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a b s t r a c t

Nanofluid offers more opportunities and challenges over the traditional surfactant and polymer solutions
during enhanced oil recovery (commonly referred to as tertiary oil recovery) due to its remarkable
properties. This review mainly discusses the preparation methods of amphiphilic nanoparticles due to
their higher interface activity than sole hydrophilic or hydrophobic nanoparticles (SHNPs). The nano-
fluids' stability is reviewed in this work. Moreover, the mechanisms of nanofluids in enhancing oil re-
covery (N-EOR) in terms of interfacial tension reduction, wettability alteration, foam stabilization,
emulsion stabilization, structural disjoining pressure, and depressurization-increasing injection are
mainly summarized and reviewed. Also, the synergistic effects of nanofluids and traditional surfactants
and polymers are discussed. Finally, nanofluids’ challenges and prospects are also outlined. The nano-
fluids can still be regarded as an outstanding candidate for enhancing oil recovery significantly in the
future although there are limitations on their applications from laboratory scale to field scale.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Over recent decades, there has been a distinct contradiction that
the amount of produced oil cannot meet the social development
needs. Even though renewable energy has grabbed the global
market's attention, the demand for crude oil still exists (Aftab et al.,
2017; Rezk and Allam, 2019). Hence, crude oil will act as a primary
energy source for the development of human society. However, the
current methods for recovering oil have been facing severe chal-
lenges. Thereby, developing novel technologies or materials for
extracting crude oil significantly in the future is essential.

Generally, the crude oil extraction process can be categorized
into primary, secondary, and tertiary oil recovery stages. Usually,
40e50% of crude oil can be recovered through the primary (natural
energy-driven) and secondary (water-driven) stages, respectively
(Ahmed, 2010). After those two stages, tertiary oil recovery tech-
niques are crucial to further extract residual crude oil trapped
within reservoir pores and channels. Traditional tertiary oil recov-
ery technologies can be classified into chemical flooding methods,
thermal recovery methods, and miscible flooding methods.
Miscible flooding refers to the technique that the displacing phase
y Elsevier B.V. on behalf of KeAi Co
(such as CO2, flue gas, liquefied petroleum gas, methane, etc.) can
mix up with crude oil above the minimum miscibility pressure
(MMP) to enhance oil recovery (EOR) due to the disappearance of
interfaces. However, miscible flooding also has certain limitations.
For example, it is difficult to achieve the required pressure from 610
to 1524 m (Alnarabiji and Husein, 2020). Another obstacle is the
formation of gas channeling during the high viscosity oil
displacement process. The thermal recovery methods such as
steam flooding, huff and puff, and fire reservoir technologies utilize
the high temperature to decrease highly viscous oil viscosity. The
realistic challenges for widely applying thermal methods are the
lower thermal efficiency and higher construction costs (Shah et al.,
2010). In terms of chemical flooding processes, injection of sur-
factant or polymer or alkali solutions into the reservoir helps to
reduce the interfacial tension (IFT) of the oil-water interface, alter
the wettability of rock (oil-wet to water-wet or neutral-wet) and
improve the micro or macro sweep efficiency (Tod et al., 2020;
Esfandyari et al., 2020; Klemm et al., 2018; Seetharaman et al.,
2020; Shaker Shiran and Skauge, 2013; Tackie-Otoo and Ayoub
Mohammed, 2020). However, the degradation of polymers and
adsorption of surfactants during the migration forward at harsh
reservoir conditions (high temperature, high pressure, and high
salinity) limit the usage of chemical agents. Also, chemical agents
are not environmentally friendly and economical as the oil price is
depressed (Abidin et al., 2012; Negin et al., 2017; Shah et al., 2010).
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Hence, there is an urgent for new EOR technologies or novel ma-
terials to substitute the traditional EOR technologies or agents for
enhancing oil recovery.

Nanotechnology has been widely implemented in various sec-
tors like medical, food, electronics, oil, and gas (Konefal et al., 2020;
Lee et al., 2018; Li et al., 2017b; Morozovska et al., 2020; Singh et al.,
2021; Xiong et al., 2020). Nanotechnologies are commonly referred
to as the applications of nanomaterials possessing nano-scale size
(1e100 nm) at least in one dimension. Nanomaterials have
distinctive properties such as nano-scale size, quantum effects, and
massive surface area (AfzaliTabar et al., 2017; Kazemzadeh et al.,
2018; Lau et al., 2017). According to their shapes, nanomaterials
can be classified into spherical-like shape, rod-like shape, and
sheet-like shape (Hong et al., 2006; Qu et al., 2020; Raj et al., 2019;
Yan et al., 2013). Over the decades, nanomaterials enhancing oil
recovery (N-EOR) technologies have shown significant successes in
overcoming the limitations faced by traditional enhancing oil re-
covery technologies (Foroozesh and Kumar 2020). Nanomaterials
are commonly dispersed into specific fluids such as water, ethanol,
or other dispersants (forming nanofluids) for improving oil recov-
ery during N-EOR processes. The improvement in oil recovery is
due to the massive surface area and dangling bonds of nano-
materials, making them easier to interact with the surrounding
materials (AfzaliTabar et al., 2017; Kazemzadeh et al., 2018; Lau
et al., 2017; Sofla et al., 2018).

Applications of various nanomaterials for N-EOR have gained
considerable attention worldwide. Reported nanomaterials for N-
EOR include SiO2 (Lu et al., 2017), TiO2 (Sohel et al., 2008), MoS2 (Qu
et al. 2020, 2021), Al2O3 (Rezvani et al., 2020), CuO (Bahraminejad
et al., 2019), ZnO (Alnarabiji et al., 2018) and graphene (AfzaliTabar
et al., 2017). The nanofluids, injected into the oil-bearing area, can
reduce IFT of the oil-water interface (Esmaeilzadeh et al., 2014),
change the rock surface's wettability from oil-wet to water-wet
(Hill et al., 2020), generate structural disjoining pressure at the
three-phase contact region (Liang et al., 2020b; Zhang et al., 2016)
and reduce oil viscosity (Patel et al., 2018). Although nanomaterials'
dosage concentration is lesser than conventional surfactants or
polymers, they promise to enhance oil recovery significantly in the
future. The prerequisite for broad applications of nanofluids is to
guarantee their stability before they are injected into core samples
or actual reservoirs with harsh conditions. Unstable nanofluids can
reduce reservoir permeability and damage pore-throat structures
due to nanomaterials' aggregation and sedimentation behaviors at
harsh reservoir conditions (Chakraborty and Panigrahi, 2020). The
addition of surfactants or polymers into nanofluids has been
conducive to improving nanofluids' stability (Rezk and Allam, 2019;
ShamsiJazeyi et al., 2014). Stable nanofluids can migrate deep into
the reservoirs and play a significant role in extracting crude oil
trapped within reservoir pores and channels.

So far, many articles have reviewed the applications of nano-
materials to improve oil recovery due to their promising prospects
(Ali et al., 2020; Hajiabadi et al., 2020; Khalil et al., 2017; Li et al.,
2021). Yakasai et al. (2021) has mainly reviewed the effects of
various nanomaterial parameters (size, morphology, concentration,
temperature, pH value, salinity, etc.) on enhancing oil recovery
during flooding processes. Besides, the applications of nano-
materials have also been comprehensively discussed in the IFT
reduction, wettability alteration, asphaltene precipitation, and
emulsion stability. The manufacturing of bionanomaterials for
enhancing oil recovery has been reviewed and discussed by Agi
(Agi et al., 2021). However, the large-scale production of bio-
nanomaterials is the major hindrance faced by these materials.
Carbon-based nanomaterials have also gained more considerable
attention due to their unexpected properties and efficiencies
(Sikiru et al., 2021). Hajiabadi et al. (2020) has shown a
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comprehensive review of the carbon-based nanomaterials on EOR,
drilling, formation evaluation and seismic characterization. In
addition to study nanofluids for enhancing oil recovery by using
physical simulation experiments, the numerical simulation
methods are also conducive to facilitating the development of
nanofluids in improving oil recovery. Aliu et al. (2020) has reviewed
the latest achievements of Lattice Boltzmann methods on studying
nanofluids in heat and mass transfer applications. Some other re-
views have also discussed the applications of various nanomaterials
in EOR, drilling, fracturing and reservoir sensing, etc (Ko and Huh,
2019; Rattanaudom et al., 2021; Zhou et al., 2020). However,
there are not many reviews focusing on the synthesis of amphi-
philic nanomaterials for the N-EOR. Amphiphilic nanomaterials
with hydrophilic and lipophilic nature have more significant ad-
vantages in enhancing oil recovery compared to sole hydrophilic or
lipophilic nanomaterials (SHNPs). Inspired by this philosophy, this
review mainly discusses the preparation methods of amphiphilic
nanomaterials. Besides, techniques for evaluating nanofluids’ sta-
bility and mechanisms about N-EOR (IFT reduction, wettability
alteration, foam stability improvement, structural disjoining pres-
sure, etc.) have been also reviewed. We also present both our
perspectives and achievements on N-EOR in this work. Moreover,
the synergistic effects between nanofluids and chemical agents are
also addressed. Finally, the further prospects and challenges faced
by nanofluids for further improving oil recovery are also discussed.

2. Synthesis of amphiphilic nanomaterials

Owing to the fascinating and promising properties such as small
size effects, quantum size effects and surface effects, nanomaterials
have been proved to be excellent materials for EOR. Compared to
SHNPs, amphiphilic nanomaterials with hydrophilic and hydro-
phobic nature have gained more attention across the fields of
particulate surfactants, environmental protection, food safety, and
energy. That is due to their distinct physicochemical properties like
stronger interfacial activity (Aveyard et al., 2003; Lattuada and
Hatton, 2011; Lv et al., 2018; Walther et al., 2008; Wan et al. 2017,
2018). In the viewof amphiphilic nanomaterials synthesis, plenty of
methods have been proposed over the recent decades, including
the template masking method (Liu et al., 2013; Wu et al., 2015;
Zhang et al., 2013), utilization of specific surface functional groups
(Ji et al., 2014) and selective modification via manipulation of p-p
stacking interactions (Yang et al., 2016). Generally, the preparation
methods of amphiphilic nanomaterials can be categorized into two
ways, namely direct preparation and indirect preparation, as shown
in Table 1.

Pickering emulsion is one of the most commonly used indirect
preparation approaches. It plays a vital role in controlling the shape
and morphology of nanomaterials. De Folter et al. (2014) reported
Pickering emulsions with cubic and peanut-shaped particles ach-
ieved 90% surface coverage, higher than that achieved with ordi-
nary spherical particles. Gao et al. (2014) numerically studied the
surface activity of different shapes of amphiphilic nanomaterials
and found sphere and rod shapes have only one equilibrium state,
but the discotic shape has another metastable state: reverse
orientation. The SHNPs of SiO2 nanoparticles were modified using
organic hydrophobic chains through a Pickering emulsion method
(Wu et al., 2015). Wu et al. (2020) has also prepared amphiphilic
silica nanoparticles using a Pickering emulsion method. Briefly, the
SiO2 nanoparticles were mixed with paraffin wax and water phase
to form a Pickering emulsion via stirring. Then, KH550 silane-
coupling agent was grafted onto the exposed surface of SiO2
nanoparticles adsorbed onto Pickering emulsions. After that, lauric
acid was added to react with the amino group via the amidation
reaction. Finally, the amphiphilic SiO2eC12 nanoparticles were



Table 1
Summary of amphiphilic nanomaterials preparation.

Source Type Method Shape Size Simple procedure

Zhang et al. (2013) Nonsymmetrically
amphiphilic graphene

Indirect method (Template masking
method)

nanosheet Less than 100 nm in
lateral size, 1.6 nm
in the height

①Functionalize the single side of graphene
using halogen molecules (Cl, F);
②Coat the poly(methyl methacrylate) (PMMA)
film onto the functionalized side;
③Modify another side of graphene using aryl or
oxygen-functional groups with the protection
of PMMA film;

Wu et al. (2015) Amphiphilic oxide
graphene

Indirect method (Pickering emulsion
method)

nanosheet 100e1000 nm in
the lateral size,
0.9 nm in the height

①Prepare the wax-in-water Pickering
emulsions stabilized by GO;
②Coat the dodecylamine or Poly(propylene
glycol) bis(2-aminopropyl ether) molecules
onto the exposed side of GO;

Liu et al. (2013) Amphiphilic Laponite Indirect method (Surface
immobilization method)

Disk 165 nm in the
lateral size; 2.8 nm
in the height

①Prepare polystyrene (PS) emulsions;
②Stir the mixture after the addition of laponite
power into PS emulsions;
③Mix the above mixture and polymerization 2-
(Dimethylamino)ethyl methacrylate
(PDMAEMA);
④Obtain amphiphilic laponite disks with PS on
one side and PDMAEMA on the other side;

Ma et al. (2010) Amphiphilic silica Direct method (Utilization of specific
surface functional groups)

spherical 20 nm ①Adjust the water solution conditions after
silica particles addition;
②Mix silica nanoparticles and cationic
surfactants;

Jang et al. (2018) Amphiphilic silica Direct method (Manipulating hydrogen
bonding method)

spherical 20 nm ①GPTMS hydrolyzes;
②Hydrolysable group connects with the free

eOH groups at the surface of the silica

nanoparticles;
Liu et al. (2020) Amphiphilic silica Direct method (Utilization of specific

surface functional groups)
spherical 10 nm ①Mix the NaOH solution and surface-modified

silica nanoparticles with Silane coupling agent
hexadecyltrimethoxysilane (HDTMS);

Yoon et al. (2012) Amphiphilic
superparamagnetic
iron oxide

Indirect method (Pickering emulsion
method)

spherical 100 nm ①Synthesize block and random copolymers of
poly(acrylic acid) (PAA) and poly(butyl acrylate)
(PBA) with hydrophilic and hydrophobic
nature;
②Preparation of amphiphilic iron oxide
nanoparticles by carboxylate groups of the PAA
coordinating with the iron;

Raj et al. (2019) Amphiphilic MoS2 Direct method (Utilization of specific
surface functional groups)

nanosheet 100 nm in the
lateral size; 1.2 nm
in the height

①Synthesize pure MoS2 nanosheets;
②Mix pure MoS2 nanosheets and octa decyl
amine (ODA);

Luo et al. (2018) Amphiphilic graphene
oxide

Direct method (Manipulating hydrogen
bonding method)

nanosheet around 250 nm in
the lateral size

①Mix GO and tapioca microspheres;
②Graft the alkylamine molecules onto the
exposed GO surface;

Qu et al. (2021) Amphiphilic MoS2 Direct method (Utilization of specific
surface functional groups)

nanosheet 75 nm in the lateral
size; 1.2 nm in the
height

①Synthesize pure MoS2 nanosheets;
②Mix pure MoS2 nanosheets and rhamnolipid
molecules;

Yang et al. (2016) Amphiphilic graphene
oxide

Indirect method (Electrostatic assembly
method)

nanosheet 500 nm in the
lateral size; 39 nm
in the height

①Synthesize graphene oxide (GO) nanosheets;
②Mix polystyrene chains with GO nanosheets
(PS-GO microspheres);
③Mix poly(2-(dimethylamino)ethyl
methacrylate (PDMAEMA) with PS-GO
microspheres;
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obtained after centrifugation. Besides, amphiphilic graphene oxide
nanosheets can be prepared using a template polymer or be
defunctionalized by altering the ionic strength based on electro-
static assembly. Yang et al. (2016) had successfully prepared
amphiphilic graphene oxide nanosheets possessing hydrophobic
polystyrene chains on one side and hydrophilic poly(2-(dimethy-
lamino)ethyl methacrylate) chains on the other side. This method is
first to protect one side of nanoparticles and then functionalize
another side. Although this method is popular because of its mild
and straightforward, the graft effect depends on the preparation of
individual nanoparticle, which is difficult to control.

There are two ways for direct preparation based on the sol-gel
method: emulsion interface self-assembled sol-gel and template-
assisted sol-gel. Silica amphiphilic nanosheets were prepared by
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crushing Janus hollow spheres synthesized at the self-assembled
materialization of an amphiphilic emulsion interface (Liang et al.,
2011). The synthesized Janus nanosheets, as particulate surfac-
tants, can be used to reduce oil-water interfacial tension and then
collect oil drops. The flexible amphiphilic nanosheets (3-
butyldianhydride mercaptopropyltrimethoxysilane (BDMPS)) can
be prepared through a self-assembled monolayer of an amphiphilic
silane on a template (Liu et al., 2015). They are used as solid
emulsifiers. The template-assisted sol-gel method can be used to
prepare smaller thickness amphiphilic nanosheets over the emul-
sion interface self-assembled sol-gel approach. Graphene oxide
(GO)-based amphiphilic nanosheets have been synthesized via
manipulation of hydrogen bonding. The GO and tapioca starch
microspheres were evenly dispersed in the water phase. Then, GO
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was adsorbed onto the surface of tapioca starch microspheres via
hydrogen bonds. Finally, the single-side surface hydrophilization of
GO transformed into a hydrophobization surface by functionalizing
alkylamine molecules, as shown in Fig. 1. The amphiphilic nano-
sheets were released from the starch microspheres by sonication
and heating in ethanol (Luo et al., 2018). Another direct approach
for preparing amphiphilic nanomaterials is the hydrothermal re-
action process. The SHNPs of MoS2 nanosheets were synthesized
through a simple hydrothermal method firstly, and then the sur-
faces of pure MoS2 nanosheets were functionalized using CTAB or
ODA molecules (Qu et al., 2021; Raj et al., 2019).

Amphiphilic nanomaterials can also be classified into spheres,
nanosheets, and rods according to their shapes. The interfacial ac-
tivity of amphiphilic nanosheets is more significant than that of
amphiphilic spheres or rods, resulting in more considerable
desorption energy from the interface to the bulk phase (Jia et al.,
2016; Wei et al., 2018). As a result, amphiphilic nanosheets can be
employed to effectively improve emulsion and foam stability once
adsorbed onto interfaces, eventually improving oil recovery (Jia
et al., 2016).

3. Nanofluid stability

Nanofluid is defined as the dispersion of nanomaterials in a
specific dispersant (water, ethanol, etc.) at a particular concentra-
tion. It is crucial to evaluate the stability of nanofluids before they
are injected into reservoirs. They are thermodynamically unstable.
Nanomaterials in the bulk phase tend to aggregate to decrease the
system energy due to the high surface energy. Nanofluid stability
evaluation can be done using the solid sedimentation method, Zeta
potential measurement, and spectral analysis.

3.1. Sedimentation method

The sedimentation method for assessing nanofluid stability is
the most intuitive and pervasive technique. This method measures
the weight or volume of sediment with time at the bottom of the
liquid column. Meanwhile, photographs of the dynamic deposition
process can be recorded as an essential indication to determine
nanofluids' stability qualitatively, as shown in Fig. 2. Chakraborty
et al. (2017, 2018) took sedimentation photographs to evaluate
the stability of CueAl LDH and TiO2 nanofluids kept in a glass vial
Fig. 1. Synthesis of graphene-based amphiphilic nan
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over time. The results showed that the stability of nanofluids was
directly related to particle size. The phenomenon of poor stability
and faster sedimentation rate of nanofluids is likely to be occurred
in a specific fluid due to larger particle size. Besides, copper and
Al2O3 nanofluids' stability was also determined using the sedi-
mentation method (Li et al., 2007; Zhu et al., 2009). However, this
method requires more time to observe nanofluids’ change trends
and capture high-quality photographs as an intuitive indication.

3.2. Zeta potential measurement

Zeta potential measurement has also been commonly used to
determine suspension stability (Chakraborty and Panigrahi, 2020).
Electrostatic repulsion exists between adjacent nanoparticles in the
nanofluids due to the same charge on nanoparticles' surfaces. This
phenomenon positively inhibits particle coalescence and then im-
proves nanofluid stability (Ismay et al., 2013). On the other hand,
van der Waals force, widely existing among particles, is an attrac-
tive force that is not conducive to nanofluids' stability. The Zeta
potential, consisting of electrostatic repulsion force and van der
Waals force, is a comprehensive reflection index. The higher value
of Zeta potential represents higher repulsive force and better
nanofluid stability (Cacua et al., 2019). The Au nanofluids with
excellent stability were prepared by Kim (Kim et al., 2009). The
outstanding stability of Au nanofluids was ascribed to the larger
negative Zeta potential values among Au nanoparticles in the water
phase. In general, stable suspensions signify that bulk suspensions’
absolute Zeta potential value is greater than 30 mV (Esfandyari
et al., 2015; Fatehah et al., 2014). In other words, nanofluids with
a lower absolute Zeta potential value tend to agglomerate faster
than the nanoparticles with a higher absolute Zeta potential value.
Cacua et al. (2019) studied the effects of surfactant concentrations
and pH values on Zeta potential values of alumina nanofluids. The
results revealed that higher absolute Zeta potential values repre-
sent the smaller average diameter of alumina nanoparticles. Also,
the higher stability of magnetic graphite nanofluid can be obtained
when the Zeta potential was around 41.3 mV (Souza et al., 2012). In
general, the Zeta potential value of suspensions can be affected by
ionic strength (ion type), pH value, temperature, etc.

Known from DLVO theory, nanoparticles possessing surface
charge in the nanofluids can attract opposite charges around them
after those nanoparticles are evenly dispersed in a specific fluid.
osheets via hydrogen bonding (Luo et al., 2018).



Fig. 2. Time-lapse images of nanofluid destabilizing over time (Sun et al., 2020).

Fig. 3. Schematic representation of diffused electric double-layer around charged
nanoparticles (Lombardo et al., 2015).
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Adsorbed opposite ions can form a diffused electric double-layer,
including a dense layer (Stern layer) and a loose layer (Diffuse
layer) (Gomez-Flores et al., 2020). For instance, the diffused electric
double-layer structure around negatively charged nanoparticles is
exhibited in Fig. 3. It can be seen that the oppositely charged ions
distribute around the nanoparticle. Zeta potential (repulsion force)
formed between diffuse layers (at the slipping plane) effectively
prevents nanoparticles from contacting and agglomerating. The
thickness of the diffused electric double-layer, referring to as
“Debye length”, can also limit these nanoparticles’ trajectory.
Therefore, a stable dispersion can be formed at a higher repulsion
force and longer Debye length among nanoparticles (Bukar et al.,
2014; French et al., 2009; Lombardo et al., 2015).

The addition of opposite charge ions can compress the thickness
of the diffused electric double-layer and reduce the value of Zeta
potential at the slipping plane. In other words, the addition of
opposite charge ions can lead to an unstable dispersion (Saleh et al.,
2008). The effects of different valent ions on both the thickness of
the diffused electric double-layer and Zeta potential values are
significantly different (Ji, 2014). At the same concentration, the
effects of different valent ions on Zeta potential value have the
following logical relationship: trivalent > bivalent >monovalent. In
addition to ion strength, pH value also has a pronounced effect on
nanofluids' stability, which is commonly related to another indi-
cator (isoelectric point). The isoelectric point is defined as the pH
value of a dispersion system when the Zeta potential of dispersion
is equal to zero. The dispersion is the least stable at the isoelectric
point (Keller et al., 2010). Fig. 4 shows the effects of pH value on the
nanofluid stability and the isoelectric point for a specific nanofluid.
It is essential to evaluate the nanofluids' electrification perfor-
mance to avoid nanoparticles’ adsorption on the rock surface and
accumulation among nanoparticles at the harsh reservoir condi-
tions during N-EOR processes.
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3.3. Spectral method

Another method to determine nanofluid stability is spectral
analysis. Here, we mainly discuss the spectral analysis methods:
spectral absorbance analysis method and multiple-light scattering



Fig. 4. Effect of pH values on the stability of nanofluids (Pate and Safier, 2016).

Fig. 5. The principle of TURBISCAN Lab Expert stability analyzer.
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method. Based on the Beer�Lambert Law, the spectral absorbance
analysis method detects the absorption of incident light with a
specific wavelength by nanoparticles using a UVevis spectropho-
tometer. The absorbance of nanoparticles can be significantly
affected by nanoparticle concentration, and there is a relationship
between the absorbance and concentration of nanoparticles (Eq.
(1)). Therefore, nanoparticle concentration can be calculated by
detecting nanofluid absorbance in the same position over time.
Finally, the stability of nanofluids can be determined by nano-
particle concentration over time. For example, the UVevis spec-
trophotometer was introduced to investigate the relationships
between MWNT concentrations and MWNT nanofluids' stability at
different sediment times (Chen and Xie, 2010). The purpose can be
achieved by detecting the UVevis absorbance value at various
MWNT concentrations and different sediment times. The alumina
and copper nanofluids’ stability was also evaluated using a spec-
trophotometer after the nanofluids were deposited for 24 h (Huang
et al., 2009). Besides, the stability of FePt nanofluids was investi-
gated and measured by using spectrophotometer analysis
(Farahmandjou et al., 2009).

A¼ log
I0
I
¼ abc (1)

Where A is the absorbance, I0 represents incident light intensity, I
represents transmission light intensity, a represents molar ab-
sorption coefficient, b is liquid height, and c is the concentration of
nanoparticles.

The Multiple-Light Scattering method detects the intensity
change of transmittance light and back-scattering light using the
Turbiscan Lab Expert Stabilizer when a pulsed near-infrared light
(l ¼ 880 nm) source passes through the sample pool. The micro-
migration behaviors (agglomeration and sedimentation behav-
iors) of nanoparticles in the bulk phase can be characterized by
analyzing the spectrum changes (transmission light spectrogram or
back-scattering light spectrogram) with the time and height of the
sample. A detailed analysis of the spectrogram can be found in our
previous work (Liang et al., 2020a). The schematic diagram of the
multiple-light scattering method is shown in Fig. 5. Apart from
spectral analysis, nanofluid's stability can be quantitatively
described using TSI, short for the Turbiscan Stability Index. The
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lower the TSI value is, the more stable the nanofluid is. Eq. (2) is
used to calculate the TSI value.

TSI¼
X
i

P
hjscaniðhÞ � scani�1ðhÞj

H
(2)

Where i is scanning number; h is scanning point height; scaniðhÞ is
the average light intensity; H represents the number of sample
scanning data points.

Apart from the above three main methods, there are several
other ways to evaluate nanofluid stability. According to the Stokes
Eq. (3), nanoparticles’ settling velocity is proportional to the square
of nanoparticle diameter. Hence, nanoparticles with smaller sizes
result in more stable dispersion. The diameter distribution of
nanoparticles can be measured using a dynamic light scattering
(DLS) technique.

v¼ 1
18

"
Drgd2

h

#
(3)

where v is the settling velocity, Dr represents the density difference
of the solid phase (nanoparticles) and dispersed medium (water
phase), g is the acceleration of gravity, d is the nanoparticle diam-
eter, and h represents the viscosity of the dispersed medium.

Except for the previously mentioned factors affecting nanofluid
stability, nanofluid stability can also be affected by dispersant types,
temperature, and surface groups. For instance, nanomaterials’
surface modification has been commonly implemented to improve
nanofluid stability (Kamiya and Iijima, 2010; ShamsiJazeyi et al.,
2014). The surface-modified agents include surfactants, polymers,
silane coupling agents, and other organic or inorganic materials.
The surface-modified agents coating on the nanomaterial surface
can improve repulsion force and steric hindrance among nano-
particles to keep them dispersed well (Kamiya and Iijima, 2010; Li
et al., 2020;Wei et al., 2018). The silica nanoparticles weremodified
using zwitterionic and hydrophilic silanes by Hadia (Hadia et al.,
2021). The results found that the coated silica nanoparticles can
remain stable for at least 6months. Extensive discussions on how to
improve nanofluid stability can be seen in other reviews focusing
on nanofluid stability (Chakraborty and Panigrahi, 2020; Heinz
et al., 2017).



Fig. 6. Schematic illustration of amphiphilic silica nanoparticles (left) and SHNPs
(right) at the oil�water interface (Li et al., 2018a).
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4. Mechanisms of nanofluids on N-EOR

4.1. Interfacial tension

Meniscus interface locating at the two immiscible phases con-
tact region is formed due to interfacial tension, resulting in an
uneven displacement front and lower oil recovery during flooding.
Therefore, it is crucial to improve oil displacement efficiency by
reducing the interfacial tension at the microscopic level (Zhao and
Wen, 2017). Many studies confirmed that nanomaterials' addition
to the displacing fluid can reduce the IFT, which leads to the oil
recovery improvement (Hendraningrat and Torsaeter, 2015;
Roustaei et al., 2013; Zaid et al., 2013). For instance, g-Al2O3, MgO,
and TiO2 nanoparticles showed great IFT reduction ability
(Nowrouzi et al., 2019). The IFT value of the nanofluids-crude oil
interface is inversely proportional to the temperature and salinity
and directly proportional to the nanoparticle concentration and
pressure (Nowrouzi et al., 2019). Nanofluids can decrease IFT of the
oil-water interface because of the formation of nano-layers at the
oil-water interface. After nanomaterials’ adsorption at the oil-water
interface, the interfacial properties (interface energy) can be
changed. Du et al. (2010) found that the binding energy (DE) of
nanomaterials at the oil-water interface can be determined by oil-
water interfacial tension, according to Eq. (4):

DE¼ � ðg0 � gÞpR2
h

(4)

Where g0 represents the interfacial tension of the system in the
absence of nanomaterials, g represents the interfacial tension of the
system in the presence of nanomaterials, h is the fraction of area
occupied by nanomaterials at the oil-water interface, and R is the
hydrodynamic radius of nanomaterials.

However, some researchers also demonstrated that SHNPs have
no contributions to IFT reduction (Biswal and Singh, 2016;
Fereidooni Moghadam and Azizian, 2014; Ma et al., 2008; Pichot
et al., 2012). Metin et al. (2012) found that SHNPs (silica nano-
particles) cannot adsorb onto the decane-water interface and did
not significantly affect the IFT of the decane-water interface
because they are not amphiphiles. Moreover, the results showed
that IFT of the decane-water interface in the presence of SHNPs was
not sensitive to their particle size and concentration.

Amphiphilic (Janus) nanomaterials were identified to reduce
interfacial tension. Amphiphilic nanomaterials can promote the
adsorption of amphiphilic nanomaterials onto the oil-water inter-
face, resulting in IFT reduction significantly. Li et al. (2018a)
revealed that the adsorption arrangement of amphiphilic nano-
materials (active nanoparticles) and SHNPs were different due to
surface functional groups (Fig. 6). SHNPs distribute in one side of
the bulk phase at the oil-water interface. This adsorption equilib-
rium of SHNPs at the oil-water interface can be easily broken under
external force. On the contrary, the amphiphilic nanoparticles can
adsorb at the oil-water interface and evenly distribute in both the
water and oil phases. Those adsorption behaviors significantly
reduce interfacial tension and improve interfacial viscoelasticity
due to forming a stable and stronger nanometer interfacial film
over SHNPs (Qu et al., 2020). Qu et al. (2020) reported that the IFT
between simulated oil consisting of kerosene and paraffin and
CTAB-MoS2 nanofluid could be decreased to 14.9 mN/m compared
to DI water-simulated oil system (IFT ~ 36 mN/m). Besides, the IFT
of the decane-water interface in the presence of silica nanoparticles
modified with PEG showed a dramatic decrease trend as nano-
particle concentration increased or nanoparticle diameter
decreased (Metin et al., 2012). As a result, the excellent interfacial
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activity of amphiphilic nanoparticles is beneficial for improving oil
recovery during N-EOR by reducing IFT.

IFT of the oil-water interface is an indicator that strongly in-
fluences oil recovery. Capillary number theory is proposed based on
C-EOR technologies, such as surfactant and polymer flooding. It can
also be introduced to explain the displacement mechanisms of
nanofluids to some extent. Known from capillary number theory
(Nc), Eq. (5), IFT reduction results in a decreased capillary force,
thereby improving the capillary number. The larger the capillary
number is, the more favorable it is for oil displacement.

Nc ¼ viscous force
capillary force

¼ m� n

s� cos q
(5)

where m represents dynamic viscosity of displacing fluid, n is Darcy
velocity displacing fluid, s is interfacial tension between the dis-
placed and displacing fluid, and q is the contact angle.

However, it should be noted that nanomaterials have many
unique properties and interfacial behaviors over traditional sur-
factants. For instance, surfactants can adsorb at the oil-water in-
terfaces in the form of a single layer according to monolayer
adsorption theory (Zhou et al., 2018). After surfactants reach
saturated adsorption at the oil-water interface, surfactants prefer-
entially form micelles in the bulk phase. However, nanomaterials
can adsorb at the oil-water interface and form multilayer adsorp-
tion (Qu et al., 2020; Raj et al., 2019). Compared to surfactant
adsorption, nanomaterials’ adsorption behaviors may lead to
distinct interfacial properties, significantly contributing to oil re-
covery. Therefore, an urgent need for theory to better understand
nanofluid flooding mechanisms during the N-EOR process is
necessary.

4.2. Wettability alteration

Most of the reservoir matrix possesses oil-wet (hydrophobic)
nature because of the crude oil environment around its surface. Oil-
wet rock surface indicates the firm adhesion of crude oil onto the
rock surface, leading to an oil film's formation. Thus, more energy is
required to exfoliate oil film from the rock surface. Besides, the
pressure difference (capillary force) at the curved oil-water inter-
face is pointed into the displacing phase (water phase) due to the
oil-wet rock surface. The capillary force is resistant to crude oil's
flow, resulting in low oil recovery. Therefore, wettability alteration
of rock surface from oil to water-wet or oil to neutral-wet is
favorable for enhancing oil recovery. The wettability of the rock
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surface can be determined by measuring its contact angle (CTA).
The CTA for an oil-wet surface is greater than 105�, while for a
neutral-wet surface, CTA ranges from 75� to 105�. When the CTA is
lower than 75�, the rock surface denotes water-wet characteristics.

Recently, it is proved that nanoparticles can effectively spread
onto the solid surface to change the rock surface's wettability. SiO2
nanoparticles with super-hydrophilic surfaces were used to
decrease contact angle from 100� to 0� on the aged glass (Maghzi
et al., 2012). Karimi et al. (2012) proposed that the change of con-
tact angle of carbonate reservoir rock surface treated with zirco-
nium oxide (ZrO2) nanofluid was ascribed to the formation of
nanoparticle structuring (they called “nanotextured surfaces” on
the rock surface). According to their theory, nanotextured surfaces'
formation changing the wettability of carbonate rock surfaces can
take up at least 2 days. Besides, the effects of wettability on oil
recovery using polymer-coated silica nanoparticles were compre-
hensively studied by Omran (Omran et al., 2020). The results
revealed that the polymer-coated silica nanoparticles could change
the oil-wet glass with a contact angle of 143.30� into a water-wet
glass with a contact angle of 48.75�. Some studies suggested that
wettability alteration from oil-wet to strongly water-wet showed
more fantastic effects on enhancing oil recovery thanweaklywater-
wet. Hadia et al. (2021) evaluated the ability of coated silica
nanoparticles to change the solid surface's wettability on aged
sandstone and carbonate rock surfaces. The results showed that the
coated silica nanoparticles can alter the wettability to water-wet by
adsorbing on rock surfaces. Besides, the coated silica nanoparticles
can be more effective in changing the wettability of carbonate
surface instead of sandstone surface. The synergistic effects of ZrO2
nanoparticles and different nonionic surfactants on the wettability
alteration of carbonate samples were investigated by contact angle
measurement (Karimi et al., 2012). Results showed that the
strongly oil-wet rock surface could transform into a strongly water-
wet surface after treatments using different nanofluids. Moreover,
three types of Fe3O4 nanoparticles (SHNPs, coated with EDTA,
coated with SLS) were systematically studied to change the
wettability of a carbonate rock surface substrate from oil-wet to
water-wet (Shalbafan et al., 2019). Findings revealed that Fe3O4
nanoparticles coated with EDTA/SLS can dramatically decrease the
carbonate substrate contact angle of 140� (strongly oil-wet) to 27�

and 22� (strongly water-wet), respectively. Furthermore, they also
demonstrated that the increase in aging temperature positively
affected wettability alteration, while increasing pressure had a
negligible effect. The electro-kinetic method was also proposed to
study the wettability alteration (Dehghan Monfared and
Ghazanfari, 2019). The rock surface wettability can be determined
by detecting electro-kinetic parameters change (streaming poten-
tial coupling coefficient and Zeta potential) during the wettability
alteration processes. The most significant advantage of this method
considers the pore-throat structure during wettability alteration
processes compared to the contact angle measurement.

The water-wet surface represents that water can adhere to rock
surfaces to form a water film. The thickness of water film increases
with the increase of water-wet degree (He and Hua, 1998). As a
result, the flow channel's diameter for crude oil is also relatively
decreased, especially in a low permeability reservoir. The decrease
in the flow channel's diameter leads to high injection pressure and
low oil recovery. In the case of a neutral wet surface, the piston
displacement mode is expected to be achieved. Owing to the
reduction of the core sample's hydrophilicity, the improvement of
oil recovery efficiency was achieved as functionalized silica nano-
particles were injected into the water-wet core (Roustaei et al.,
2013). An investigation of nanofluid with respect to its ion
strength on wettability alteration of carbonate surface was per-
formed (Hou et al., 2019). Results showed that the presence of Naþ
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can promote the adsorption of nanoparticles on the rock surface by
neutralizing the negatively charged portion that existed on the
carbonate surface.

4.3. Foam stabilization improvement

Foam flooding is one of the promising techniques, which has
been widely used to recover crude oil from reservoirs. The oil re-
covery efficiency of foam flooding is improved due to the delay of
gas channeling, improvement of sweep efficiency (Li et al., 2016),
increase of oil displacement efficiency (Li et al., 2019a), and
adjustment of mobility ratio (Sun et al., 2015). Yang et al. (2021)
reported the synergy of hydrophilic nanoparticles (T40) and
nonionic surfactants (C12E23) on CO2 foam stability at elevated
temperatures and extreme salinities. Sandpack experimental re-
sults indicate that the C12E23/T40 foam can enhance the oil recovery
20.1% after water flooding by increasing the sweep area and
flooding efficiency. However, foam is generally considered a ther-
modynamically and kinetically unstable system. Foam can be
destroyed by an external force, especially under harsh reservoir
conditions (high temperature, high salinity, high crude oil satura-
tion). To overcome those barriers, foam stabilizers such as polymer,
solid particles, and gels can be introduced to improve foam sta-
bility. The primary mechanism for polymer and gel additions is
improving the viscosity of interfacial film, leading to a lower gas
flow speed between adjacent bubbles. However, improved viscosity
of foam leads to the difficulty of foam injection into the reservoirs. It
is observed that the nanoparticles’ addition into foam liquids can
improve foam stability and foamability by adsorbing onto the gas-
liquid (AlYousef et al., 2017). Yin et al. (2018) showed that cellulose
and surfactant synergism can significantly improve foam stability
by increasing the interfacial film thickness and delaying the liquid
drainage. Yang et al. (2017) reported that modified AlOOH nano-
particles can be utilized to stabilize foam generated by SC (Sodium
cumene sulfonate) at a broad range of concentrations. Nitrogen and
methane foam were also generated using surfactant-nanoparticle-
based fluid, and the properties of foam at the presence or absence
of nanoparticles were also analyzed systematically (Xu et al., 2020).
Results showed that the based fluid viscosity and foam stability
were significantly improved after the addition of 1.0 wt% SiO2.
Besides, more than 30% of oil recovery factors can be enhanced
using surfactant-NP foam flooding over surfactant foam flooding.
Fig. 7 shows the mobilizing oil mechanisms when foam contacts
with residual oil during foam migration forward at the presence or
absence of nanoparticles. The shape of surfactant foam tends to
deform under the action of external force. Meanwhile, foam is in-
clined towards the flow over the residual oil drop, as shown in
Fig. 7b. Compared with surfactant foam, surfactant-NP foam ex-
hibits an excellent ability to keep its spherical structure while
contacting with residual oil drop, as shown in Fig. 7d. The dense
arrangement of nanoparticles at the liquid-gas surfaces strongly
increases the film thickness and strength, which can inhibit foam
deformation and then generate a stable foam. Consequently, an
additional force at the contact region of surfactant-NP foam and oil
drop is generated to effectively mobilize residual oil drop trapped
within reservoir pores and throats.

The type of used surfactants, concentration, the size distribution
of nanoparticles, and type of nanoparticles (contact angle) can
affect the stability of the surfactant-NP foam. Here, desorption
energy theory is mainly employed to interpret the mechanisms of
foam stabilized by nanoparticles.

4.3.1. Desorption energy of a single spherical nanoparticle
A single spherical nanoparticle is considered to be adsorbed

onto the gas-water interface, as shown in Fig. 8a. The following Eqs



Fig. 7. Schematic of foam at the presence or absence of nanoparticles during mobilizing residual oil drop process, (a) and (c) differences in crude oil adsorption of the surfactant
foam and the surfactant-NP foam, (b) and (d) differences in the degree of deformation of the liquid film for the surfactant foam and surfactant-NP foam (Xu et al., 2020).

Fig. 8. a A single spherical nanoparticle adsorbed at the gas-water surface, b desorption energy of a specific nanoparticle (R, 30 nm).
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for desorption energy of spherical particles come from the previ-
ously published paper (Binks and Lumsdon, 2000). Eq. (6) shows
the contributed surface energy of the gas phase.

DEsg ¼Asg � gsg (6)

Area immersed in the gas phase is calculated according to Eq. (7)
given below:
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Asg ¼
ðq
0

2pr � Rdq ¼
ðq
0

2pR2 sin qdq ¼ 2pR2ð1� cos qÞ (7)

Hence, the DEsg can be obtained from Eq. (8):

DEsg ¼2pR2ð1� cos qÞgsg (8)
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Similarly, the surface energy contributed by the water phase is
calculated from Eq. (9):

DEsw ¼2pR2ð1þ cos qÞgsw (9)

The surface energy contributed by the eliminated gas-water
interface owing to the presence of spherical nanoparticle is calcu-
lated, Eq. (10):

DEgw ¼pr2ggw ¼ pR2 sin q2ggw ¼ pR2
�
1� cos q2

�
ggw (10)

As a result, the required energy to remove the single adsorbed
spherical nanoparticle to the water phase can be determined ac-
cording to Eq. (11):

DG¼2pR2ð1� cos qÞ
�
gsw �gsg

�
þ pR2

�
1� cos q2

�
ggw (11)

Known from the Young Eq. (12):

gsg �gsw ¼ ggw cos q (12)

Eq. (11) can be simplified to Eq. (13):

DG¼pR2ggwð1� cos qÞ2 (13)

Similarly, the required energy to remove the single adsorbed
nanoparticle to the gas phase can be determined according to Eq.
(14):

DG¼pR2ggwð1þ cos qÞ2 (14)

According to Eqs. (13) and (14), the desorption energy of s single
spherical nanoparticle from the surface to the bulk phase is
calculated and drawn in Fig. 8b as a function of the contact angle of
the nanoparticle surface. Several parameters of nanoparticle radius
(R, 30 nm), surface tension (ggw, 55 mN/m), and temperature
(298 K) are given to calculate a single spherical nanoparticle's
desorption energy. It can be concluded that when the contact angle
is 90� the maximum desorption energy is achieved. This denotes
that the nanoparticles are not easily desorbed from the surface to
the bulk phase. From Fig. 8b, it is observed that a single nano-
particle needs about dozens of thousand KBT to desorb from the
surface to the bulk phase. Compared to surfactant needing several
Fig. 9. a A single nanosheet adsorbed at the gas-water s
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KBT, nanoparticles show a significantly potential ability to stabilize
foam.
4.3.2. Desorption energy of a single nanosheet
As mentioned above, nanosheets can also be used to stabilize

foam as a stabilizer. Similar to the desorption energy theory of a
single spherical nanoparticle, we propose a new desorption energy
Eq for single nanosheet desorption from the surface to the bulk
phase. The assumptions used to derive the Eq are given below:

1 The thickness is negligible relative to its length and width;
② The nanosheet adsorbed at the surface is completely spread
out. The adsorption schematic of a single nanosheet is shown in
Fig. 9a.

The unilateral area of a single nanosheet is recorded as A.
Therefore, the surface energy contributed by the area immersed in
the gas phase is calculated from Eq. (15):

DEsg ¼A� gsg (15)

The surface energy contributed by the area immersed in the
water phase is calculated from Eq. (16):

DEsw ¼A� gsw (16)

The surface energy contributed by the eliminated gas�water
surface owing to the presence of a single nanosheet is obtained
from Eq. (17):

DEgw¼A� ggw (17)

Hence, the required energy to remove the adsorbed single
nanosheet to the water phase can be determined according to Eq.
(18):

DG¼DEsw � DEsg þ DEgw ¼ A�
�
gsw �gsg þggw

�
(18)

According to Young Eq. (12), Eq. (18) can be simplified to Eq.
(19):

DG¼Aggwð1� cos qÞ (19)
urface, b desorption energy of a specific nanosheet.
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Similarly, the required energy to remove the adsorbed single
nanosheet to the gas phase can be determined according to Eq.
(20):

DG¼Aggwð1þ cos qÞ (20)

According to Eqs. (19) and (20), the desorption energy of s single
nanosheet from the surface to the bulk phase is calculated and
drawn in Fig. 9b as a function of the contact angle of the nanosheet
surface. Several parameters of nanosheet size (Length, 60 nm),
surface tension (ggw, 55 mN/m), and temperature (298 K) are given
to calculate a single nanosheet's desorption energy. It concludes
that the maximum desorption energy is achieved as the contact
angle is 90�. Compared to a single spherical nanoparticle (R, 30 nm),
a single nanosheet requiresmore desorption energy to get rid of the
surface. This result signifies that nanosheets show a promising
prospect for improving foam stability.
Fig. 10. CLSM image of Pickering emulsions stabilized by SPI-CS nanoparticles (Yang
et al., 2020).
4.4. Emulsion stabilization improvement

Numerous literature and pilot plant studies confirm that oil
recovery can be improved through crude oil emulsification. Several
mechanisms, like micro displacement efficiency improvement,
macro sweep efficiency improvement, and oil viscosity reduction
(oil in water emulsion), are used to verify such phenomenon (Guo
et al., 2018; Karambeigi et al., 2015; Li et al. 2018b, 2019b; Ning
et al., 2018). Chen et al. (2013) reported that higher oil recovery
can be achieved when improving emulsification ability. Moreover,
emulsions were also used to block pores during steam flooding
(French et al., 1986). Therefore, improvement of emulsion stability
is necessary during the emulsion migration process under harsh
reservoir conditions.

Over the decades, Pickering emulsions stabilized by particles
have gained considerable attraction for EOR due to their advantages
in improving emulsion stability over conventional surfactant
emulsion (Tyowua et al., 2017; Zhang et al., 2018). Nanoparticles
can improve emulsion stability by forming single or multilayered
nanoparticle interfacial films at the oil-water interface (Stancik
et al., 2004). The mechanical strength and viscoelasticity of inter-
facial film can be improved by the adsorption of nanoparticles,
preventing oil droplets from deformation and collision coalescence
(Li et al., 2019b; Tambe and Sharma, 1995). Modified gold nano-
particles and alkane were evenly mixed to form O/W emulsions,
which were still stable during performed cooling-heating cycles
(Kubowicz et al., 2010). Additionally, adsorption behaviors of soy
protein isolate-chitosan nanoparticles (SPI-CS) at Pickering emul-
sion interfaces were characterized using confocal laser scanning
microscopy (CLSM), as shown in Fig. 10 (Yang et al., 2020). The SPI-
CS nanoparticles and corn oil were dyed with Nile blue (red) and
Nile red (green) to enhance the experiments' visual effect. It can be
intuitively observed that SPI-CS nanoparticles were tightly adsor-
bed at the oil-water interfaces, forming nanoparticles interfacial
film to prevent coalescence of adjacent oil droplets. Moreover,
Koroleva and Yurtow (2020) systematically studied Pickering
emulsions’ stability with magnetite/silica and gold/silica nano-
particles using experimental and mathematical modeling. Experi-
mental results demonstrated that Pickering emulsions stabilized by
magnetite/silica nanoparticles can prevent emulsions from coa-
lescence. It also confirms that silica and magnetite nanoparticles
can be adsorbed onto the oil-water interface to form chain-like
heteroaggregates extended into the bulk aqueous phase. The for-
mation of 3-D gel-like network around oil droplets is beneficial to
inhibit their demulsification and coalescence. Once the nano-
particles get adsorbed onto the oil-water interfaces, it is difficult to
be detached from the interface. The required desorption energy can
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be calculated based on Eqs. (13), (14), (19) and (20) just using the
relevant oil-water interface parameters instead of gas-water
parameters.

4.5. Structural disjoining pressure

Over the decades, nanofluid has been a promising candidate for
enhanced oil recovery. The conventional C-EOR mechanisms
cannot be used to interpret the faster spreading velocity of nano-
particles on the solid surfaces during the nanofluid flooding pro-
cess. Such behaviors of nanoparticles occur due to the formation of
disjoining pressure in the confinement of the three-phase contact
region formed by an oil drop on a solid surface. The disjoining
pressure is contained by van der Waals's force (Gennes, 1985).
Hirasaki (1991) proposed that the disjoining pressure is a combi-
nation of electrostatic forces and van der Waals' force. The above
two kinds of conventional disjoining pressures (CDP) are generated
due to the LondoneVan der Waals force with a short-range nature.
However, the most popular theory is the concept of structural
disjoining pressure (SDP). Recently, Wassan and Nikolov (Wasan
and Nikolov, 2003) proposed the concept of SDP, which is a kind
of force normal to the interface with long-range nature. The for-
mation of SDP results from spherical nanoparticles' ordering in a
confining region (wedge film). In other words, the origin of SDP is
due to the confinement of nanoparticles at thewedge film structure
instead of the freedom nanoparticles in the bulk phase. The wedge-
film depth can be extended from one nanoparticle to several
nanoparticle diameters along the direction of the opening of the
wedge film. An analytical expression (Trokhymchuk et al., 2001) for
calculating SDP based on a solution of the Ornstein-Zernike sta-
tistical mechanics is showed in the following Eqs:

PstðhÞ¼ � P; 0<h< d (21)

PstðhÞ¼P0 cosðuhþ42Þe�kh þP1e
�dðh�dÞ; h > d (22)

Where d is the diameter of nanoparticle, h is the wedge film
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thickness, and all other parameters (P0,P1, u, 42, k, d) in Eq. (22) are
fitted as cubic polynomials in terms of the nanofluid volume frac-
tion (4). P is the osmotic pressure, which is a function of the
nanofluid volume fraction, as shown in Eq. (23):

P¼ rkT
1þ 4þ 42 � 43

ð1� 4Þ3
(23)

Where,

4¼ 6np
pd3

(24)

Here, np is the number of particles per unit volume of the
system.

Known from Eqs. (21)e(24), the osmotic and structural dis-
joining pressures at the confinement region increase by increasing
the nanoparticles' volume fraction. The volume fraction is inversely
proportional to the diameter of a nanoparticle. The SDP depends on
the nanoparticle diameter, temperature, volume fraction, and other
nanoparticles’ properties. Moreover, the absolute value of struc-
tural disjoining pressure is equal to that of osmotic pressure when
the wedge film depth is less than the nanoparticle diameter. The
higher the osmotic pressure, the higher the SDP. The above results
are verified by the mathematical models of Chengara (Chengara
et al., 2004).

The SDP presents an oscillatory decay profile with the increase
of film thickness from vertex to bulk phase. The highest SDP at the
vertex of wedge film reaches 50000 Pa and enhances nanofluid
spreading. Meanwhile, the spreading of nanoparticles on the solid
surface can change the solid surface's wettability from oil-wet to
neutral-wet or water-wet. As a result, the oil drop trapped within
reservoir pores and throats can be gradually detached by thewedge
film's moving forward. Recently, ShamsiJazeyi et al. (2014) pointed
Fig. 11. Photomicrograph taken using reflected-light interferometry depicting the inne
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out that the structural disjoining pressure contained four compo-
nents: SDP, van der Waals, electrostatic, and solvation forces. Those
affect the detached process of oil drop from a solid surface to the
bulk phase. In particular, the ability of wettability alteration can be
virtually affected by the electrostatic force of nanoparticles. An
increase in electrostatic repulsive forces on the surface of the
nanoparticles can increase the disjoining pressure, which leads to
the spreading of nanofluid on the solid surface, followed by
detaching the oil drop from the solid surface.

Affected by structural disjoining pressure, the confinement re-
gion between oil drop, solid surface, and the water phase is distinct
at nanoparticles' presence or absence. Two distinct contact lines
(Fig. 11): an outer one (among the oil droplet, solid, and water film)
and an inner one (among the oil droplet, solid, and a mixed oil-
water film) were observed when seen from the top of oil drop
(Kondiparty et al., 2012). The outer contact line represents the
conventional three-phase contact line, while the inner line is the
boundary where the spreading edge of the nanofluid film and the
oil-solid interface meet. The inner contact line is formed and
gradually moves towards the center of the contact region between
the oil drop and solid surface due to nanoparticles' presence. This
spreading behavior of nanofluid is driven by the net spreading
force, which is defined as the difference between the film tension
gradient (structural disjoining pressure gradient) arising from the
structuring of the nanoparticles in the wedge confinement and the
contribution from the resisting capillary and hydrostatic pressures
(the buoyancy because the drop is sessile). Moreover, the nanofluid
film's spreading speed on the solid surface increases with an in-
crease in nanoparticle concentration and oil drop volume.

Wasan and Nikolov (2003) observed the formation of a two-
dimensional (2D) colloidal crystal structure in the wedge film
when the wedge film thickness was less than twice the nano-
particle's diameter. As the thickness of wedge film is more than
three times the nanoparticle's diameter, nanoparticles'
r and outer contact lines and the nanofluid film region (Kondiparty et al., 2012).
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arrangement in the wedge-film structure becomes disordered. The
vertex of wedge film can generate high disjoining pressure (nearly
50 kPa), promoting the wedge film moving forward and the
nanoparticles spreading on the solid surface. With the lapse of
time, the oil drop trapped on the solid surface is detached.

Zhang et al. (2014) investigated the dewetting phenomenon of
the simulated oil film in a glass capillary in the presence of nano-
particles, as shown in Fig. 12. The thick oil film formed after
nanofluid driven is unstable and broken to form an oil annular rim.
Finally, the annular rim is detached from the solid surface to form a
spherical oil droplet due to nanoparticles’ arrangement in the
wedge-film region. The observed phenomenon is repeatable. As a
result, the nanofluid can bewidely applicable in extracting crude oil
film from the rock surface during N-EOR.

However, it should be noted that the formation of SDP at the
confinement structure (wedge film) can be regarded as one of the
mechanisms for N-EOR when the volume fraction of nanoparticles
is more than 20 v% (Kondiparty et al., 2012; Wasan and Nikolov,
2003). The dewetting phenomenon occurred at the capillary tube
when the volume fraction of SiO2 was 20 v%. On the other hand,
Chengara et al. (2004) found that the contact line's position had no
appreciable change when the volume fraction of nanoparticles was
less than 20 v%. Those results demonstrate that nanofluids can only
play positive effects on removing residual oil from a solid surface
when the nanoparticles volume fraction is more than 20 v%.
However, many N-EOR experiments were conducted at a very
dilute concentration of nanoparticles in the literature (Hu et al.,
2016; Li et al., 2018a). Therefore, it is worthy of studying whether
the structural disjoining pressure arising from the confinement
wedge film region during N-EOR flooding can interpret the residual
oil removal process from the rock surface when the concentration
of nanoparticles is low. Moreover, the above phenomena and Eqs
are investigated and obtained when using spherical nanoparticles.
The critical volume fraction (20 v%) may be decreased when using
nanosheets due to their flake-like shape (Qu et al., 2021).

4.6. Depressurization and increasing injection

More oil reserve has been stored in low permeability reservoirs
(permeability 0.1 to 50 mD). Micron or nano-sized pores and
throats are widely distributed in low permeability reservoirs,
resulting in the higher injection pressure of displacing fluid and
lower oil recovery (Cheng et al., 2006). Hence, it is necessary to
reduce injection pressure and increase injection for high-efficiency
developing low permeability reservoirs.
Fig. 12. Evolution of hexadecane film inside the glass capillary (ID ¼ 282 ± 2 mm), (a)
thick film after nanofluid driven, (b) dewetting of the thick film in the form of the
annular rim, (c) formation of double-concave meniscus across the capillary, (d) rupture
of the thin film on the right side of the meniscus, (e-g) repeats the previous steps and
forms a cylindrical drop, (h) separation of cylindrical drops from the capillary wall by
the nanofluid (Zhang et al., 2014).
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Recently, nanofluids have been considered a kind of drag
reduction agent. Polesil, a kind of pressure-decreasing and
augmented injection agent consisting of nanoparticles, was firstly
applied in China (Lau et al., 2017). However, the effects of nano-
fluids applied in pilots were not very satisfactory owing to various
reasons. Yu et al. (2020) reported that micro-emulsion-based sili-
con nanofluids can reduce the water injection pressure to more
than 40% at the silica concentration of 1 wt%. Modified silicon di-
oxide (SiO2) was also prepared to achieve the highest pressure drop
rate (34%) when the injection volume was less than 0.3 times the
pore volume (PV) (Hai et al., 2020). Initially, the mechanism for
applying nano-silicon dioxide (SiO2) in the pressure drop and
enhancing water injection technology can be expressed as the
nano-adsorption layer replaces the hydration layer on the rock
surface, and then pore diameter is increased (Li et al., 2017a; Wasan
and Nikolov, 2003). However, the hydration layer height is found to
be around 5e30 nm at driven pressure of 0.01e2 MPa, which is the
same order of magnitude as the nanoparticle size (He and Hua,
1998). Hence, this interpretation may not be suitable for depres-
surization and increasing injection technology. Cottin-Bizonne
et al. (2003) found that the synergistic effects of wettability and
roughness of rock surface can significantly decrease the flow
resistance of fluids in pores and throats. Di et al. (2007) proposed
another mechanism for interpreting depressurization and
increasing injection. He thought that hydrophobic nanoparticles
can adsorb onto the rock surface to form nanoparticle layers instead
of replacing a hydrated layer. The slip effects of nanoparticles can
significantly decrease the flow resistance and then increase injec-
tion. The micro-tube was designed to study the impact of nano-
fluids injection rate and pore size distributions on pressure
reduction (Wang et al., 2018). Experimental results exhibited that
hydrophobic nanoparticles showed greatly pressure-decreasing
ability, first increased and then decreased with the injection rate
increases, as shown in Fig. 13. The results can be attributed to that
the adsorption of hydrophobic nanoparticles improves rock surface
roughness.
Fig. 13. Effects of injection rate on pressure-decreasing when using microtube (Wang
et al., 2018).
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5. Nano-assisted C-EOR

Recently, C-EOR and N-EOR technologies are two major
branches to enhance oil recovery. Many reviews focus on the syn-
ergism of C-EOR and N-EOR technologies (nano-assisted C-EOR)
(Cheraghian and Hendraningrat, 2016; Kamal et al., 2017; Negin
et al., 2016). For instance, combinations of nanoparticles and
polymers are manipulated to improve the properties of pure
polymer solutions, such as thermal stability, viscoelasticity, and
mechanical stability. Taborda et al. (2021) reported that polymer
solution's thermal stability and viscosity retention can be signifi-
cantly improved by introducing nanoparticles, resulting in an
excellent mobility ratio during the polymer flooding process. Kang
et al. (2019) also hadmixed the silica nanoparticles and amphiphilic
polymer to form an NP-polymer composite under high temperature
and high salinity conditions. Results showed that the polymer so-
lution's apparent viscosity and viscoelasticity were significantly
increased after silica NPs addition (Fig. 14). The synergistic effect of
titanium dioxide NPs (optimal concentration, 2.3 wt%) and HPAM
polymer solution was also evaluated to mobilize dead oil from
sandstone core samples (Cheraghian and Goshtasp, 2016a). Results
revealed that improved oil recovery was ascribed to the improve-
ment of viscosity after TiO2 addition.

Apart fromNP-polymer synergism, NP-surfactant synergism has
also beenwidely studied for further changing interfacial properties
(Munshi et al., 2008). The mixtures of surfactants and NPs can
further lead to IFT reduction, wettability alteration, oil viscosity
reduction, foam/emulsion stability improvement, and capillary
force decrease (Ravera et al., 2006; Rosen et al., 2005). A novel
nanofluid was prepared by combining the positively charged
amino-terminated silica nanoparticles (SiNPeNH2) with a nega-
tively charged anionic surfactant (Soloterra 964) via electrostatic
force (Zhou et al., 2019). Results proved that oil-water interfacial
tension was decreased by 99.85%, and the contact angle was
increased by 237.8% over the original value of 13.78 mN/m and
43.4�, respectively. The interfacial tension of the oil-brine system
was decreased from 19 to 8 mN/m after introducing SiO2 nano-
particles (Hendraningrat et al., 2013). Moreover, more than 13% of
Fig. 14. Mechanism of silica NPs to improve amph
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heavy oil recovery was achieved using the mixture of SDS/SiO2 NPs
compared to SDS alone (Cheraghian et al., 2017). The oil recovery
improvement can be attributed to the increased viscosity of the
displacing phase. Many similar results, including IFT reduction and
wettability alteration from oil-wet to water-wet after introducing
nanoparticles, were also reported by other published papers
(Ahmed et al., 2018; Al-Anssari et al., 2017; Cheraghian and
Goshtasp, 2016b; Parvazdavani et al., 2014).

6. Current challenges and future prospects of nanoparticles for N-
EOR

Although many nanoparticles (SiO2, CuO, MoS2, etc.) have been
successfully studied to enhance oil recovery in the laboratory, there
are still many concerns limiting their applications from laboratory
scale to field scale. This section discusses the current challenges and
future prospects faced by nanoparticles in EOR.

6.1. Improvement of nanofluid stability

Nanoparticles are often used to enhance oil recovery in the form
of nanofluid. The dispersion degree of nanoparticles in a specifically
based fluid has been affected by temperature, salinity, based fluid
properties (alcohol, water), nanoparticles’ surface properties, etc.
Once unstable nanofluid is injected into complex reservoirs, the
solid nanoparticles tend to aggregate or deposit to form a large size
cluster, resulting in damage to reservoir permeability and pores and
throats structures. Hence, nanofluid stability improvement, espe-
cially under harsh reservoir conditions (high temperature, high
salinity and etc.), should be considered before following properties
evaluation.

6.2. Improvement of surface activity of nanoparticles

Amphiphilic (Janus) nanoparticles with hydrophilic and lipo-
philic nature show excellent properties for EOR over SHNPs. As a
kind of solid surfactant, amphiphilic nanoparticles can significantly
reduce interfacial tension, self-adsorb onto the interface, and
iphilic polymer viscosity (Kang et al., 2019).
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change interface properties. Commonly, the SHNPs possessing
single wettability (hydrophilic or hydrophobic) tend to disperse
into the bulk phase instead of interfaces and have no apparent
contributions to interface properties. Therefore, amphiphilic
nanoparticles are superior to SHNPs for N-EOR.
6.3. Clarification in EOR mechanisms and flow in porous media of
nanofluids

Apart from interfacial tension reduction, wettability alteration,
and foam/emulsion stability improvement, nanofluid's unique oil
displacement mechanism is the generation of structural disjoining
pressure in the confinement structure (wedge film). However, as
mentioned above, this structural disjoining pressure occurs when
the volume fraction of used spherical nanoparticles is more than 20
v%. Therefore, we should urgently reveal the mechanisms for oil
displacement during the N-EOR process while using nanofluid.
Moreover, can the critical value for volume fraction (20 v%) be
decreased when using nanosheets?

Another concern limiting nanofluid application to field scale is
the flow in porous media of nanofluid during N-EOR. There is no
definite answer for adding solid nanoparticles to the water phase to
affect the flow in porous media of the water phase, such as the
relative permeability curve.
6.4. Production cost reduction of nanofluid

Lastly, there are many ways to prepare various nanofluids.
However, it is necessary to reduce nanofluids’ production costs as
the oil price decreases, which is also the economic premise for the
broad application of nanofluids from laboratory scale to field scale.

As the price of chemicals is increasing, nanofluid oil displace-
ment technology (N-EOR) can replace traditional chemical oil
displacement technology (C-EOR) in the future due to the
numerous advantages of nanoparticles and the relatively low pro-
duction cost. Over the decades, SiO2 nanoparticles are the most
widely used nanomaterial to boost EOR. However, using different
nanomaterials instead of regular spherical nanoparticles may yield
better results in EOR due to their unique physical and chemical
properties.
7. Conclusion

This work summarizes the most recent progress of nano-
particles used as nanofluids for enhancing oil recovery. Here, we
mainly summarize the preparation methods of amphiphilic nano-
particles for the crude oil development, followed by the evaluation
techniques for nanofluid stability. The mechanisms of nanofluids
during N-EOR processes in terms of interfacial tension reduction,
wettability alteration, foam stabilization, emulsion stabilization,
structural disjoining pressure, and depressurization-increasing in-
jection are also discussed and reviewed. Compared to SHNPS, the
amphiphilic nanomaterials show great potential in improving oil
recovery. However, there is much literature focusing on the appli-
cations of nanofluids for oil recovery at the laboratory level, but the
successful field applications are few. Besides, we also summarize
the limitations on their applications from laboratory scale to field
scale in terms of large-scale production, lower production cost, and
surface properties improvement. Such difficulties can be over-
thrown by improving the synthesis techniques. Thereby, the
nanofluid can still be regarded as an outstanding candidate for
enhancing oil recovery significantly in the future.
896
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