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In this study, the influence of Al2O3/SiO2 nanoparticles (NPs) on the Cetyl Trimethyl AmmoniumBromide (CTAB)
foam formation and stability is investigated for enhanced oil recovery (EOR). The optimum foaming concentra-
tion of CTAB in the presence of heavy crude oil was first determined via visual foam stability inspections for dif-
ferent CTAB concentrations. The results of these sets of experiments were used to find out an appropriate CTAB:
Al2O3/SiO2 NPs concentration ratio for foam stabilization through spectroscopy measurements. Different static
analyses, including zeta potential, contact angle, and interfacial viscosity measurements were conducted to sup-
port the observations in the porous media during flooding. Improved foam stability in the presence of crude oil
was observed with Al2O3/SiO2 CTAB foam via electrostatic adsorption of positive CTA+ molecules onto the neg-
atively charged NPs at the appropriate concentration ratio of CTAB: NPs. Contact angle measurements showed a
similar glass wettability alteration from an oil-wet (155± 3°) to awater-wet condition (19–29°) for all blends of
CTAB and Al2O3, SiO2, or Al2O3/SiO2 NPs. Foam/heavy crude oil interfacial viscositymeasurements increasedwith
the addition of NPs to the foam solutions, indicating an improved foam bubble deformability, viscoelasticity, and
stability, which was consistent with the foam behavior in the porous medium. Oil displacement studies in the
glass micromodel showed the highest ultimate and incremental oil recovery of 92% and 73% OOIP, respectively,
for Al2O3/SiO2 CTAB foam injection in the dual permeability porous medium. Some new forms of conventional
foam mechanisms in the porous medium were also observed during the injection of Al2O3/SiO2 CTAB foam,
which are believed to be the possible reason for this high ultimate oil recovery. These results prove the efficient
role of Al2O3/SiO2 NPs in enhancing the foam performance via synergistic effects of NPs and CTAB.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Even though the traditional Improved Oil Recovery (IOR) processes
like water and gas flooding hold relatively low operational costs, they
face the prospect of several technical challenges, which reduce the pro-
cess efficiencies. This deficiency comes from lack of a favorable mobility
ratio, overriding and underriding by gravity, and fluid fingering [1].
Therefore, they are not favored in dual permeability porous media. To
solve these problems, foam flooding has been introduced for EOR and
proven to be successful in the laboratory scale [2–5]. There is also a
great chance of foam bubble formation during injection of surfactants,
alkaline, NPs dispersions, sea/formation water, and steam into the oil
reservoirs due to the high salinity/temperature/pressure conditions
OR) Research Centre, IOR/EOR
and depending on the crude oil/aqueous phase volume. Therefore, the
investigation of foam flow and behavior in the porous media is impor-
tant not only as an EOR method but also as an inevitable in-situ formed
phenomenon in the oil reservoirs.

Recently, there has been an interest in foams stabilized by a blend of
NPs and surfactants [6–10]. The synergistic advantages of surfactant as a
foaming agent and NPs as a stabilizer are boosted in NPs/surfactant
foams. Previous studies show that foams stabilized by surfactants and
NPs present a high foamability and long-term stability [11,12]. Wetta-
bility alteration, interfacial tension (IFT) reduction, prevention of
asphaltene deposition, and oil viscosity reduction are also the main im-
provements that have been reported for NPs in EOR processes [13]. Be-
sides, they can tolerate the harsh environments (i.e. high pressure and
temperature conditions) of oil reservoirs, which is not usually true for
most surfactants and polymers [14,15].

Over the past years, several studies have addressed NPs-stabilized
foam flooding as an EOR method [3,8,16–18]. It is worth mentioning
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that the interaction between surfactants and NPs affect the quality and
stability of foams. In this sense, Betancur et al. investigated the influence
of the addition of silicon dioxide NPs on the adsorption isotherms of
three types of surfactants including CTAB, sodium dodecyl sulfate
(SDS) and Tween 20 surfactants before and after micelle formation
with a focus on EOR. Their results showed that CTAB has the highest ad-
sorptive capacity and adsorbate-adsorbent affinity. Meanwhile, SDS
presents the lowest amount adsorbed on the NPs surfaces [19]. Mo
et al. studied the role of various factors affecting the NPs-stabilized
CO2 foam through core flooding experiments at reservoir conditions.
They concluded that 0.01 wt% SiO2 is the optimum concentration and
beyond that, the foam mobility declines, ending up with a reduction in
foam resistance factor [9]. Aroonsri et al. evaluated the effect of SiO2

NPs on the foaming efficiency by analyzing apparent viscosity, foam sta-
bility, and NPs surface wettability. They also performed some flooding
experiments to unfractured and fractured sandstone cores. They con-
cluded that foams are stable at shear rates above a threshold. The
value of the threshold shear rate changes with the experimental condi-
tions, including pressure, NPs concentration and wettability, salinity,
and temperature. Because high shear rates relate to the oil production
from high permeable areas (e.g. fractures), decreasing CO2 mobility by
foam changes the CO2 movement toward the low permeable areas
with unrecovered oil [4]. Manan et al. declared that with the dispersion
of Al2O3 NPs in the foam aqueous phase, the stability of foam bubbles at
the harsh reservoir conditions increases. They studied the effects of dif-
ferent kinds of NPs including SiO2, Al2O3, CuO, and TiO2 in the presence
of Alpha Olefin Sulfonate (AOS) surfactant on the CO2 foam perfor-
mance through the foam half-time analysis. They observed that all
NPs improved the foam stability at specific concentrations, with Al2O3

NPs showing the highest stability [20]. Recently, Bayat et al. investigated
the role of the sameNPs (SiO2, Al2O3, CuO, and TiO2) at different concen-
trations through stability and displacement tests. They observed that
highest stability belongs to SiO2-stabilized foam, which leads to an oil
recovery of ~72% original oil in place (OOIP) [21]. According to these re-
sults, it is concluded that SiO2 NPs hold a relative advantage over Al2O3

NPs when it comes to the EOR benefits, including wettability, IFT and
successful attachment at the oil/water interface. Yekeen et al. investi-
gated the effect of silica and ammonia NPs on the SDS adsorption and
foam stability. Their results showed that the addition of Al2O3 and
SiO2 NPs increases the foam's half-life. They stated that lamella division
and bubble-to-multiple bubble lamellae division act as dominantmech-
anisms of the foam flow. The SiO2 and Al2O3 SDS foams flowmultilater-
ally in the porousmedia in the presence of oil. They also resulted ~100%
OOIP for NPs-stabilized foam flooding, which was attributed to the en-
hanced film interfacial elasticities [22]. Rognmo et al. questioned the
role of two types of hydrophilic silica NPs as a foam stabilizer in the
presence of crude oil during supercritical injection of CO2. They ob-
served improved foam stability and hence increased oil recovery during
silica CO2 foam flooding. The improved foam stability was attributed to
the degree of hydrophilicity of two NPs and their different pH. Based on
their results, NPs with a lower pH (i.e. pH = 6.5) presented a stronger
foam than those at a higher pH (i.e. pH = 8.5) [23]. Risal et al. studied
the role of surface-modified silica NPs in the stability and pore plugging
of foam bubbles in the porousmedia. The results of residual oil recovery
showed that the NPs-stabilized foam can recover approximately 18% of
the residual oil [24]. Kong et al. investigatedmicroscopic blocking char-
acteristics of foam bubbles in a 2D visualization and a 3D core flooding
test. After the foam flooding, the incremental oil recovery rates of the
high, medium, and low permeability layers were roughly 18%, 20%,
Table 1
Properties of Al2O3 and SiO2 NPs provided by the US Research Nanomaterials Inc.

Type of NPs Purity (%) APS (nm) SSA (BET m2/

γ-Al2O3 99.0+ 20 N138
SiO2 99.5 20–30 180–600
and 23% OOIP, respectively, indicating the influence of heterogeneity
and effectiveness of foam flooding [2].

In most previous investigations, the bulk foam stability has been ex-
amined only by inspecting the foam height in vertical columns with
time or core flooding experiments. However, the dynamic foam stability
in the presence of crude oil in the porous medium is of greater impor-
tance. Therefore, there is still a paucity of information on the micro-
scopic behavior of NPs/surfactant foams. As mentioned earlier and as
available in the literature, Al2O3 and SiO2 NPs have been well proved
to be efficient for EOR purposes. In this study, an attempt toward stabi-
lization of CTAB foams byAl2O3/SiO2NPs for EOR has beenmade and the
resulting foamwas comparedwith the foams stabilized by different NPs
including Al2O3 and SiO2 NPs. Therefore, Al2O3/SiO2 NPs were first syn-
thesized and characterized. Itwas then questioned for improving the ef-
ficiency of foam flooding in a heterogeneous dual permeability porous
medium through flow visualization studies at optimum concentrations
of NPs and CTAB. The effect of the Al2O3/SiO2 NPs on the interfacial vis-
cosity, wettability, and foam stabilitywas also investigated through var-
ious static and dynamic studies.

2. Materials and methods

2.1. Materials

A heavy dead crude oil sample was used in this study. The viscosity
and density of the crude oil at 25 °Cwere 160 cP and 0.89 g/cm3, respec-
tively. The SARA analysis performed on the crude oil indicated 41 wt%
saturates, 8 wt% asphaltenes, 2 wt% resins, and 49 wt% aromatics.

CTAB (C19H42BrN, N97%, Merck, Germany) and N2 gas (N99%) were
used in this research for foam generation. N2 gas was chosen in this re-
search because of inertness and its availability due to its ~80% share in
the air. γ-Al2O3 and SiO2 NPs were both purchased from the US Re-
search Nanomaterials Inc. (USA) (Table 1). Fig. 1 presents the SEM im-
ages of these two NPs provided by the supplier.

Tetraethyl Orthosilicate (TEOS: Si(OC2H5)4,Merck, Germany), Ethanol
(C2H6O, 99.8%, Merck, Germany), Hydrochloric Acid (HCl, 37%, Merck),
and Aluminum Nitrate Nonahydrate (Al(NO3)3·9H2O, 98%, Sigma-
Aldrich, USA) were all purchased and used for the synthesis of Al2O3/
SiO2 NPs. Deionized water (DIW) was used for the foam preparation.

HCl and Sodium Hydroxide (NaOH, 97%, Sigma-Aldrich, USA) were
used for pH adjustment where needed.

2.2. Methods

2.2.1. Synthesis of Al2O3/SiO2 NPs
The sol-gel method was used for synthesizing Al2O3/SiO2 NPs with a

ratio of 1:1. The steps were the same as reported by Mobarakeh et al.
and Duan et al. [25,26]. TEOS, ethanol, DIW, and HCl were selected
with a molar ratio of 1, 22, 13, and 0.00079, respectively. TEOS and eth-
anol were first mixed and refluxed for 2 h at 75 °C. Aluminum nitrate
with the samemolar ratio of TEOS: ethanol (1:22) was dissolved in eth-
anol and stirred for an hour on amagnetic stirrer. Then, themixturewas
added to the TEOS and ethanol solution and refluxed at 75 °C for an ad-
ditional 1 h. Afterward, the solution was cooled at room temperature of
20–23 °C for a day and then dried in two steps: 24 h at 60 °C and 24 h at
80 °C. The dried sample was then calcined at 500 °C with a temperature
increasing rate of 8 °C/min for 12 h. X-ray diffraction (XRD) and Trans-
mission Electron Microscopy (TEM) were performed on the final
sample.
g) Color Morphology Density (g/cm3)

White Nearly spherical 3.89
White Spherical 2.40



Fig. 1. SEM of (a) Al2O3 and (b) SiO2 NPs.
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2.2.2. NPs isoelectric point determination
To determine the isoelectric point and therefore the surface charge

of NPs, zeta potential measurements were run for Al2O3, SiO2, and
Al2O3/SiO2 dispersions at 25.0 °C for a pH range of 2 to 10 by
Nanopartica SZ-100 (Horiba, Japan). HCl (0.1 M) and NaOH
(0.01–0.1 M) were used for pH adjustment.

2.2.3. Determination of optimum CTAB and Al2O3/SiO2 NPs concentrations
In this research, the optimum foaming concentration of CTAB was

determined in the presence of crude oil through visual foam stability in-
spections in glass vials. The inspection was performed for different con-
centrations of CTAB including 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08,
0.09, and 0.1 wt% in DIW. The method included shaking a blend of oil
and CTAB solutions with a ratio of 1:4 by volume in a glass vial for 6 s
to generate foams. The glass vials were then pictured and the optimum
foaming concentration of CTABwas determined bymonitoring the foam
decay with time.

The Dynamica DB-20S UV/Vis Double Beam Spectrophotometer
(Dynamica, Vietnam) was used for the determination of the optimum
concentration of Al2O3/SiO2 NPs at a fixed concentration of CTAB deter-
mined through bottle tests. The measurements were performed at a
wavelength of 550 nm and for different concentrations of Al2O3/SiO2

NPs (0, 0.02, 0.03, 0.04, 0.05, 0.06, and 0.08 wt%) to find the best
CTAB: Al2O3/SiO2 NPs concentration ratio for optimum foaming. The
wavelength was selected based on the linear part of the overall absor-
bance spectrum of the Al2O3/SiO2-CTAB dispersion.

2.2.4. Evaluation of wettability alteration
The inverted sessile drop method in DSA100 (Kruss, Germany) was

used for evaluating thewettability alteration caused by different disper-
sions at a constant concentration of NPs and CTAB determined in
Section 2.2.3. The measurements were performed on glass surfaces at
the room pressure and temperature of 1.00–1.02 bar and 20–26 °C, re-
spectively. Glass surfaces were used to facilitate the comparison of wet-
tability alteration at the static and dynamic states. To reach a completely
oil-wet condition, glass surfaceswere treated in stearic acid dissolved in
n-heptane (typically 0.018M) for 48 h. The contact angle measurement
method can be found elsewhere [27–29]. Briefly, it includes the injec-
tion of the same droplet volume of crude oil (6 μL) on the glass surface
andmeasuring left/right contact angles. The values were then averaged,
and error bars are given.

2.2.5. Evaluation of foam/crude oil interfacial viscosity
The MCR-302 Rheometer (Anton Paar, Austria) was used for mea-

suring the interfacial viscosity between the Al2O3/SiO2 CTAB foam and
crude oil at the room conditions.
2.2.6. Glass micromodel study
An etched glass micromodel was used to investigate microscopic

and macroscopic oil displacement during injection scenarios (Fig. 2).
The experimental setup included an N2 gas cylinder, a mass flow con-
troller (MFC) for gas flow regulation, a syringe pump for injection of
fluids, a microscopic camera (Dino-lite Digital Microscope, Taiwan) for
monitoring the fluid displacement, the glass micromodel (i.e. porous
medium), a white light source, a PC, and a differential pressure (DP)
gauge to record pressure differences during injection scenarios. In this
research, foams were formed via co-injection of N2 gas and NPs/CTAB
dispersions prior to the injection into the porous medium.

The porousmediumwas 7.0 cm in length andwasmade by etching a
look-alike sandstone rock pattern on a glass surface using a laser beam.
The porosity and average depth of the pores were 40% and ~60 μm, re-
spectively. The porous medium consisted of two permeability zones:
one with broad and the other with narrow pore throat sizes. The aver-
age width of pore throats in the high and low permeable regions was
180–200 and 100–120 μm, respectively.

Table 2 indicates different secondary and tertiary injection scenarios
run for the oil displacement study. In each experiment, the porous me-
dium was first evacuated, saturated with crude oil, and then aged for a
day to become completely oil wet. The secondary injection mode in-
cluded 1 pore volume (PV) injection of DIW into the micromodel. The
tertiary injection mode included 1 PV injection of DIW, N2 gas or differ-
ent foams into the micromodel. All experiments were performed at the
ambient pressure (1.00–1.02 bar) and ambient temperature (18–23 °C)
with no effect of gravity as the micromodel was placed horizontally.
During each experiment, the microscopic and macroscopic imaging
technique was conducted continuously to monitor the foam behavior
and oil displacement by different injected fluids. The oil recoveries
and pressure differences were also recorded.
3. Results and discussions

3.1. Characterization of Al2O3/SiO2 NPs

The properties of a material like crystal structure is highly related to
the atoms and the way they are arranged in its structure, which can be
easily determined through XRD patterns. There are two different kinds
ofmaterials. Thosematerials with atoms randomly arranged like liquids
and without any ordered network, which are called “Amorphous Mate-
rials”. The second group includesmaterials with atoms in an ordered ar-
rangement inwhich the pattern is spatially repeated in three directions,
which are called “Crystalline Materials”. Silica belongs to the first cate-
gorization and when it is used on the surface of other NPs as a coating
agent, it affects its XRD pattern and reduces the intensity of the sharp



Fig. 2. Set-up used for foam flooding.
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peaks, which is indicative of altering the structure [30]. The XRD pat-
terns of Al2O3 NPs and the Al2O3/SiO2 NPs are shown in Fig. 3. The
index peaks have been determined on the XRD pattern of Al2O3/SiO2

NPs in Fig. 3b. The pattern confirms the successful coating of silica on
Alumina during synthesis. As it is shown, the index peaks of Al2O3 NPs
have been reduced by coating with silica. This would convert the or-
dered skeleton of Al2O3 NPs to an amorphous structure (Fig. 3b).

Fig. 4 illustrates the TEM image of the Al2O3/SiO2 NPs. The figure
shows a nearly spherical morphology and confirms the successful coat-
ing of silica on alumina with a final average size of 50 nm.

3.2. Stability of Al2O3, SiO2, and Al2O3/SiO2 NPs in aqueous phase

The zeta potentialmeasurements of 0.04wt% Al2O3, SiO2, and Al2O3/
SiO2 NPs in DIW at different pH of 2 to 10 are shown in Fig. 5. For each
dispersion, three zeta potential measurements were carried out and
the average/error bar was calculated. The figure shows that zero-point
charge (ZPC) of Al2O3, SiO2, and Al2O3/SiO2 are at pH 6.7, 2.7, and
5.1 at 25 °C, respectively. On the other hand, the pH of blends of CTAB
and Al2O3, SiO2, or Al2O3/SiO2 NPs used for flooding in this study were
8–9, 6–7, and 7–8 at 25 °C, respectively, which are all above their corre-
sponding ZPC values.
Table 2
Various injection scenarios for investigating the oil displacement in the glass micromodel.

Flooding no. Secondary injection (1 PV) Tertiary injection (1 PV)

1

DIW

DIW

2
N2 gas

3
CTAB foam

4
Al2O3 CTAB foam

5
SiO2 CTAB foam

6
Al2O3/SiO2 CTAB foam
Alzobaidi et al. proposed a new parameter called “hydrophilic/CO2-
philic balance”, similar to the hydrophilic-lipophilic balance of surfac-
tants, for foam stabilization by NPs and declared that highly hydrophilic
Fig. 3. XRD pattern of (a) Al2O3 and (b) Al2O3/SiO2.
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NPs are not suitable for foam stabilization as they cannot move toward
the gas/water surface and tend to stay in the aqueous phase [11]. On the
other hand, highly hydrophobic particles (particle/water contact angles
above 90°) act like antifoaming agents by a phenomenon called “bridg-
ing-dewetting” [31]. Therefore, it is concluded that for foam stabiliza-
tion, the particles should have a partial hydrophilicity/hydrophobicity.
Since in this study, the pH of dispersions was above pHzpc and silanol
(SiOH) groups are available on the surface of the silica, the surface of
SiO2 and Al2O3/SiO2 NPs is hydrophilic and negatively charged. In addi-
tion, positively charged CTABwas chosen to render the hydrophilicity of
the surface by electrostatic adsorption onto the NPs surfaces and thus
reducing the contact angle of particles at the N2/water surface. Accord-
ing to the ZPC and pH values, for SiO2 and Al2O3/SiO2 NPs, the surface
charge density is high as the pH is well above the ZPC values. Therefore,
in the blends of CTA+ with SiO2 or Al2O3/SiO2, there is a strong electro-
static attraction between the positively charged head group of CTA+

(i.e. quaternary ammonium) and negatively (because of dissociation
of silanol groups) charged SiO2 or Al2O3/SiO2 NPs, which modifies the
NPs surfaces. CTA+ tends to adsorb onto the particle surface with the
positive head charge oriented toward the particle surface and the alkyl
chain toward the solution. This interaction modifies the surface of the
particles and makes them less hydrophilic, thus suitable for the surface
attachment [19,31–33]. There is a similar interaction between CTA+ and
negatively charged alumina [34].

3.3. Determination of optimum foaming conditions

The CMC of CTAB in the water at 25 °C is ~0.03 wt%, which has been
considered as the optimum foaming concentration when no NPs and
crude oil is available inmany studies [32,35,36]. At theN2/water surface
in the absence of crude oil, the CTA+ monomers are oriented with the
alkyl chain toward the N2 gas in the bubble and the head group toward
the water. Many researchers have also studied the effect of CTAB con-
centration on the foamstabilizationwithout crude oil [31,37,38]. Gener-
ally, the results show that the foam volume does not increase above the
CMC of CTAB at ~0.9 mM (~0.03 wt%), beyond which the air/water sur-
face is saturated with the surfactant molecules and there is no signifi-
cant reduction in the air/water surface tension due to the formation of
hydrophilic micelles which tend to stay in the aqueous phase rather
than moving toward the air/water surface [32].

In the presence of crude oil, the optimum surfactant concentration is
usually above the CMCowing to the possible negative role of crude oil in
Fig. 4. TEM of the synthesized Al2O3/SiO2 NPs.
the system. Farajzadeh et al. reviewed themain negativemechanisms of
crude oil as an anti-foaming agentwhen in contactwith foam [39]. Fig. 6
shows the results of visual foam stability inspections for the determina-
tion of the optimum foaming concentration of CTAB in the presence of a
crude oil sample (without NPs). The figure indicates that the optimum
foaming concentration of CTAB in the presence of the crude oil sample
is 0.08 wt%, which is N2.5 times as large as its CMC. When crude oil is
added, the positive head groups of CTA+ monomers at the N2/water
surface interact strongly with the negatively-charged components of
crude oil such as carboxylic acids and aldehydes, which may lead to
the ion-pair formation [38]. Besides, there might be a decrease in the
CTAB concentration as surfactant loss at the N2/water surface due to
the transfer of some CTA+ monomers into the oil/water interface or
the oleic phase of the crude oil. Therefore, it is obvious that the optimum
CTAB concentration in the presence of crude oil goes beyond the CMC,
depending on the extent of interactions between CTA+ monomers
and oil components.

The figure also indicates that with an increase in CTAB concentration
from 0.02 to 0.08 wt%, foaming and foamability increase considerably.
Beyond 0.08 wt%, a decrease in the foam height in the glass tube is ob-
served due to the chain-to-chain interaction of CTA+ monomers,
which creates hydrophilic aggregates, tending to stay in the aqueous
phase. This could be detrimental to foam stability by lamella rupturing.
Thus, themost stable foam in the presence of crude oil is observedwith
0.08 wt% CTAB.

The contact angle of silica particles with pure water has been found
to be at ~38° [37], which indicates a hydrophilic surface wettability for
silica and is not suitable for foam stabilization as they cannot attach at
the N2/water surface efficiently. Generally, contact angles close to the
neutral state (90°) are of interest for foam stabilization, which can be
performed by surface charge modification [37]. Bi et al. resulted that
with the monolayer adsorption of CTA+ molecules onto the silica sur-
face, the maximum water/particle contact angle would be 84° [33].
Many authors observed that there is a specific CTAB to particle concen-
tration ratio at which the highest foam stability (without crude oil) is
observed [31,37]. In this research, regarding the fixed concentration of
CTAB (i.e. 0.08wt%) determined as the optimum foaming concentration
in the presence of crude oil in the previous step, an attempt toward the
determination of appropriate Al2O3/SiO2 concentration was made via
spectroscopy analysis. Fig. 7 shows the results of absorbance measure-
ments of Al2O3/SiO2-CTAB dispersions for different concentrations of
Al2O3/SiO2 at a constant 0.08wt%CTAB concentration at thewavelength
of 550 nm. The cross point of two trend lines in this figure indicates the
optimum Al2O3/SiO2 concentration in which the highest foamability of
Al2O3/SiO2-CTAB solutions is observed in the presence of crude oil. At
low NPs concentration below 0.04wt%, the number of CTA+monomers
in the solution is high, as compared to the particle number. Therefore,
initially, there is a monolayer of the CTA+ monomers by electrostatic
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adsorption of CTA+ molecules onto the particle surface. Later, there is a
great chance of chain-to-chain interactions via van der Waals forces
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between CTA+ monomers attached to the particle surface and those at
the bulk. This phenomenon is similar to the hemi-micelle phenomenon
in the bulk and makes the particles highly hydrophilic and unsuitable
for attachment at the N2/water surface as they tend to stay in the aque-
ous phase [31,32]. At 0.04wt%, an appropriate ratio of NPs to CTAB con-
centration ratio is reached and thehighest stabilitywas observed. Above
0.04 wt%, the number of CTA+ monomers in the system relative to the
particle number is not sufficient for complete modification of Al2O3/
SiO2 NPs to be more hydrophobically efficient for foam stabilization.
Therefore, 0.04 wt% Al2O3/SiO2 and 0.08 wt% CTAB were kept constant
as the optimum foaming concentrations of NPs and surfactant in all
the following experiments.

3.4. Wettability evaluation

Table 3 summarizes different contact angles of oil droplets on the glass
surface in the presence of various surrounding fluids. The pictures and
values in this table were taken after the injection of a crude oil droplet
on the surface. As indicated in Table 3, the contact angles for blends of
NPs and CTAB are significantly small, which show intense hydrophilicity



Table 3
Contact angle measurements of crude oil droplets on the glass surface with different surrounding fluids.

Type of surrounding fluid Contact angle (degree) Drop shape

DIW 157 ± 3

0.08 wt% CTAB 37 ± 2

0.04 wt% Al2O3 + 0.08 wt% CTAB 29 ± 1

0.04 wt% SiO2 + 0.08 wt% CTAB 24 ± 2

0.04 wt% Al2O3/SiO2 + 0.08 wt% CTAB 19 ± 2
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of glass surfaces after treatment. Therefore, it was not possible tomonitor
the dynamic contact angle for these dispersions as it was impossible to
make the oil droplet fixed on the glass surfaces due to the high hydrophi-
licity. The table shows that the contact angle of the oil/DIW/glass surface
is 157°, which is indicative of an initial strongly oil-wet condition. It also
indicates that silica NPs bring a higherwettability alteration, as compared
to the alumina. That is why one can observe that the synthesized Al2O3/
SiO2 NPs presented the lowest contact angle of 19°.

Regarding the effect of CTAB on the rockwettability, it is worthwhile
noting that the interaction of CTA+moleculeswith polar components of
crude oil (i.e. hydroxyl groups) on the rock surface plays an important
role in the intensification of water-wetness of the rock surface. There
are several mechanisms of wettability alteration for micellar solutions
like CTAB. The first one is the roll-up inwhich the contact angle is reced-
ing and therefore the oil droplet is removed from the surface. The other
mechanism is diffusion that creates a second contact line. Another pro-
posed mechanism is the emulsification in which an attached oil droplet
is released due to the decrease in oil/water IFT, leading to the oil in
water emulsification. However, there are two main problems with
using surfactants alone for EOR: high adsorption onto the rock surface
around the injection well and their possible desorption from the rock
surface [40]. This has led to the introduction of NPs into this area.

The dominant mechanism for wettability alteration induced is the
self-layering of surface-modifiedNPs on the surface, which is performed
through the adsorption of NPs [41]. With the addition of surface-
modified NPs to the base fluid, the three-phase contact line quickly re-
duces for reaching an equilibrium. In this situation, surface-modified
NPs begin to arrange in the space between oil and solid surface, namely
the wedge region, which applies disjoining pressure on the surface of
the glass. The intensity of disjoining pressure decreases with a distance
from the wedge layer and is a function of NPs concentration, stability,
size, and charge [41]. Therefore, a transition region is formed between
the oil droplet on the glass surface and the bulk meniscus. The shape
of this profile is highly dependent on the forces applied by ordered
NPs or CTAB molecules [42]. Adsorption of surface-modified NPs inten-
sifies the disjoining pressure. This results in the detachment of oil drop-
lets from the surface. In fact, an increase in spreading and frictional
coefficients in the contact region improves the oil detachment [41]. Irre-
versible adsorption of NPs onto the rock surface is the other possible
mechanism by which the surface alters to the water-wet state
[43–45], which is not true for surfactants alone.

3.5. Foam/crude oil interfacial viscosity

Interfacial rheology becomes significant when two mobile immisci-
ble phases contact each other. In fact, it copes with the interfacial flow
and is pivotal when it comes to the evaluation of the interfacial stress
and the shape of the flowing phases. In colloidal systems, such as
foams and emulsions, there is a large interfacial area, which makes
them thermodynamically unstable [46]. This is particularly a matter of
much more importance in the presence of surfactants (i.e., natural sur-
factants of the crude oil and those added to the water phase) since they
canmove to the interface and apply further stresses other than ordinary
stresses applied by IFT, which ultimately affects the interfacial rheology.
In this regard, any alteration in surfactant concentration or temperature
of the system alters the surface tension and in turn, brings instability in
the system. This is called “Marangoni effect” and leads to convection in
the bulk phases caused by the ensuing surface tension gradient in the
system [47].

Interfacial features not only have a big influence on foams and emul-
sions but also affect the process of foaming and emulsification. One of
the most important rheological parameters in surfactant-containing
systems is the surface shear viscosity; however, it is insignificant in
surfactant-free systems [48].

Foamcan be regarded as a three-dimensional structure of various la-
mellae, which are under the influence of drainage and flow. With any
disturbance at the interface, the adsorption equilibrium is disturbed
and therefore surfactants move toward the interface through
Marangoni flow or the coupled bulk phase to bring the equilibrium
back. As a result, the surface tension changes. In this regard, foaming
and foam stability is a function of compression elasticity and viscosity.
Surface viscosity can show the ability of the system for forming stable
lamella. Basically, when a surfactant is present in the aqueous phase,
they tend to move toward gas/water surface because of their amphi-
philic structures. At gas/water surface, the hydrophilic head of surfac-
tant molecules is toward aqueous phase and the tails are oriented
toward the gas. Initially, at low surfactant concentrations below CMC,
a single layer of distant surfactantmolecules is formed at the surface. In-
creasing surfactant concentration up to CMCmakes their packing more
compact [49].With themonolayer adsorption of surfactants, the surface
becomes viscoelastic and deformable as the surface tension reduces sig-
nificantly [46,47]. A viscous surface can restrain the distortions and pre-
vent the bubble ruptures. In this regard, the presence of NPs in the foam
solution can improve the dilational viscoelasticity and prevent lamella
rupturing by delaying the drainage and acting as a steric barrier
[46,47,50].

Fig. 8 shows the interfacial viscosity between 0.08 wt% CTAB foam
and crude oil at different shear rates for 0.04 wt% of different NPs in
the foam aqueous phase. In all cases, interfacial viscosity decreases al-
most linearly with an increase in the shear rate. The lowest interfacial
viscosity at different shear rates is observed for CTAB foam, while the
highest one belongs to the CTAB foam containing Al2O3/SiO2 NPs. It is
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also clear that, in comparison with SiO2 NPs, there is a further decrease
in the interfacial viscosity when Al2O3 NPs are added to the foam solu-
tion. Therefore, it is not far surprising that SiO2-coated Al2O3 NPs hold
the highest interfacial viscosity values.

Assuming a plane of foam bubbles in contact with crude oil, the in-
terfacial area concentration (β) can be explained as follows [51]:

β ¼ A
V

ð1Þ

where A is the total bubble surface area and V refers to the total bubble
volume. This parameter is useful in defining the surface tension of each
bubble. When there is a compact and dense arrangement of bubbles
(small and stable bubbles), the interfacial area concentration is high
and therefore a high shear resistance to lamella rupturing exists. Con-
sidering the void fraction (α) as follows [51]:

α ¼ n� πd3

6V
ð2Þ

The interfacial area concentration can be stated as follows:

β ¼ A
V
¼ n� πd2

2V
¼ 3α

d
ð3Þ

According to Eq. (3), interfacial area concentration has a direct rela-
tionship with a void fraction (α) and is inversely proportional to the
foam bubble diameter (d). This implies that small bubbles (stable bub-
bles) have high interfacial area concentration and in turn have stronger
interfacial viscosity. Now, based on the results shown in Fig. 8, Al2O3/
SiO2 NPs presented the highest interfacial viscosity, indicating that it
has caused the most stable bubble foams in contact with crude oil.
This result is consistentwith other previous observations and the results
of oil displacement in the glass micromodel (see Section 3.6).

Generally, the addition of NPs to the foam solution does not reduce
the IFT between crude oil and foamas low as CTAB foam; however, it in-
troduces a more viscoelastic interface. This rigidity at the interface in-
deed prevents lamellae from rupturing and consequently keeps the
foam bubbles more stable [50].

3.6. Oil displacement study

In the following sections, the microscopic and macroscopic results,
as well as the oil recoveries and pressure differences during the injec-
tion of different fluids are discussed.
3.6.1. Macroscopic view of oil displacement
Fig. 9 shows the fluid distribution of the micromodel after the injec-

tion of various fluids. Overall, comparing the efficiency of the tertiary
methods (Fig.: 9c to g), one can notice that the Al2O3/SiO2 CTAB foam
had the best performance since it has displaced a large amount of orig-
inal oil after both 0.5 PV (i.e. less injected volume, more economical)
and 1 PV (i.e. high sweep efficiency).

As it is shown in Fig. 9b, a quick breakthrough of the DIW through
the high permeable zone was observed after ~0.3 PV as a secondary in-
jection mode, which led to a low sweep efficiency. This is mainly due to
the high oil/water IFT and oil-wet wettability of the medium and con-
firms the inefficiency of water flooding in oil-wet dual permeable po-
rous media for increasing oil production and the necessity of an
improved EOR method. It is also worth noting that DIW injection was
continued for 1 PV, however, no considerable further oil recovery was
observed.

Another substantial feature in Fig. 9 is that tertiary N2 gas injection is
not effective in sweeping the oil in the porous medium as it basically
moves through the DIW-swept areas (Fig. 9c). Due to the unfavored
mobility ratio (i.e. low viscosity and high relative permeability), the
gas cannot displace the oil toward the production [1].

With the injection of CTAB foam (Fig. 9d), the amount of swept oil
after 0.5 PV is not noticeable; nevertheless, this is relatively acceptable
after 1 PV as compared to DIW flooding however it seems to be more
room for further oil production. The thickness of the oil films, in this
case, is thinner owing to the oil/water IFT reduction, which causes the
capillary force to decrease and more oil to be produced.

It is interesting to mention that Al2O3/SiO2 CTAB foam has displaced
almost all the original oil in the porous medium after 1 PV, the amount
whichwas not observed with Al2O3 and SiO2 CTAB foams (Fig. 9: e, f, g).
In addition, comparing 0.5 PV pictures related to different injected
fluids, it is obvious to note that Al2O3/SiO2 CTAB foam has the largest
oil sweep efficiency (i.e. less injected volume, more economical). This
emphasizes the effective role of Al2O3/SiO2 NPs in improving the foam
performance for oil displacement. In Section 3.6.2, the main mecha-
nisms for the higher relative efficiency of Al2O3/SiO2 CTAB foam have
been presented and where necessary, the static results were incorpo-
rated to support the observations.

3.6.2. Microscopic mechanisms
- Wettability Alteration

Fig. 10 shows the wettability alteration of pore throats induced by
different injected fluids into the porous medium. On account of the
long contact time between the glass surface and crude oil during the
aging process, the wettability of the glass surfaces turned oil-wet. As a
result, residual oil is mainly observed in the form of continuous films
over almost all grain surfaces throughout the flooding area.

As indicated in the figure, DIW and N2 gas cannot remove the oil
layers from the grain surfaces because of weak interactions between
injected fluid and the heavy crude oil layers on the grains (Fig. 10: a,
b). On the other hand, with the addition of NPs, the oil films on the
grain surfaces have been decreased. This wettability alteration results
from the synergistic effects of NPs and CTAB in the system, as discussed
in Section 3.4.

- Pore Plugging Mechanism by Gas Bubbles

NPs aggregation is potentially a problem for foam flow, especially in
tight porousmedia since it enhances the plugging of smaller pore throats,
which decreases the foam sweep efficiency [52]. This phenomenon
completely differs from the foam blockage mechanism, which is defined
as the foam's ability to block larger flow pathways and divert the flow to-
ward smaller zones formore oil production [6]. Themicroscopic images in
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Picture Name Injected Fluid Injection Mode 

a oil-saturated porous medium - 

b DIW secondary 

c N2 Gas 

tertiary 

d CTAB foam 

e SiO2 CTAB foam 

f Al2O3 CTAB foam 

g Al2O3/SiO2 CTAB foam 

Fig. 9.Macroscopic view of the porous medium after injection of different fluids. In all cases, the CTAB and NPs concentrations are 0.08 wt% and 0.04 wt%, respectively.
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Fig. 11 disclosed that the gas bubbles can plug the pores duringAl2O3/SiO2

CTAB foam injection, which can subsequently increase the sweep effi-
ciency by diverting flow into unswept areas and increasing oil recovery.
The figure also illustrates a typical example of the foam blockage mecha-
nism during the injection of Al2O3/SiO2 CTAB foam into the porous me-
dium. As shown in Fig. 11a, owing to the foam blockage in pathways
number 1 and 2, foam diverts the flow to pathway number 3, which dis-
places the unrecovered oil in this channel.

Fig. 11b shows the foam transporting and blocking (Gas bubble bridge
plugging) mechanism during the tertiary injection of Al2O3/SiO2 foam
into the porous medium. Flow blockage by foam bubble number 2 hap-
pens in the porous medium (Fig. 11b2) with the passage of time, leading
to the flow diversion of foam bubble number 1 toward the other areas in
porous media (Fig. 11b3). Therefore, it is worth mentioning that foam
flooding comes with a good profile control ability in heterogeneous for-
mations and can improve sweep efficiency by blocking large pore throats
and diverting the fluid to the areas with lower permeability.

- Gas Bubble Deformations in Porous Medium

Fig. 12 illustrates the gas bubble deformation in the porous medium
during the injection of Al2O3/SiO2 CTAB foam. As indicated in Fig. 12a,
the gas bubble can pass through the pore throat, depending on the gas
bubble's viscoelasticity and the differences of the fluid pressures. In
this situation, the gas bubble can deform and enter the pore throat
since the fluid's driving force on the gas bubble is sufficiently high to
dominate the supportive force of the pore throat's wall. After passing
through the pore throat, the gas bubble will quickly regain its initial
shape and size. The forces acting on the gas bubbles moving through
the pore throats are shown in Fig. 12a. The oil droplet remained as resid-
ual oil is observed in Fig. 12a5.

The same phenomenon has occurred in Fig. 12b where the foam
bubble number 1 has caused the deformation of foam bubble number
2 when passing through the pore throat. The figure also shows gas bub-
ble deformationswhen they are in contact with an oil droplet in the po-
rous medium. As indicated, oil droplets are formed under these forces.
With the deformation of the gas bubble due to its viscoelasticity, more
forces are applied to the oil droplet and make an amount of it move to-
ward production (Fig. 12: b2 and b3).

- New Form of Lamella Division

Lamella division is a well-known mechanism during foam injection
[53]. In this mechanism, the foam bubble divides into two individual
ones when encountering a branch point with two or more pore throats
[35]. In this research, this mechanismwas found to be the predominant
mechanism of bubble scale in the porous medium, however, with a dis-
tinctive new appearance. This new form of lamella division is called
“bubble-bubble or bubble-induced lamella division” to differentiate it
from the traditional form observed in the literature. The same form of
this new lamella division was also observed by Yekeen et al. during
the injection of SiO2 and Al2O3 SDS foams [22]. In this mechanism, as
shown in Fig. 13, instead of a branch point, other foam bubbles cause
the lamella division.

- Formation and Development of Oil Threads in Porous Media

The deformation of gas bubbles occurs when they contact with the
trapped oil droplets. With further contact, bubbles may recover to their
spherical shape, which applies an elastic force on the oil droplet (Fig. 14).
The elastic forces can change the droplet shape andmobilize it. As a result,
once the trapped oil droplets are forced into the pores, the flowing gas
bubbles canmake them join the oil threads [7]. This observationmainly re-
sults from the viscoelasticity of the foam bubbles. Therefore, the residual
oil is recovered by NPs-stabilized foam. In this situation, oil threads move
in the pore throats (Fig. 14a) or on the pore walls (Fig. 14b). In both
cases, they become thicker with a further foam injection.

- Neighbor–Wall Pinch-off Mechanism

Thismechanism acts as a snap-off and lamella division, which are two
important foam generation mechanisms in the porous media. As can be
seen in Fig. 15, this kind of foam bubble division only happens when
two bubbles try to flow simultaneously through the same pore throat.
As the pore throat is narrow, itwill not happen and, as a result, the second
bubble flows into the first bubble and causes the first bubble to split into
two parts [54,55]. Then, it can be regarded as lamella division.

- Snap-off

In this process, lamellae or bubbles are formed when gas-liquid sur-
face is forced to go into

a narrow pore throat by the gas phase [56,57]. Fig. 16 shows the
snap-off mechanism observed during the injection of Al2O3/SiO2 CTAB
foam.

- Foam Formation in the Porous Medium
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Fig. 17 shows a typical microscopic image of the formation of foam
bubbles in the porous media during the injection of Al2O3/SiO2 CTAB
foam. Foam generation in the porous media could be facilitated with
Fig. 10.Wettability alteration during injection of (a) DIW(b)N2 gas (c) SiO2 CTAB foam (d)Al2O
and 0.08 wt%, respectively). Subscripted numbers show the time passage.
the presence of a surfactant and is beneficial to EOR. As indicated,
with further injection, more and more foam bubbles are generated in
the porous medium, which subsequently promotes the oil production
3 CTAB foam(e) Al2O3/SiO2 CTAB foam (The concentrations of NPs and CTABwere 0.04wt%



Fig. 11. Foam blockagemechanismduring injection of Al2O3/SiO2 CTAB foam in different zones of the porousmedium (0.04wt% Al2O3/SiO2 NPs and 0.08wt% CTAB). Subscripted numbers
show the time passage.
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mechanisms and leads to increased oil recovery. This confirms the effi-
ciency of Al2O3/SiO2 NPs in improving foam bubble stability in the po-
rous media. In this regard, Al2O3/SiO2 NPs take the role of improving
the viscoelasticity of the foam lamellae and prevent bubbles from rup-
turing [58]. The intensity of foam generation was not this much in the
presence of Al2O3 and SiO2 NPs in CTAB foam.However, the same obser-
vationwas found during the CTAB foam injection, but the foam bubbles
were not stable.

- Driving Force of Gas Bubbles for Oil Displacement

Fig. 18 illustrates a new observation for oil droplet production
in the porous medium during the injection of Al2O3/SiO2 CTAB
foam. As indicated, oil droplet has been separated into two parts
with the driving force of the foam bubble, which comes from the
emulsification effect of NPs and surfactant in the aqueous phase.
Because gas bubbles prefer to remain spherical with the adsorption
of CTAB onto the NPs at the water/N2 surface, the flowing gas bub-
bles accelerates the formation of emulsified oil droplets, as shown
in Fig. 18.

3.6.3. Comparison of pressure drop/oil recovery of different fluids
Fig. 19 presents the oil recovery factor and the differential pressures

(ΔP) of different injection scenarios. Overall, secondary (DIW) injection
had no pressure drop fluctuation during injection into the porous
medium, simply beginning with an initial increase in differential pres-
sure until the breakthrough at ~0.3 PV, decreasing with further injec-
tion, and leveling off at the end. On the contrary, in the tertiary mode,
ΔP of injected fluids (except for N2 gas injection) has seen an initial de-
crease, followed by a subsequent considerable increase. Differential
pressure fluctuations are also observed with different foam injections.
The highest and lowest ΔP belongs to Al2O3/SiO2 CTAB foam and CTAB
foam, respectively, which correspond to the highest and lowest oil re-
covery factors.

It is also clear to mention that pressure drops of Al2O3/SiO2 CTAB
foam have increased more rapidly as compared to those of others. This
increase comes from the improved in-situ foamgenerationmechanisms
in the porous medium with the addition of Al2O3/SiO2 NPs to the aque-
ous phase of foam. The viscosity and the flow resistance of the Al2O3/
SiO2 CTAB foam in the system are much higher than those of water.
This high viscosity can potentially plug the flow channels during
water floodingwhich finally can lead to an increased swept area. More-
over, in the presence of a surfactant in the system, the nitrogen gas
could form foam. As a result, the viscosity of the injected gas and the
contact time of gas/oil increases. NPs are useful for stabilizing foambub-
bles. They adsorb onto the foam lamellae and increase thefilm thickness
and dilatational viscoelasticity. This indeed prevents the drainage of liq-
uid and film thinning and enhances foambubble stability. In this regard,
the gas injection has the lowest pressure drop owing to the high perme-
ability of porous media and low gas viscosity, which makes it easy to
flow.



Fig. 12. Microscopic pictures of (a) gas bubble reshaping in a pore throat during Al2O3/SiO2-CTAB foam flooding. (b) Oil droplet formation under the action of gas bubbles. Subscripted
numbers show the time passage.
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Fig. 19b shows the oil recovery factors of different injected
fluids. As indicated, the recovery factor of the water flooding
stage is almost the same in all scenarios, standing at 18–19%
OOIP. The oil recovery improves with foam injections (with or
without NPs) due to the higher viscosity of foam that leads to en-
hanced sweep efficiency. Moreover, the oil/water IFT is reduced
by the presence of the surfactant in the foam which ultimately in-
creases the efficiency of oil displacement. It was also revealed
that the ultimate oil recovery factors of foam flooding are in the
range of 51–92% OOIP, which is much higher than that of conven-
tional gas flooding (i.e. 23% OOIP). In this regard, the highest ulti-
mate oil recovery is observed with Al2O3/SiO2 CTAB foam at 92%
OOIP. Comparing the macroscopic images with these results, it is
obvious to mention that the area affected by foam injection in
dual porous media (see Fig. 9) is considerably larger than that by
other conventional water and gas flooding since foam can spread
to the other parts of the heterogeneous media, as discusses before.
4. Conclusions

In this research, we attempted to compare the effects of three NPs
including Al2O3, SiO2, and Al2O3/SiO2 for EOR. The following findings
were resulted through different static and dynamic analyses:
• The order of foam stability improvement in the presence of NPs and a
crude oil sample was obtained as follows:

Al2O3/SiO2 CTAB foam N Al2O3 CTAB foam N SiO2 CTAB foam

This confirms the efficiency of the synthesized Al2O3/SiO2 for EOR.

• The addition of NPs (i.e. Al2O3, SiO2, and Al2O3/SiO2) to the foam solu-
tions presented a greatwettability alteration toward awater-wet con-
dition both at static anddynamic experiments via synergistic effects of
NPs and CTAB.

• The addition of Al2O3/SiO2 NPs to CTAB foam increased the bubble
foam deformability and viscoelasticity both at the static and dynamic
conditions. In the porous medium, it was observed that it can signifi-
cantly improve the foam diversion to the unswept areas and thus pro-
duce more oil. Stable viscoelastic foam bubbles can also continuously
generate new foam bubbles in the porous medium when contacting
each other, which led to the observation of a new form of lamella di-
vision called “bubble-Bubble lamella Division”. To the best knowledge
of our knowledge, this mechanism has not been yet observed in the
previous studies.

• Al2O3/SiO2 CTAB foam injection resulted in the most macroscopic
sweep efficiency and microscopic displacement efficiency at lower
injected PV, which is more economical as compared to other NPs.



Fig. 13. A new form of Lamella division, called “bubble-bubble or bubble-induced lamella division”, observed in the porous medium during injection of Al2O3/SiO2 CTAB foam (0.04 wt%
Al2O3/SiO2 NPs and 0.08 wt% CTAB). Subscripted numbers show the time passage.
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• Ultimate oil recoveries confirmed that adding NPs to the foam solu-
tion can enhance foam performance. In this regard, Al2O3/SiO2 CTAB
foam presented the highest oil recovery factor.
Fig. 14. Pore-level images of formation and transportation of oil threads in the porousmediumd
NPs and 0.08 wt% CTAB). Subscripted numbers show the time passage.
• The main objective of the current work was to question the simulta-
neous application of efficient NPs for EOR investigated in previous
studies as a nanocomposite form to make the most of the synergy.
uring injection of Al2O3/SiO2 CTAB foam in various parts of themodel (0.04wt%Al2O3/SiO2



Fig. 15. Neighbor–wall pinch off observed in the porous medium during injection of Al2O3/SiO2 CTAB foam in various parts of the model (0.04 wt% Al2O3/SiO2 NPs and 0.08 wt% CTAB).
Subscripted numbers show the time passage.
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The current promising results are a part of our initial investigation on
this area and yet require further investigations.
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Fig. 18.Microscopic image of an oil droplet driven by a foam bubble. The phenomenon is the residual oil mobilization by foam flooding in an oil-wet porousmedia in whichmicro-elastic
forces of gas bubbles mobilize the oil droplets. Subscripted numbers show the time passage.
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