soy protein allows for better adsorption and interaction at interfaces. Also, the hydrophobicity
of a protein influences its ability to interact with oil droplets and form stable emulsions. Soy protein tends to have higher
hydrophobicity compared to egg protein, which enhances its effectiveness at the oil-water interface, improving emulsion
stability.

Table 5 Flooding Tests for Bio-nanofluids Using the Sand pack Model at 50 °C.

Run Initial oil Secondary Run Composition Oil Recovery Total
No. Saturation Recovery Factor Recove
% % % ry %
1 87.9 32.4 0.7 wt. % egg protein + 0.3 wt. % IA 29.5 61.9
2 87.5 33.8 0.7 wt. % egg protein + 0.5 wt. % 1A 31.5 65.3
3 88.3 34.2 0.7 wt. % egg protein + 0.7 wt. % 1A 335 67.7
4 87.2 337 0.7 wt. % egg protein + 1.0 wt. % IA 29.7 63.4
5 88.1 345 0.3 wt. % soy protein + 0.3 wt. % IA 30.9 65.4
6 87.3 33.9 0.3 wt. % soy protein + 0.5 wt. % IA 36.1 70
7 87.7 335 0.3 wt. % soy protein + 0.7 wt. % IA 324 65.9
8 87.9 325 0.3 wt. % soy protein + 1.0 wt. % IA 31.8 64.3
4. Conclusion

In conclusion, the burgeoning interest in the application of nanofluids within the oil and gas industry has prompted the
investigation of two bio-nanofluids in this study. These nanofluids were meticulously formulated through the amalgamation of
aluminum oxide nanoparticles, isopropanol alcohol, and distinct additions of egg protein and soy protein. The chemical
composition and particle dimensions of the resultant nanofluids were rigorously verified via X-ray diffraction (XRD) analysis
and dynamic light scattering (DLS) analysis.

Interfacial tension measurements were conducted to assess the interactions between the examined bio-nanofluids and crude oil
across varying salinities (1, 3, and 5 wt.% NaCl). The oil recovery outcomes demonstrated a notable enhancement, with the
soy protein-based nanofluid (SAQ) exhibiting a remarkable 36% improvement in oil recovery at concentrations of 0.3 wt.%
soy protein, accompanied by 0.5 wt.% aluminum oxide nanoparticles and isopropanol. Similarly, the egg protein-based
nanofluid (EAO) displayed a substantial 33% increase in oil recovery at concentrations of 0.7 wt.% egg protein, alongside 0.7
wt.% aluminum oxide nanoparticles and isopropanol.

The observed augmentation in oil recovery was attributed to the superior interfacial properties of SAO, as evidenced by a
reduction in interfacial tension in contact with crude oil to 0.03 mN/m. In comparison, EAO achieved a lower interfacial
tension of 0.04 mN/m at 3% NaCl. These findings underscore the potential of soy protein-based nanofluids as promising
agents for enhanced oil recovery applications, emphasizing their favorable interfacial characteristics in comparison to their
egg protein counterparts.
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