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Nanofluid application in enhanced oil recovery (EOR) recently emerged and garnered significant attention
within the field. Nanofluids possess unique properties of reducing oil-water interfacial tension, stabilizing
emulsions, altering rock surface wettability, and enhancing disjoining pressure between crude oil and
rock surfaces, therefore have potential for the oil recovery process. This review provides an in-depth
exploration of various aspects related to nanofluids in EOR. Different types of nanofluids are presented
with their preparation methods and representative properties. More importantly, the disjoining pressure,
a key physical concept in nanofluid-assisted EOR, is introduced and discussed in terms of the
mechanism of oil displacement and measurement methods. Further understanding the role of disjoining
pressure in nanofluid-assisted oil displacement is necessary for the development and application of

rsc.li/rsc-advances effective nanofluids for EOR.

1. Introduction

In the petroleum industry, enhanced oil recovery (EOR) stands
as a pivotal and indispensable phase within the oil production
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process, designed to extract crude oil from reservoirs that would
otherwise remain unrecoverable.”* EOR is defined as the
injection of a special solution/gas into the reservoir so that
crude oil trapped inside can be driven out of the pore or gap.®
Four prevalent EOR techniques have emerged, including
chemical injection, gas injection, microbial methods, and
thermal processes.®® Briefly, chemical injection EOR is
a process that injects selected chemicals into the reservoir,
thereby altering the reservoir's physicochemical properties.*
Meanwhile, gas injection EOR mainly uses CO, as the primary
agent to displace oil."* Microbial EOR, on the other hand, relies
on the utilization of microorganisms and their metabolic
byproducts to effectively mobilize oil from reservoirs.'> Thermal

Han Gao is a PhD candidate in
the School of Mechanical Engi-
neering and Automation at Bei-
hang University, China. His
research ~ focuses on  the
dynamics and manipulation of
nanoparticles.

Han Gao

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra03036b&domain=pdf&date_stamp=2024-07-23
http://orcid.org/0000-0003-1216-9033
http://orcid.org/0000-0002-6370-9709
http://orcid.org/0000-0003-4322-244X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03036b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014032

Open Access Article. Published on 24 July 2024. Downloaded on 4/26/2026 8:54:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

processes can decrease oil viscosity or change the rock's
wettability by introducing heat into a light oil reservoir.®

Nanofluid EOR, a special chemical EOR method, has been
proposed and attracted significant attention within the field
recently.”®"” A nanofluid, in brief, is a suspension comprising
solid nanoparticles that are uniformly dispersed within
a solvent medium."*® It has been reported that nanofluids
show many advantageous properties inherent in the context of
EOR, including high stability, low erosion, and friction coeffi-
cients, and good lubrication.**** Furthermore, the distinctive
characteristics exhibited by the contained nanoparticles,
including their small size and high surface-to-volume ratio,
significantly contribute to the reduction of oil-water interfacial
tension and the alteration of rock wettability.**

Due to the potential advantages offered by nanofluids in
EOR, researchers have dedicated efforts to investigating the
mechanisms behind oil recovery through nanofluids. Prior
studies have identified four primary aspects of the EOR mech-
anism involving nanofluids: (1) reduction of oil-water interfa-
cial tension, (2) enhanced stability of oil-water emulsions, (3)
alteration of rock wettability, and (4) increase of disjoining
pressure between oil and rock surface. The reduction of the oil-
water interfacial tension is the result of a single or multi-layer
film of nanoparticles that are strongly adsorbed on the oil-
water interface.”*” In addition, these solid particles create an
interconnected network that envelops the oil-water emulsions,
giving rise to the enhanced stability and resistance to
rupture.”®*® Moreover, nanoparticles can attach to the surface of
rocks, generating diverse structures that effectively transform
the wettability of the rock. The simulation proved that the
water-wet state has a higher oil recovery than the oil-wet state
for oil-saturated pores and wettability effects can help oil to
detach from the pore walls for oil-unsaturated pores.** More
importantly, recent studies found that the disjoining pressure,
generated by the orderly accumulation of nanoparticles at the
oil-water-solid three-phase interface, can effectively separate
the oil from the rock surface.'***-** While the reduced oil-water
interfacial tension and altered wettability due to strong
adsorption of nanoparticles to the oil-water interface or the
rock surface are well understood, the systematic assessment of
the role of disjoining pressures in EOR is still lacking.
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This review focuses on the role of disjoining pressure in the
presence of nanofluids and its consequential impact on the
EOR processes. The review is structured in the following way.
The first part introduces different types of nanofluids and their
preparation methods. Key properties of those nanofluids,
including suspension stability, thermophysical properties, and
flow properties, are also presented. In the second part, the
disjoining pressure is defined and formulated in terms of its
three components including van der Waals force, electrostatic
force, and structural disjoining pressure, followed by a discus-
sion on the mechanism of the disjoining pressure in EOR. The
third part reviews the measurement methods in the study of
disjoining pressures, including the direct measurement of and
the indirect method through the liquid film thickness. Finally,
the prospects of the nanofluids in EOR are discussed, therefore
offering a forward-looking perspective on this topic.

2. Nanofluids used in EOR

2.1 Preparation methods of nanofluids

Nanofluids are defined as suspensions obtained through the
even dispersion of nano-sized solid particles in liquid media
such as water, ethylene glycol, and oil. The liquid component is
immiscible with solid particles, and the size of solid particles is
in the range of 1-100 nm. As a major component of nanofluids,
the appropriate selection of nanoparticles is crucial in
improving the efficacy of EOR.**>** Generally, nanoparticles
can be categorized into four groups: metals, metal oxides, non-
metallic oxides, and carbon nanotubes based on their chemical
composition, as detailed in Table 1. There are also some
nanoparticles not included in this category, such as copper
quantum dot/polyacrylamide composite nanospheres,*” MoS,,*
Kaolinite-based Janus nanosheets,*® 2D Janus polymer nano-
sheets.” Currently, non-metallic oxide nanoparticles and metal
oxide nanoparticles are widely applied in EOR, primarily due to
their capacity to alter the wettability of rocks or reduce oil-water
interfacial tension.***>** Particularly, as a principal rock
component, SiO, nanoparticles are commonly used for EOR
application.’>**** Chaturvedi et al. prepared a stable SiO,
nanofluid that interacts with polymer chains and creates
a steric barrier to improve CO, absorption for oilfield applica-
tions.*® Moreover, the SiO, nanofluid could also improve CO,
flow and reduce formation damage in porous media for carbon
utilization.®®

There are two main preparation methods for nanofluids,
namely the one-step method and the two-step method.®””” In
the one-step method, nanoparticles are generated and
uniformly dispersed into the base liquid within the same
preparation process.”* In the two-step method, by contrast,
nanoparticles are first prepared, mostly using the solution-
based method, and then dispersed in a certain proportion
into the base fluid.”” To ensure uniform dispersion of nano-
particles, techniques including ultrasonic vibration, magnetic
stirrer, and the addition of dispersant to the fluid are commonly
employed.””* Nanofluids prepared by the one-step method
usually exhibit high purity and good stability, which determine
whether the nanoparticles can function effectively, especially in
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Table 1 Nanoparticles in nanofluids and improvement in EOR

View Article Online

Review

Categories Examples

Advantages

Metals
Metal oxides

Cu,34’35 Ag,‘% Au,37,38 Fe,39 etc.

Non-metallic oxides Si0,,*® CaC0,,* etc.

Carbon nanotubes MWCNT,’> DWCNT"?

nanofluid flooding systems. For example, Aberoumand et al.”
used the one-step method to prepare a Cu nanofluid, composed
of high-purity copper nanoparticles and engine oil without
surfactant and exhibiting good stability at room temperature.
Despite the advantage of avoiding the oxidation of nano-
particles and the separate processes like drying, transportation,
storage, and additional dispersion of nanoparticles, the one-
step process entails complexity and necessitates substantial
equipment investment, rendering it unsuitable for large-scale
production endeavors.”>”® On the other hand, the two-step
preparation process is simple, cost-effective, and therefore
feasible for large-scale production. Nevertheless, nanofluids
produced through the two-step method tend to be relatively
unstable, prone to coalescence and precipitation, and therefore
often require stirring or the inclusion of dispersants.**”®

2.2 Properties of nanofluids

Compared to the general fluid without nanoparticles, nano-
fluids exhibit special characteristics of thermophysical and flow
properties.”” The addition of nanoparticles can improve the
thermal conductivity of simple fluids such as glycol and water.
For example, Xing et al.”® found that the thermal conductivity of
carbon nanotube nanofluid was higher than that of base fluid
deionized water, and increased with the increase of the nano-
particle concentration and temperature. As for the flow prop-
erty, it is well observed that the nanofluid shows higher viscosity
than that of the base fluid, and the viscosity increases with the
concentration of nanoparticles.” The higher viscosity of nano-
fluids can improve the mobility ratio.*® For a high viscosity ratio,
displacement occurred in the form of capillary fingers at low
capillary numbers while the displacement gradually became
stable at high capillary.®* Interestingly, even in cases where
nanofluid viscosity rises with concentration, Sefiane et al.*
found that aluminum nanofluids exhibit greater spreading
capability across solid surfaces compared to ordinary fluids,
even though the viscosity of the nanofluids is higher.

In addition to the general ones discussed above, the prop-
erties of nanofluids particularly important for EOR are the
ability to alter the interfacial tension (IFT) of oil-water and the
wettability of rock. Joonaki and Ghanaatian® studied the effect
of three nanofluids (Al,O3, SiO,, Fe,0;3) on IFT, revealing that
increasing the nanoparticles concentration led to reduced IFT
and a shift towards a more neutrally wetted solid surface.
Notably, SiO, was more efficient in reducing IFT between oil
and water. Tohidi et al.®* proved that silica Janus nanoparticles

23324 | RSC Adv, 2024, 14, 23322-2333]

ALO;,"" Cu0,"* Ti0,, """ Zr0,,"" etc.

Electrical conductivity and chemical catalysis
Alter the wettability of carbonate reservoir
rocks*®

Reducing oil-water interfacial tension in light
reservoirs®® and non-polluting as the main
component of rock>?

Reducing the viscosity of crude oil**

can increase the viscosity of water phase and reduce the IFT
using molecular dynamics simulation. Furthermore, a hydro-
philic SiO, nanofluid displayed the ability to enhance the
performance of anionic surfactant in reducing IFT.*® Besides,
Moradi et al.®* highlighted that SiO, nanofluid can induce
alterations in the wettability of carbonate rock by adsorbing it
onto its surface. Particularly significant wettability changes
were observed when the proportion of SiO, nanoparticles was
elevated.” Wettability alteration can also be estimated using
simulation methods. Boampong et al.*® developed a model that
showed oil adsorption was still possible, even when the oil-
brine and the rock-brine interfaces had the same polarity of
zeta-potentials in a low-salinity water flooding system. There-
fore, the wettability alteration is not related only to the polari-
ties of the interface zeta-potentials, but also to the magnitude of
the zeta-potentials.

Furthermore, the addition of surfactants, such as anionic
sodium dodecyl sulfate (SDS)* and cationic hexadecyl-
trimethylammonium bromide,* nonionic pentaethylene glycol
monododecyl ether,* enhancing the stability of nanofluid can
also promote the oil recovery. Kumar et al.** found that the
synergy between SDS and SiO, nanofluid subdued surfactant
adsorption in both unconsolidated and consolidated porous
media even at high salinity. Besides, Chaturvedi et al.** added
SDS into SiO, nanofluid leading to an improvement in the fluid
stability by reducing salt-induced nanoparticles agglomeration.
The displacement results also showed that the surfactant used
in the SiO, nanofluid for oil recovery applications provides
better results than sole silica nanofluid at high temperatures
and salinity.

Except for bare SiO, nanoparticles, other nanoparticles such
as bare ZrO,, functionalized MoS,, or grafted SiO, nanoparticles
were also reported to be used in EOR. Karimi et al.*® prepared
a ZrO, nanofluid that could alter the wettability of a carbonate
reservoir rock from strongly oil-wet to a strongly water-wet
condition. Moreover, the imbibition of ZrO, nanofluid into
core plugs which could quickly recover oil. Functionalized
nanofluid also be used in EOR. Liang et al.** improved the
dynamic stability of MoS, nanoparticles functionalized by
octadecyl amine molecules. The prepared nanofluid could
reduce IFT and emulsify crude oil to a micro size which was
better for EOR. In addition to being directly used as a displace-
ment agent, there are also many reports using nanoparticle
grafting other materials for EOR. Pillai et al.** found that adding
lysine-grafted SiO, nanoparticles into surfactant could also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reduce IFT to the ultralow range and improve the stability of
emulsions. Corredor et al.®® reported that the fabricated nano-
polymer sols (polyacrylamide-grafted SiO,) exhibited lower IFT
and the ability to alter the wettability of the substrate from oil-
wet to intermediate-wet. Furthermore, the addition of the
nanopolymer into hydrolyzed polyacrylamide solution could
improve the solution's thickening behavior at all salinities, and
increase the oil recovery of the polymer solution.

The addition of nanoparticles to assist in flooding control is
also being considered. Saw et al.*® found that the synergistic
effects of reducing IFT between low-salinity water and SiO,
nanoparticles can increase oil recovery significantly. In nano
emulsion flooding systems, adding nanoparticles could
increase droplet stability® and ionic strength,®” which is also
effective in EOR.

3. Disjoining pressure
3.1 Definition of disjoining pressure

Disjoining pressure is a thermodynamic concept proposed to
describe the pressure difference between the inside and outside
of a thin liquid film confined between two surfaces. This
phenomenon arises due to the interaction forces at the molec-
ular level and can influence the stability and behavior of liquid
films in various contexts, including colloid science, wetting, and
spreading phenomena,”®* and also in EOR applications.”*'*

In the surface physics framework, disjoining pressure is
defined as the derivative of energy as a function of the film
thickness for a liquid film confined between two surfaces, either
attractive or repulsive. For two flat and parallel surfaces, the
disjoining pressure can be calculated as the derivative of the
Gibbs energy per unit area.

Considering the intermolecular interactions, the disjoining
pressure (IT) comes from three main components.**

=1, + I+ I (1)

where I1,,, Il., II; indicate van der Waals force, electrostatic
force, and structural disjoining pressure, respectively.
The van der Waals force (I1,,) is given by

67th’

where h is the thickness of the film and Ay is the Hamaker

constant determined by the three-phase dielectric constant,

which is generally at the order of 10~"° J for a strongly hydro-

philic oil-water-solid system.'* IT,,, is caused by intermolecular

interactions and is a long-range attractive force, which is

essential for microscale droplet spreading and film stability.
The electrostatic force (II) can be written as

kT
E&) e (3)
2h?

(2)

I, =

. =

where ¢, ¢, represent dielectric constants of vacuum and water
respectively, k is the Boltzmann constant, T'is the temperature, z
is the zeta potential, and e is the electronic charge. II, can be
a long-range repulsive force or attractive force, which depends

© 2024 The Author(s). Published by the Royal Society of Chemistry
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on the zeta potential.*® For example, the brine/oil zeta potential
displays negative,'®® while the brine/calcite zeta potential is
positive.***

The structural disjoining pressure (II;) is analytically
expressed as

—P, 0<h<d

(h) = —ch ~5(h—d) )
Iy cos(wh + @,)e™ + e , h>d

where II,, II,, w, ¢,, k are coefficients related to the volume
fraction of nanoparticles, ¢ is the short-range decay coefficient,
d is the diameter of nanoparticles, and P is the volume osmotic
pressure, whose expression is

P =pkT (5)

1+¢+¢*— ¢’
(1- )

where p denotes the particle concentration. As the volume
fraction ¢ of nanoparticles increases, the structural disjoining
pressure and osmotic pressure also increase. II; is a short-range
repulsive force and it plays an important role for the properties
of the solid-liquid interface.*®®

3.2 Effects of disjoining pressure in EOR

In the context of EOR, disjoining pressure is used to understand
the interaction between oil, water, and solid surfaces within
porous rock. When nanoparticles accumulate orderly at the oil-
water-solid interface, they can create a pressure difference
within the confined spaces of the rock's pores. This disjoining
pressure can help detach oil from the rock surface, aiding in the
recovery of oil during EOR processes.>>?®

Within nanofluid flooding systems, structural disjoining
pressure as a component of disjoining pressure described in 3.1
is dominating compared to the other two components. The
reason is that the structural disjoining pressure has a greater
range and magnitude than the van der Waals and electrostatic
forces in terms of long-range properties. The foremost source of
structural disjoining pressure arises from the organized
arrangement of nanoparticles. Thus, the structural disjoining
pressure is related to the volume fraction of nanoparticles, and
increasing volume fractions lead to larger structural disjoining
pressures and thus enhanced spreading.®” Recently, Shane®
used the microchip to visualize the EOR process induced by
structural disjoining pressure in a porous environment and
proved the disjoining pressure, not the IFT reduction enhanced
oil recovery using high-volume fraction nanofluids. Under the
combined effect of Brownian motion and electrostatic repulsion
between particles, nanoparticles dispersed in water accumulate
orderly and then form a gradually advancing wedge-shaped film
at the three-phase interface (oil-nanofluid-substrate) as shown
in Fig. 1(a)."® Further observations reveal that the structural
disjoining pressure was perpendicular to the front oil-water
interface and attenuated exponentially with the film thick-
ness.'*'*” The attenuation factor and the oscillation period
were equal to the effective diameter of the nanoparticles. As
a result, the structural disjoining pressure at the front of the
wedge film was higher than that near the body of the fluids.

RSC Adv, 2024, 14, 23322-23331 | 23325
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(a) Forces operating at the three-phase contact line when introducing nanofluids. Reprinted with permission from (ref. 100). Copyright

2014 American Chemical Society. (b) Photomicrograph taken by reflected-light interferometry depicting the nanofluids' structural disjoining
pressure in the nanofluids film region. Reprinted with permission from (ref. 105). Copyright 2012 American Chemical Society. (c) The oil
displacement mechanism of nanofluids in rock pores. Reprinted with permission from (ref. 106). Copyright 2018 American Chemical Society.

Concurrently, as the structural disjoining pressure increases,
the tension at the vertex of the wedge-shaped film rises
gradually.

The effect of the structural disjoining pressure for the oil
displacement in EOR is usually manifested in the contraction of
the contact line of oil drops, which strips the crude oil from the
rock surface. Kondiparty et al.’® observed two distinct contact
lines during the separation of oil droplets from a solid silica
surface in the presence of a nanofluid (Fig. 1(b)). The outer line
is the macroscopic three-phase contact line, and the inner line
corresponds to the advancing nanofluid film driven by struc-
tural disjoining pressure. The dynamics of the inner contact
line depend on the combination of the nanoparticle formula-
tion, contact angle, and capillary pressure.'®® As for flooding in
rock, porous rock can be regarded as a network structure
composed of capillaries of different sizes. As shown in Fig. 1(c),
due to Brownian motion and electrostatic force (described in
Fig. 1(a)), whether the oil droplets are in the pipeline or on the
wall, nanoparticles accumulate in the three-phase region.'* The
inducing structural disjoining pressure promotes the detaching
of the oil droplets, thus enhancing the efficacy of oil
displacement.

3.3 Measurement of disjoining pressure: direct and indirect
methods

3.3.1 Direct methods. A common way to measure the dis-
joining pressure is a variant of a Mysels cell proposed by

23326 | RSC Adv, 2024, 14, 23322-23331

Bergeron.'” As shown in Fig. 2(a), a porous glass with a micro
hole in the center is welt with a capillary tube (radius r), and
which other side is placed out of a chamber. The pressure of the
air in the chamber controlled by a syringe pump is high
compared to the pressure in the cell. Thus, a film will form in
the hole when liquid is injected from the side tube, and the
liquid will keep a height (%), because of the pressure difference
internal and external of the chamber. Once the system is in the
state of equilibrium, the disjoining pressure (II) is

(6)

27y
’Yl_pgh

=P, — Pt~

where vy, is the surface tension, p is the density of liquid. Py — P,
can be measured by a pressure transducer.

There are also some improved methods based on Mysels
cells to measure disjoining pressure for specific liquid film
systems. Dimitrova et al.*'®"** replaced the chamber with an
open container, and the capillary side welt with a glass tube that
the other side is connected with the pressure controller
(Fig. 2(b)). This setup can avoid the touch between a precise
pressure transducer and the organic liquid as oil phase when
investigating both foam and emulsion films. It also solves the
practical difficulties of applying pressure jumps on the two
sides of the chamber.

In addition to the conventional methods mentioned above,
a new method based on microfluid channels to measure dis-
joining pressure is proposed by Zou et al'> As shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Experimental setups for measuring the disjoining pressure. (a) Setup proposed by Bergeron. Reprinted with permission from (ref. 110).
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permission from (ref. 112). Copyright 2021 American Chemical Society.

Fig. 2(c), a silicon wafer is etched to form several parallel
nanochannels whose length and width are 2 cm and 10 pm, and
two deeper reservoirs connect with these channels. When one
reservoir is fulfilled with water, the water will be sucked into
these nanochannels because of capillary pressure. Finally, the
disjoining pressure is calculated using the wicking distance,
contact angle measured by image analysis, and other constant
parameters including dynamic viscosity and surface tension of
water, channel's height, and width. This method can simplify
device requirements, such as precise pressure transducer, in
comparison to using Mysels cells. In addition, the depth of the
microchannel, that is, the thickness of the formed film, can be
customized by etching, so that the disjoining pressure corre-
sponding to different film thickens can be measured.

3.3.2 Indirect methods: the measurement of liquid film
thickness. An indirect way to characterize the disjoining pres-
sure is to measure the thickness of the film, which is closely
related to the disjoining pressure according to the definition.
During the measurement of film thickness, the formation
process of the film can be characterized by the change in the
thickness of the nanoparticle layers. A common Scheludko
interferometric method was applied to measure the thickness of
emulsion films described in many works."'*"**3114 While

© 2024 The Author(s). Published by the Royal Society of Chemistry

a monochromatic light reflects from the film, an interferometric
image can be captured (Fig. 2(b)). Thus, the film thickness is
calculated from the following relation

I — Iyin )
Linax — Iimin
where I is the intensity of the reflected light, ;. and I, are the
maximal and minimal intensity of the reflected light, respec-
tively, k = 0, 1, ... is the order of the interference maximum, A is
the wavelength of the incident light, and n is the refractive index
of the liquid film. For greater precision, a photomultiplier tube
is employed to determine the intensity of the reflected light.**
Except for forming in a cell, the film also forms near the three-
phase contact line of a drop on a solid surface. In this situation,
to measure values of the film thickness, which is directly related
to the number of particle layers on a solid surface, Nikolov
et al.**® used the combined differential and commonly reflected
light interferometric method to measure the film thickness of
stacked nanoparticles (Fig. 3(a)). To achieve that, a specially
designed glass cell eliminating light reflection from the solid
substrate is combined with a differential interference micro-
scope to observe nanoparticle self-structuring, the film thick-
ness measured in this way can reach tens of nanometers.

h= A (kTC + arcsin (7)

21tn
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(a) Observation of nanoparticle self-structuring. Reprinted with permission from (ref. 115). Copyright 2010 American Chemical Society. (b)

Bubble-based film nanofluidic for film thickness measurement. (i) A snapshot of bubble formation. (i) Picture of setup. (iii) An equivalent circuit of
the system. Reprinted with permission from (ref. 116). Copyright 2020 Springer Nature.

Different from the common Scheludko interferometric
method using optical filtering, a new method to produce
monochromatic interferograms or images is proposed. Kar-
akashev et al™ used a CCD high-speed camera to record
the interferometric images of the whole transient films.
The acquired images are then postprocessed using digital
filtration techniques to generate monochromatic interfero-
grams. In this way, different digital filters with different wave-
lengths to obtain the monochromatic interferograms can be
provided.

In contrast to traditional optical measurements, electrical
methods have also proven to be useful for measuring film
thickness. Ma et al.'*® proposed a method that measures the
film conductance to calculate the film thickness based on the
derived relation between the film thickness and conductance
(Fig. 3(b)). In their measurement method, a liquid film nano-
channel was constructed by inserting a gas bubble in a glass

23328 | RSC Adv, 2024, 14, 23322-23331

capillary, and the film thickness was calculated by measuring
the resistance within the channel (Fig. 3(iii)). In contrast to the
previous interferometric methods, this method requires less
complex optical imaging equipment. However, this method can
only measure the average film thickness of the system, while the
interferometric method can observe the global and local
changes in film thickness in real-time.

4. Conclusion and future prospects

Oil displacement is a complex process, especially when nano-
fluids are used as agents. Through the extensive review of the
literature related to nanofluids and disjoining pressure, we can
summarize the following findings on this topic:

(1) The integration of nanoparticles in nanofluids has
demonstrated a remarkable ability to alter the oil-water inter-
facial tension and rock surface wettability. These changes are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pivotal in enhancing the efficiency of oil recovery processes by
improving the mobility and extraction of trapped crude oil.

(2) The concept of disjoining pressure, generated by the
orderly self-assembly of nanoparticles at the oil-water-solid
interface, is crucial in the nanofluid-assisted EOR. This pres-
sure helps in detaching crude oil from rock surfaces, thereby
significantly enhancing the oil displacement efficiency. Under-
standing the dynamics of disjoining pressure can lead to more
effective EOR strategies.

(3) The primary research focus on nanofluid-assisted EOR is
on identifying and developing more efficient nanoparticles that
can optimize the flooding effect in EOR. This involves exploring
different types of nanoparticles and their unique properties to
determine the most effective combinations for oil recovery.

Despite the research progress survey in this review, there are
still more work need to be done to further understand the crucial
role of disjoining pressure in the nanofluid-assisted EOR.
Particularly, it is imperative to delve deeper into the mechanisms
of oil displacement facilitated by nanofluids beyond the identi-
fication of efficient nanoparticles. A comprehensive under-
standing of how disjoining pressure and other factors interact
during the EOR process will be crucial for developing more
effective applications. While indirect observations have provided
valuable insights into the behavior of nanoparticles, there is
a significant gap in the direct experimental observation of
nanoparticle accumulation processes and the precise measure-
ment of disjoining pressure in the three-phase region. Future
research should aim to develop advanced experimental methods
for direct observation and measurement. Additionally, theoretical
and simulation studies should continue to evolve, providing
deeper insights into the underlying mechanisms and guiding the
practical application of nanofluids in EOR.
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