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ABSTRACT

Nanoparticles are gaining prominence in enhanced oil recovery (EOR) due to their distinctive capability to alter
reservoir wettability and enhance oil displacement. Currently, they are a vital technique for EOR. The stability of the
nanoparticles in high salinity plays an essential role in their functionality. This study has effectively quantified the
stability of silica (SiO2) and alumina (Al.0s) nanoparticles in high-salinity reservoirs based on experimental
estimations of their disjoining pressure at multiple ionic strengths. The study uses Atomic Force Microscopy (AFM)
to measure disjoining pressure. Results show that, SiO. nanoparticles exhibit strong Van der Waals attraction at low
salinity with weak electrostatic repulsion, leading to a total negative disjoining pressure of about-2.162x107!2 Pa. on
the other hand, as salinity increases to 2 M, electrostatic repulsion nearly offsets Van der Waals attraction, indicating
an improved stability. In contrast, the Al.Os nanoparticles exhibit strong electrostatic repulsion at low ionic strength
concentration, ensuring dispersion. However, as the ionic concentration reaches 2 M, repulsion weakens and Van der
Waals attraction dominates, leading to a total negative pressure of about -1.074x107'2 Pa with increased aggregation.
Thus, our findings suggest that SiO- nanoparticles are more likely stable at high salinity, while Al-Os nanoparticles
perform better at low salinity. Moreover, this work has provided critical insights for optimizing nanoparticle selection
in EOR applications to enhance stability and efficiency in varying reservoir conditions.
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1.0 INTRODUCTION

Nanoparticle interactions in high-salinity environments
have emerged as a crucial area of study across multiple
scientific fields, particularly in nanotechnology and
materials science (Hosny et al., 2023).Specifically
silicon dioxide (Si0,)yand aluminium oxide (Al.O3), has
attracted a lot of research interest for Enhanced oil
recovery (EOR) due to their unique qualities of modifying
reservoir characteristics for enhanced oil recovery
efficiency(Hu et al., 2023) .Also, it is imperative to
understand the behavior of nanoparticles so as optimize
their utilization under high saline conditions.

However, their behavior in saline conditions, where ionic
strength is significantly elevated, remains a key factor in
determining their efficiency and stability in such
applications(Isah et al., 2022). One of the central forces
that governs the stability and dispersion of nanoparticles
in high-salinity environments is disjoining pressure.

Being one of the important aspects that affects the
behavior nanoparticles, disjoining pressure may be refers
to as the pressure difference across a thin film of liquid,
which can be influenced by the presence of nanoparticles.
This pressure influences the stability and aggregation
tendencies of nanoparticles such as SiO. and Al:Os,

especially under high salinity conditions(Peng et al.,
2024). The phenomenon disjoining pressure arises from
either van der Waals forces or electrostatic repulsion
which plays a pivotal role in stabilizing these
nanoparticles during dispersion(Ibrahim Youssif & Saleh,
2024). These forces are affected by the properties of the
nanoparticles, the salinity of the solution, and the
interactions between nanoparticles and the rock surfaces.
In high salinity conditions, the electrostatic interactions
are significantly screened, altering the overall disjoining
pressure profile. The balance of these forces directly
affects how nanoparticles interact with their environment,
impacting a wide range of fields, from materials science
to environmental engineering (Joshi et al., 2022).

In high salinity brine, addition of silicon dioxide (Si0,)
and aluminium oxide (Al3;0;) nanoparticles can alter the
interfacial tension and wettability, thereby affecting the
disjoining pressure(Alomair et al., 2023).

(Han & Lee, 2025) operations may be significantly
impacted by the disjoining pressure produced by silicon
dioxide Si0, and aluminium oxide (Al;0,) nanoparticles
under high salinity conditions.
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Sakir et al., (2020) also stated that several forces also
stated that several forces, like van der Waals attractions,
electrostatic repulsions, and structural forces, affect the
disjoining pressure.

Saeed& Jadhawar, (2023) observed the salinity of the
solution, characteristics of the nanoparticles, their
interactions and rock surfaces may all have impact on
these forces.(Hamouda & Abhishek, 2019) The salinity of
fluid, nanoparticle characteristics, interactions, and rock
surface properties significantly influence forces
controlling nanoparticle movement and behavior in
porous media.

Tavakkoli et al., (2022) studies show that the presence of
Aluminium Oxide (AlxO3) can lead to a reduction in
surfactant adsorption on surfaces, which can influence the
disjoining pressure in brine environments, this is because,
the Al,O3 nanoparticles are distinguished by their high
surface energy and morphological surface characteristics,
which enable them to display both positive and negative
charges contingent upon the solution's pH. In addition,
AlO3 nanoparticles can have variable surface charges,
which can lead to complex electrostatic interactions in
solution. This variability can change the attractive or
repulsive forces between particles, which can affect the
disjoining pressure.

Udoh & Orodu, (2023) suggested that altering the
interaction forces in the liquid film, Silicon dioxide SiO,
nanoparticles can improve the stability of emulsions and
affect the disjoining pressure, concluded that, the
effectiveness of SiO, in altering disjoining pressure is
dependent on concentration and size. Thus, higher
concentrations tend to increase the disjoining pressure
due to enhanced particle-particle interactions and a
reduction in the thickness of the liquid film between
particles.

Also, the presence of (SiO,)nanoparticles affect the
overall van der Waals interactions, which can either
enhance or reduce the disjoining pressure depending on
the concentration and dispersion of the nanoparticles
(Alnarabiji & Husein, 2020).

Today, especially in Enhanced Oil Recovery, the control
of disjoining pressure is seen as a vital for optimizing the
detachment and mobilization of oil droplets from rock
surfaces and examining how these nanoparticles affect
disjoining pressure under varying conditions, particularly
in high salinity environments may lead to the
development of more effective EOR strategies (Geng et
al., 2024). Measuring disjoining pressure generated by
different concentrations of SiO- and Al.Os nanoparticles
in high salinity conditions is essential for designing
effective nanoparticle-based EOR strategies. Thus, this

study is conducted by measuring disjoining pressure
generated by different concentrations of silicon dioxide
Si0, and aluminium oxide (Al,Os3) nanoparticles in high
salinity conditions

2.0 MATERIALS AND METHODOLOGY

2.1 Materials

In this research, two available commercial NPs namely,
silicon dioxide NP (SiO,, with 99.9% purity, size of
20nm-30nm, specific surface area of 100-500m?/g and
aluminium oxide NP (Al,O3, with 99% purity, size of 20—
30nm and specific surface area of 50m?/g to 150m?/g),
and  Sodium chloride (NaCl) of 181.164g  were
purchased from Guangdong GuanghuaSci-Tech Co., Ltd
China. Nanoparticles concentrations, (NaCl) saline
solution, Dispersion Medium (deionized water), Ethanol
for cleaning substrate, Nitrogen gas for drying the
substrate.

Apparatus:  Atomic  force  microscope (AFM),
ultrasonicator and substrate (glass slide).
Table 1. properties of nanoparticles
Properties Si0, Al203
Appearance Dispersion White powder
Particle size 20nm-30nm 20nm-30nm
Specific  Surface  100-500m?/g 50m?/g-150m/g
area
Purity 99.9% 99%
Density 0.25g/cm3 0.2-0.6g/ cm®
2.2 Methods

2.2.1 Sample Preparation

A saline solution was prepared by dissolving NaCl
(181.164 g) in deionized water to create brine solutions
with ionic strengths of 0.1 M, 1 M, and 2 M. Nanoparticle
suspensions of SiO. and AlOs were prepared at
concentrations of 0.1 wt%, 0.3 wt%, and 1 wt%, followed
by 30 minutes of ultrasonication to ensure uniform
dispersion and stability. Glass slides were cleaned with
ethanol and dried with nitrogen gas to ensure a
contaminant-free surface for measurements.

2.2.2 Experimental Setting Up

Atomic force microscopy (AFM) a powerful technique
used to analyze surfaces at the nanoscale. It provides high
resolution imaging and measures various physical
properties of materials such as tapography,stiffness and
adhension. it operates by scanning a sharp probe over a
sample surface to measure tapography and other surface
properties with nanometer or atomic resolution. The
working principle relies on detecting the interactions
between the probe and the surface.

The AFM setup involved introducing the nanoparticle
suspension into the liquid cell to ensure proper dispersion
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for precise interaction measurements. The AFM
cantilever was carefully installed, aligned, and calibrated
to verify deflection and resonance frequency for accurate
force measurements. Force-distance curves were
recorded using contact mode for short-range interactions
and force-volume mode for mapping interaction forces.

As the AFM tip approached the sample, long-range
attractive forces, such as van der Waals interactions,
pulled the cantilever downward. At closer distances,
electrostatic repulsion became significant, causing an
upward deflection. During retraction, the transition from
repulsive to  attractive forces was recorded.
Measurements were repeated for different nanoparticle
(Si02, Al2Os) and saline concentrations (0.1 M, 1 M, 2 M)
to analyze their effects on interaction forces. The force-
distance curves provided insights into attractive,
repulsive, and adhesion forces.

The interaction forces in the experiment were calculated
using Hooke's Law, which relates force to displacement
within an elastic material. The cantilever acted as a
sensitive probe, and its deflection during interaction with
a sample was measured and converted into force using the
formula

F==K antitever - Bz

Where,

F represents the interaction force, K is the spring constant
of the cantilever, a parameter that measures the stiffness
of the cantilever, Az is the measured deflection of the
cantilever, indicating the distance it has been displaced
due to the interaction forces (Binnig et al., 1986).

To determine the disjoining pressure (I1), it is calculated
by dividing the measured force F exerted by the AFM tip

WEBSITE: https://fugus-ijsgs.com.ng

by the contact area A between the tip and the surface. The
relationship is mathematically expressed as:

m=E£
A
2
F is the total force exerted by the AFM tip on the sample
surface, A the area over which the AFM tip interacts with
the surface.

For a spherical AFM tip, approximate the effective area A
based on the tip radius R and the contact distance d using:
A=2nRd

3
R is the radius of the spherical AFM tip, d is the contact
distance, or the depth of indentation the tip makes into the
surface.

The calculation was performed for each combination of
nanoparticle concentration and saline solution to obtain
the disjoining pressure at different conditions.

Results were tabulated by presenting the disjoining
pressure values as a function of nanoparticle
concentration and salinity.

Data for both SiO, and Al,O3 nanoparticles at each
salinity level were included.

3.0 RESULTS AND DISCUSSION

3.1 Result

Understanding how nanoparticles behave in high-salinity
reservoirs is essential for applications such as enhanced
oil recovery (EOR). The stability of silica (SiO2) and
alumina (AlOs) nanoparticles under different ionic
strengths was evaluated in this work by examining their
disjoining pressures.

Table 2: Experimental Disjoining pressures of SiO: and Al2O3 Nanoparticles Under high salinity Reservoir SiO:

lonic Weigth Van der waal Electrostatic Total disjoining
strength(M) percent(wt) pressure(pa) pressure(pa) pressure(pa)
0.1 0.1 -2.97x 10* 5.52x 10738 -2.97x 10*
1 0.3 -3.09x 10* 7.08x 1072° -3.089x 10*
2 1 -6.36x 103 7.93x 10730 -6.369% 103
Al203
0.1 0.1 -6.36x 10* 5.54x 1072° -6.36x 10*
1 0.3 -3.09x 10* 1.171x 1072° -3.09x 10*
2 1 -9.018x 103 1.99x 10730 -9.018x 103
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attraction was at its weakest, and the electrostatic
repulsion, its greatest. The total disjoining pressure at that
time was almost neutral at -1.4x107"* Pa, suggesting that
the stability of the nanoparticles at high salinity was
enhanced, as indicated in Table 2, Figure 1.

Also, AlzOs nanoparticles revealed another variation. At a
concentration of 0.1 M, the electrostatic repulsion
measured 7.325%107'2 Pa, significantly stronger than the
Van der Waals attraction of -1.164x107'2 Pa. This
condition created a positive total disjoining pressure
which suggests the system was stable and resistant to
aggregation. However, the stability became worse with

T T
-3.089x10"4 -6.369x10"3

disjoining pressure(pa)

T
-2.97x10"4

Figure 1: Variation of ionic strength against disjoining
pressure for SiO2

ionic strength(M)\

ionic strength(M)

0.1+

T T
-3.09x10"4 -9.018x10"3

disjoining pressure(pa)

T
-6.36x10"4

Figure 2: Variation of ionic strength against disjoining
pressure for ALO3

3.2 Discussion

Si0: nanoparticles showed significant van der Waals
attraction at the lowest salinity of 0.1 M, measured at -
2.18%107!2 Pa. In comparison, the electrostatic repulsion
was feeble, slightly reaching 1.78x107!* Pa. This means
total disjoining pressure remained negative. This
demonstrates the existence of dominant attractive forces,
indicating the tendency for SiO: particles to aggregate at
low ionic strength. As illustrated in figure 1 in table 2.

When salinity increased to 1 M, the attractive Van der
Waals force increased further to -3.21x107'2 Pa. At the
same time, however, electrostatic repulsion also increased
significantly to 3.83x107** Pa. Although the combination
resulted in a net force of attraction, the increased
repulsive force worked to reduce particle aggregation. At
2 M salinity, the balance of competition between
attraction and repulsion improved. The Van der Waals

inereasing ionic strength. While Van der Waals attraction
increased and produced a total disjoining pressure of -
1.199x107'" Pa, electrostatic repulsion fell sharply to
2.504x107"* Pa at 1 M. At -2 M, attraction was still
dominant at -1.595x107'> Pa, while repulsion—though
still positive—was not strong enough to offset the
attractive forces. Total pressure fell to -1.074x107'2
indicating clear aggregation, as illustrated in figure 2
table 2.

The differences between these two nanoparticles reveal
differences between the manners in which each can
behave in high salinity environments. In this case, SiO-
particles were found to be stable in an environment of
increasing ionic strength which allows for the potential
use of them in a high salinity reservoir environment.
However, while the Al-Os particles were stable in low
salinity, their aggregation potential with increasing salt
concentration was concerning for oil recovery
applications.

The differences that were presented in this discussion will
influence and guide recovery applications. SiO: particles
are more stable at high salinities and provide a distinct
advantage because they would provide mobility control
in areas of increasing salt. Whereas Al.O;s particles with
their very strong electrostatic repulsion may be best suited
to low salinity oil recovery conditions.

If it comes to a challenging high salinity environment, the
only difference may be the choice of nanoparticles to use,
especially since it may be paired with an efficiency
difference to the oil recovery. This research will provide
some clarity about the behaviors of SiO2. and Al:O; in
challenging high salinity environments.

4.0 CONCLUSION

The investigation examines disjoining pressure in
colloidal systems with differing weight percentages and
ionic strengths. Since electrostatic repulsion is kept to a
minimum, it arrives at the conclusion that Van der Waals
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forces are the most significant, yielding strong attraction
and instability. Higher weight percentages maintain
strong aggregate instability while higher ionic strengths
slightly reduce attraction. Interaction forces with AlOs
indicate a material-dependent stability. While AlOs
aggregates at higher salinities, SiO- remains stable under
these conditions, making it advantageous for oil recovery.
These findings illustrate the overwhelming importance of
selecting the correct type of nanoparticle for reservoir
utilization.
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