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Silica nanoparticles have shown great potential in the oil and gas industry sector,
especially in applications for enhanced oil recovery. Silica nanofluids are widely
used in EOR applications because they are inexpensive, easy to synthesize,
environmentally friendly, can be surface modified, and provide high oil recovery
rates. However, silica nanofluids have drawbacks in thermal stability and salinity
athigh temperatures, adversely affecting their application in oil reservoirs. In this
paper, the effects of a surfactant sulfonate compound (SPU11) and a co-surfactant
sulfosuccinate compound (SPU22) on the thermal stability of silica nanofluids at
temperatures ranging from 60 to 100°C were investigated. Next, the silica
nanofluids were analyzed for particle size using a particle size analyzer (PSA),
wettability using a sessile drop contact angle, and oil recovery capacity using a
core flooding test. The results showed that the silica nanofluid with 0.3% SPU11
and 0.3% SPU22 surfactant showed good thermal stability below 80°C for
3 months in 3 wt% brine; PSA analysis showed that the aggregate diameter was
52.86 nm; wettability analysis showed that the silica nanofluid had a contact
angle of 60.8° to 36.6° and the core flooding results of silica nanofluid showed an
oil in place recovery (OOIP) of 9.7%.

1. Introduction

Currently, enhanced oil recovery (EOR) plays an

limitations of existing technologies through the use of
nano-assisted EOR techniques [4, 5]. Recent

important role in increasing crude oil production.
However, production continues to decline due to issues
such as high surface tension and interfacial tension in the
reservoir. EOR, also known as tertiary recovery, improves
oil extraction by increasing the amount of oil that can be
recovered. Conventional EOR techniques can recover
30- 60% or more of the hydrocarbons, compared to the
20-40% recovery achieved by primary and secondary
recovery methods [1]. EOR methods are based on (1)
thermal processes, including hot water, steam, and in situ
combustion; (2) gas injection, including hydrocarbons,
CO, nitrogen/exhaust gas chemical methods using
alkalis, surfactants, and polymers; and (4) other methods
such as microbial, acoustic, and electromagnetic methods
(2,3].

The development and application of nanotechnology
has shifted EOR research toward addressing the

technological advances have focused on miniaturizing
particle properties from the millimeter to the micrometer
scale, thereby enhancing desirable properties. Such
optimization of material properties at the nanoscale level
is expected to have a significant impact on their practical
applications [6]. Nanoscience, which explores nanoscale
materials and phenomena [7], supports nanotechnology,
defined as the design, characterization, application, and
synthesis of nanomaterials [8].

Nanoparticle technology offers a promising solution
to challenges unmet by conventional methods in the
upstream petroleum industry. With sizes ranging from 1
to 100 nm, nanoparticles enhance oil recovery (EOR)
through their unique size, shape, and surface properties.
Their small size allows them to improve fluid
displacement in porous media with minimal effect on
reservoir permeability, particularly benefiting recovery in
the sheaf zone [9, 10].
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The unique properties of nanoparticles, such as high
surface-to-volume ratio, ability to reduce interfacial
tension, and ability to modify wettability, are important
factors contributing to their utility in petroleum
engineering [11, 12]. To modify wettability, nanoparticles
must adsorb to the rock surface [13]. A proposed
mechanism to improve contact line motion is the
generation of a pressure gradient due to the “wedge” of
fluid near the nanoparticles at the three-phase contact
line, which reduces friction [14]. From both
environmental and economic perspectives,
nanotechnology is considered a promising agent to
enhance the EOR approach [4].

Nanoparticles are increasingly used in the oil and gas
industry, primarily as components of nanofluids —liquid
suspensions containing nanoparticles with at least one
dimension below 100 nm [15]. This development has
introduced nanotechnology as a novel chemical agent for
enhanced oil recovery (EOR). Experimental studies using
both homogeneous and heterogeneous core samples have
shown that nanofluids perform well in improving oil
displacement. They can penetrate rock pore networks,
modify pore surface properties, enhance particle—pore
interactions, and significantly boost displacement
efficiency [16]. Among various nanomaterials, silica
nanoparticles have been most widely studied for their
ability to improve microscopic scavenging efficiency in
oil recovery by altering interfacial tension and reservoir
wettability [17].

The long-term colloidal stability of nanoparticles
under harsh reservoir conditions is essential for
successful EOR applications. However, under high salinity
and temperature, nanoparticle dispersions tend to lose
stability due to van der Waals forces, leading to the
formation of aggregates over time. This agglomeration
and precipitation can reduce the effectiveness of
nanofluids and cause severe formation damage.
Electrostatic or steric stabilization mechanisms have
been employed to improve the stability of
nanodispersions and make them suitable for EOR
applications [18].

Surface modification of nanoparticles or the addition
of additives can further enhance their long-distance
transport and long-term stability while reducing
retention and aggregation. Ngouangna et al. [19] reported
a synthesis process for silica nanofluids with high
thermal stability under high temperature and salinity
conditions, using a surface modification process with 3-
(Dimethyl(3-(Trimethoxysilyl)Propyl)-
Ammonio)Propane-1-Sulfonate (SBS) and a surfactant,
3-glycidyloxypropyl trimethoxysilane (GLYMO).
Turbiscan analysis revealed that the silica nanofluids
were stable for six months at 60°C in 3.5% NacCl saline
solution.

Worthen et al. [20] compared 7-20 nm silica
nanoparticles stabilized by three types of nonionic
ligands—GLYMO, polyethylene glycol (PEG), and
zwitterionic sulfobetaine (SB)—in seawater and brine.
The results indicated that GLYMO and SB ligands could
stabilize nanodispersions at 80°C for over 30 days in API

brine with a pH of 3.5. However, increasing the stability of
silica nanofluids through such methods is considered less
economical. In this study, anionic surfactant sulfonate
compound (SPU11) and co-surfactant sulfosuccinate
compound (SPU22) are used as stabilizing agents for
silica nanofluids.

2. [Experimental

This section details the materials, preparation, and
characterization of silica nanofluids to ensure
reproducibility. The study explores nano-silica,
surfactants, and crude oil, followed by characterization
using analytical techniques. Experimental procedures
include nanofluid synthesis, thermal stability
assessment, wettability analysis, and core flooding to
evaluate EOR effectiveness. The following sub-sections
provide specifics on materials, preparation, and
characterization methods.

2.1. Materials

The nano-silica used, with a diameter of 8 nm, was
sourced from the Nanotechnology Laboratory at
Diponegoro University. The commercial anionic
surfactant sulfonate compound was obtained from
Rachara Chemical Technology, while the sulfosuccinate
compound was provided by Evonik. Light crude oil, with
an API gravity of 49.80 and a kinematic viscosity of 0.6323
cSt, was supplied by PT. Pertamina from reservoir “X”.
The synthetic sandstone core was composed of upper grey
Berea, and pharmaceutical-grade NaCl and distilled
water were used.

2.2. Silica Nanofluid Preparation

The silica nanofluid was synthesized by reacting
0.1% nano-silica with surfactant SPU11 and co-surfactant
SPU22, using varying SPU11-SPU22 concentration ratios
of 0:0, 0:0.3, 0.1:0.3, 0.2:0.3, and 0.3:0.3%. This mixture
was heated to 60°C for 30 minutes. Subsequently, a 3%
NaCl solution was added while stirring, followed by
additional heating for 10 minutes. The mixture was then
subjected to sonication at a frequency of 20 kHz for 5
minutes to ensure proper dispersion of the nanofluid.

2.3. Characterization of Silica Nanofluid

To evaluate the performance of the synthesized silica
nanofluid, various characterization techniques were
employed. The analysis focused on thermal stability,
wettability, and core flooding experiments to determine
the effectiveness of the nanofluid in EOR applications.
Transmission electron microscopy (TEM) was utilized to
analyze the morphology and size distribution of both pure
silica nanoparticles and nanofluid samples. TEM images
were obtained using a FEI Tecnai G2 20S-TWIN
microscope operated at an accelerating voltage of 200 kV.

2.3.1. Thermal Stability

The synthesized silica nanofluid was subsequently
analyzed for thermal stability at temperatures of 60, 80,
and 100°C using an oven. Samples were visually inspected
over a 3-month period to assess changes in stability and
phase separation.
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2.3.2. Wettability

To investigate the effect of surfactants and
nanoparticles on the wettability of the porous media, the
sessile drop method was employed. Small slices of a clean
core plug (thin-section core) were prepared and
immersed in a silica nanofluid solution within the sessile
drop apparatus. Crude oil was then injected from
underneath the thin-section core, allowing for the
measurement and analysis of the contact angle between
the crude oil and the core surface. This approach allowed
a detailed evaluation of the wettability changes induced
by the nanofluid.

2.3.3. Core Flood

The upper grey Berea core, measuring 2 inches in
length and 1.5 inches in diameter, was analyzed for its
porosity and permeability. The core was initially
saturated with water, followed by saturation with crude
oil. The saturated cores were then placed in a core holder
within a core flooding apparatus. The flooding process
involved an initial injection of 3% NaCl brine, followed by
nanoflooding with silica nanofluid, and then a post-flush
with formation water. The core flooding experiment was
performed at a temperature of 60°C with an injection rate
of 0.3 cc/min.

3. Results and Discussion

3.1. Characterization of Thermal Stability Silica
Nanofluids

Thermal stability tests were conducted to evaluate
the resistance of silica nanofluid to heat under varying
temperatures and surfactant concentrations. This
assessment is crucial for determining the suitability of
silica nanofluids in EOR applications, where high
temperatures and salinity may affect their stability and
performance. The temperatures employed in this study
were 60, 80, and 100°C to simulate subsurface reservoir
conditions. The nano-silica concentration was
maintained at 0.1% within a 3% brine solution, ensuring
consistent conditions across all samples. To investigate
the impact of surfactant addition on thermal stability, the
surfactant concentrations of SPU11 and SPU22 were varied
according to specific ratios: 0:0, 0:0.3, 0.1:0.3, 0.2:0.3, and
0.3:0.3%. Thermal stability was observed over 3 months
to assess long-term stability under static conditions.

The visual observations of nanofluid stability are
illustrated in Figure 1. The results from this study indicate
that at 60°C and 80°C, the silica nanofluids containing
0.3% SPU11 and 0.3% SPU22 exhibited remarkable
stability over the designated period. These nanofluids,
labeled as SNF 5 and SNF 10, remained homogeneous
without visible phase separation or significant
sedimentation. In contrast, samples containing lower
surfactant concentrations or lacking surfactants entirely
showed evident precipitation and agglomeration,
particularly at elevated temperatures. The stability
observed in SNF 5 and SNF 10 suggests that the presence
of both SPU11 and SPU22 surfactants plays a vital role in
preventing nanoparticle aggregation, thereby enhancing
dispersion stability in saline environments.

T:60C

Week 1

Week 4

Figure 1. Visual observation of the thermal stability of
silica nanofluid

Table 1 presents a summary of the thermal stability
results, highlighting the influence of temperature and
surfactant concentration on nanofluid stability. It is
evident that increasing the surfactant concentration to
0.3% for both SPU11 and SPU22 significantly enhances the
stability of silica nanofluids at 60°C and 80°C. However,
at 100°C, none of the tested formulations maintained
stability over the observation period, indicating that
additional modifications, such as further optimization of
surfactant ratios or the introduction of stabilizing agents,
may be necessary for applications in high-temperature
reservoirs.

The stability performance of SNF 5 and SNF 10
highlights their potential use in EOR applications in
reservoirs with salinities below 3% and temperatures
below 80°C. The ability to maintain colloidal stability
under these conditions suggests that silica nanofluids
with optimized surfactant compositions can effectively
function as EOR agents, potentially improving oil
recovery rates by maintaining nanoparticle dispersion
and preventing pore-blocking due to particle
aggregation.

Overall, these findings highlight the critical role of
surfactant concentration in improving the thermal
stability of silica nanofluids. The ability of SPU11-SPU22
surfactant combinations to prevent aggregation under
moderate temperature conditions suggests their
applicability in oil reservoirs with mild to moderate
thermal stress. However, the instability observed at 100°C
indicates potential limitations for high-temperature
applications. Future studies should focus on modifying
the formulation by incorporating additional stabilizers or
altering surfactant chemistry to enhance thermal
resistance for higher-temperature reservoir conditions.
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Table 1. Thermal stability of nanofluid

Anionic surfactant

Code Tem?f é )a ture (%) Result
SPU11 SPU22

SNF 01 0 0 Unstable
SNF 02 0 0.3 Unstable
SNF 03 60 0.1 0.3 Unstable
SNF 04 0.2 0.3 Unstable
SNF 05 0.3 0.3 Stable
SNF 06 o] 0 Unstable
SNF 07 0 0.3 Unstable
SNF 08 80 0.1 0.3 Unstable
SNF 09 0.2 0.3 Unstable
SNF 10 0.3 0.3 Stable
SNF 11 0 0 Unstable
SNF 12 0 0.3 Unstable
SNF 13 100 0.1 0.3 Unstable
SNF 14 0.2 0.3 Unstable
SNF 15 0.3 0.3 Unstable

Figure 2. TEM images of pure silica nanoparticles with

scale bars of (a) 100 nm, (b) 50 nm, and (c) 20 nm, and

silica nanofluids at (d) 500 nm, (e) 200 nm, (f) 100 nm,
and (g) 50 nm

3.2. Microstructure of Silica Nanofluid

The TEM micrographs of pure silica nanoparticles
are shown at varying magnifications (Figure 2a-c),
illustrating the morphology and dispersion of the silica
nanoparticles. The particles appear to be spherical with
relatively uniform size distribution, and no significant
agglomeration is observed at these scales. Meanwhile,
Figures 2d—-g present the TEM analysis of silica
nanofluids conducted at varying imaging magnification.
These images reveal the interaction and distribution of
silica nanoparticles within the fluid medium. Compared
to the pure silica nanoparticles, the nanofluid shows a
more dispersed structure with potential indications of
stabilization, suggesting the effectiveness of the fluid
medium in maintaining nanoparticle dispersion.

3.3. Characterization of PSA Silica Nanofluid

The aggregate diameter of silica nanofluids plays a
crucial role in determining their ability to traverse porous
rock formations. In EOR applications, smaller aggregate
sizes are preferred as they reduce the likelihood of pore
clogging, ensuring efficient transport through reservoir
formations. To assess the particle size distribution of the
synthesized silica nanofluids, PSA was conducted.

The results, summarized in Table 2, reveal that the
introduction of surfactants significantly affects the
aggregate size distribution of the silica nanofluids.
Notably, all measured particle sizes remain well below the
typical pore size range of reservoir rocks (5-50 pm),
reinforcing their suitability for low-permeability
reservoirs with small pores and narrow pore throats.

A clear trend emerges from the data, indicating that
the addition of surfactants (DLS and AOS) leads to
variations in the aggregate diameter. For instance, the
baseline sample (NS 0.1% + NaCl 3%) exhibits a relatively
small aggregate size, with a Z-Average of approximately
171.7 nm to 188.7 nm. The incorporation of DLS at 0.3%
slightly increases the Z-Average to 194.4 nm but results
in a wider size distribution, as evidenced by the
Z- Intensity values. The presence of AOS, even at low
concentrations (0.1% and 0.2%), induces further
modifications in particle size, with a notable reduction in
Z-Number values, suggesting a more dispersed and
stable system.

Interestingly, the sample containing NS 0.1% + NaCl
3% + DLS 0.3% + AOS 0.2% demonstrates an unexpected
increase in Z-Average and Z-Intensity, reaching values as
high as 343.7 nm and 404.1 nm, respectively. This
suggests potential nanoparticle agglomeration at higher
surfactant concentrations, which may influence the
overall performance of the nanofluid in EOR applications.
These findings highlight the importance of optimizing
surfactant concentrations to maintain a balance between
stability and mobility within porous media.

The ability of silica nanofluids to maintain small and
stable aggregate sizes is critical for their effective
deployment in subsurface reservoirs. Excessive
aggregation could hinder their transport efficiency,
whereas well-dispersed nanoparticles enhance the
wettability alteration and oil displacement mechanisms
required for improved oil recovery. Future work should
investigate the wunderlying mechanisms driving
aggregation at higher surfactant concentrations and
explore alternative stabilization strategies.

The aggregate diameter is critical in assessing the
ability of silica nanofluids to pass through rock pores,
with smaller aggregate sizes being less likely to clog the
pores. Therefore, PSA was performed to determine the
aggregate diameter of the synthesized silica nanofluids.
The results shown in Table 2 indicate that the addition of
surfactant significantly influences the diameter of the
silica nanofluid aggregates. Notably, the produced
aggregates are relatively small, well below the typical
pore size range of 5-50 pm. This characteristic enhances
their applicability in low-permeability reservoirs
containing small pores and narrow pore throats [21].

These findings underscore the complex interplay
between nanoparticle concentration, surfactant
interactions, and aggregation dynamics. The results
emphasize the necessity of precise formulation control in
designing silica nanofluids for EOR applications to
optimize performance and ensure stability under
reservoir conditions.
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Table 2. PSA results of the silica nanofluid
Z-Average Z-Intensity Z-Number Z-Volume
Sample
(nm) (nm) (nm) (nm)
171.7 156 81 135.4
NS 0.1% + NaCl 3% 188.7 185.6 55.68 164.4
172.9 258.1 63.1 86.27
194.4 77.81 249 105.4
NS 0.1% +NaCl 3% +DLS 0.3% 185.1 261 72.77 100.9
189.5 189.8 22.62 24.5
153. 211. 69. .
NS 0.1% + NaCl 3% + DLS 0.3% +AOS 0.1% 539 3 9-34 945
153.9 202.3 23.32 25.52
169.1 233.6 60.57 80.47
NS 0.1% + NaCl 3% + DLS 0.3% +AQS 0.2% 167.9 196 111.2 120.6
170.2 215.8 100.2 114.5
343.7 4041 52.86 £491.6
NS 0.1% + NaCl 3% + DLS 0.3% +AOS 0.2% 367.7 420.4 55.07 502.4
338.1 412.2 71.11 475.3
3.4. Analysis of Silica Nanofluid Wettability w .-'-(-._.-—-ﬂ
The measurement of contact angle (8) is an essential 4 §
parameter in determining the wettability of a rock
surface, as it directly influences the efficiency of the EOR () ®)

process. Wettability governs fluid distribution and
displacement within reservoir formations, with water-
wet conditions generally favoring improved oil
displacement. Naturally, reservoir rocks tend to be water-
wet; however, prolonged crude oil exposure causes a
gradual shift toward an oil-wet state due to adsorption
and deposition of asphaltenes, resins, and other
hydrocarbons onto the rock surface. This transition to
oil-wet reduces oil recovery efficiency, as adhesive forces
between oil and rock increase, trapping oil within pore
structures.

The fundamental goal of this study is to modify the
wettability of the rock surface from oil-wet to water-wet,
thereby enhancing oil displacement efficiency and
facilitating recovery. Wettability classification is based on
contact angle values, where water-wet conditions
correspond to (0° < 8 < 75°), intermediate-wet conditions
range between (75° < 6 <105°), and oil-wet conditions are
identified by (105° < 8 < 180°). In oil-wet reservoirs,
capillary forces serve as the dominant mechanism
impeding oil flow, necessitating wettability alteration to
minimize these forces and improve oil mobilization [22].

The results of the wettability analysis, as illustrated
in Figure 3, indicate that the use of SPU11-SPU22
surfactants at concentrations of 0.3%-0.3% produces a
negligible reduction in contact angle. This suggests that
surfactants alone may not be sufficient to significantly
modify the wettability of the rock surface. Conversely, the
introduction of silica nanofluids leads to a substantial
decrease in contact angle, reducing it from 60.84° to
36.63°. This marked reduction confirms the effectiveness
of nanosilica in enhancing water-wet conditions, which
is a crucial factor in optimizing oil displacement
efficiency.

(c)

Figure 3. Contact angle analysis results of silica
nanofluid: (a) 3% brine solution, (b) 0.3%:0.3% SPU11—
SPU22 surfactant solution, and (c) SNF-05 silica
nanofluid

The enhanced wettability alteration achieved
through silica nanofluid application can be attributed to
its unique physicochemical properties, including its high
surface energy, nanoscale size, and ability to modify
rock-fluid interactions. These characteristics enable
nanosilica to displace oil films adhered to the rock
surface, thereby restoring water-wet conditions and
reducing the capillary barriers that restrict oil flow.
Furthermore, nanosilica particles may enhance
disjoining pressure at the oil-rock interface, weakening
adhesive forces and promoting oil detachment. Given
these findings, the incorporation of silica nanofluids into
EOR strategies represents a promising approach for
improving oil recovery, particularly in reservoirs with
high oil-wet tendencies.

3.5. Characterization of Core Flooding Silica Nanofluid

The results of the core flooding experiments, as
presented in Table 3 and Figure 4, demonstrate the
effectiveness of both water flooding and nanofluid
flooding in enhancing oil recovery. Initially, water
flooding alone achieved a recovery factor of 46.9% of the
original oil in place (OOIP), highlighting its ability to
displace a significant fraction of the crude oil from the
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core sample. Water flooding operates primarily by
creating a pressure gradient that drives oil out of the
porous medium; however, it has inherent limitations. A
substantial portion of the oil remains trapped within the
rock due to capillary forces, poor sweep efficiency, and
the inability of water to effectively displace oil in tighter
pore spaces, especially in cases of oil-wet or
intermediate-wet reservoir conditions. This residual oil
requires additional EOR strategies to be mobilized
effectively.

To further improve recovery efficiency, nanofluid
flooding was conducted using silica nanofluid SNF 05,
formulated with 0.1% nano-silica, 3% NaCl, 0.3% SPU11,
and 0.3% SPU22. This injection led to an incremental oil
recovery of 9.7% OOIP, increasing the total recovery
factor to 56.6%. The improvement in oil displacement
during nanofluid flooding is attributed to several
mechanisms, primarily the reduction of interfacial
tension, wettability alteration, and possible structural
disjoining pressure effects facilitated by the presence of
nanosilica at the oil-rock interface. The reduction in IFT
weakens the capillary forces that trap oil within the
porous medium, thereby enhancing oil mobility.
Additionally, the contact angle reduction observed in the
wettability studies confirms that silica nanofluids
effectively shift the rock surface from an oil-wet state to
a more water-wet condition, further facilitating oil
displacement.

Water cut (WC) data, also illustrated in Figure 4,
provides critical insight into fluid production behavior
throughout the flooding stages. Initially, during water
flooding, the WC rose rapidly to nearly 100%, indicating a
high-water production rate and signaling the nearing of
water breakthrough. Upon switching to nanofluid
injection (N1+S), the WC experienced a brief drop, which
correlates with the mobilization of previously trapped oil
due to improved displacement efficiency. This drop in WC
is a positive indicator that the nanofluid was actively
contributing to oil recovery during its injection. However,
the WC quickly returned to nearly 100% and remained
stable during the post-flush stage, confirming that no
additional o0il was recovered after nanofluid
displacement. The transient reduction in WC
demonstrates the role of nano fluid in temporarily
increasing oil production before complete water
dominance.

Despite the promising enhancement observed during
nanofluid flooding, no further incremental oil recovery
was recorded in the post-flushing stage. This indicates
that the injected nanofluid had already reached its
maximum displacement potential under the given
experimental conditions. The absence of post-flush
recovery suggests that the effectiveness of nanofluid
flooding depends primarily on altering rock-fluid
interactions during the injection phase rather than
relying on continued mobilization during subsequent
flushing. This finding is significant, as it highlights the
importance of optimizing nanofluid formulations and
injection strategies to maximize their efficiency in field
applications.

Table 3. Core flooding data

Parameter Yield

Core dimensions

Diameter (inc) 1.5

Long (inc) 2
Properties core

Pore volume (cc) 11.6

Porosity (%) 20

Permeability (mD) 352
OOIP in core

0il (cc) 6.4

0il (%) 55.1
Recovery factor of water flooding

Oil recovery (cc) 3

OOIP (%) 46.9
Recovery factor of nano-flooding

0Oil recovery (cc) 0.6

OOIP (%) 9.7
Recovery factor of post-flush

0Oil recovery (cc) 0

OOIP (%) 0
Total recovery factor

0Oil recovery (cc) 3.6

OOIP (%) 56.6

The core sample used in this study had a pore volume
of 11.6 cc, porosity of 20%, and permeability of 352 mD,
which are representative of moderately permeable
reservoir formations. The efficiency of nanofluid flooding
may vary depending on reservoir heterogeneity,
permeability variations, and initial oil saturation.
Additionally, the potential for nanoparticle aggregation
or adsorption onto rock surfaces should be considered, as
these factors could influence long-term stability and
performance in field-scale applications. Future research
should focus on optimizing nanofluid composition,
investigating stability under reservoir conditions, and
evaluating scalability for field deployment.
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Figure 4. Oil recovery performance using silica nanofluid
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4. Conclusion

This study investigated the formulation and stability
of advanced nanofluids incorporating oppositely charged
silica nanoparticles in conjunction with anionic
surfactants SPU11 and SPU22. The findings demonstrate
that the synergistic addition of these surfactants
significantly improves the thermal stability of the silica
nanofluids under moderate temperature and salinity
conditions, with sustained stability observed over a
period of three months. Furthermore, the presence of
SPU11 and SPU22 leads to an increase in the aggregate size
of silica nanoparticles, indicating enhanced colloidal
interactions and structural integrity within the
dispersion. The incorporation of nanosilica also
contributes to a substantial alteration in rock surface
wettability, promoting a transition toward less water-wet
conditions, which is advantageous for oil mobilization.
When applied in core flooding experiments, the
optimized nanofluid formulation —comprising
nanosilica and both anionic surfactants —exhibited a
marked improvement in o0il recovery efficiency.
Collectively, these results underscore the potential of
silica-surfactant nanofluid systems as effective agents
for enhanced oil recovery, offering improvements in
thermal stability, interfacial properties, and overall
displacement performance.

Acknowledgement

We would like to acknowledge the support from
Diponegoro University and PT. Pertamina for this
research.

References

[1] Boris V. Malozyomov, Nikita V. Martyushev,
Vladislav V. Kukartsev, Vadim §S. Tynchenko,
Vladimir V. Bukhtoyarov, Xiaogang Wu, Yadviga A.
Tyncheko, Viktor A. Kukartsev, Overview of Methods
for Enhanced Oil Recovery from Conventional and
Unconventional Reservoirs, Energies, 16, 13, (2023),
4907 https://doi.org/10.3390/en16134907

[2] Siti Habibah Shafiai, Adel Gohari, Conventional and
electrical EOR review: the development trend of
ultrasonic application in EOR, Journal of Petroleum
Exploration and Production Technology, 10, 7, (2020),
2923-2945  https://doi.org/10.1007/s13202-020~
00929-X

[3] Ephraim Otumudia, Hossein Hamidi, Prashant
Jadhawar, Kejian Wu, The Utilization of Ultrasound
for Improving Oil Recovery and Formation Damage
Remediation in Petroleum Reservoirs: Review of
Most Recent Researches, Energies, 15, 13, (2022),
4906 https://doi.org/10.3390/en15134906

[4] Shadfar Davoodi, Mohammed Al-Shargabi, David A.
Wood, Valeriy S. Rukavishnikov, Konstantin M.
Minaev, Experimental and field applications of
nanotechnology for enhanced oil recovery purposes:
A review, Fuel, 324, (2022), 124669
https://doi.org/10.1016/j.fuel.2022.124669

[5] Rasha Hosny, Ahmed Zahran, Ahmed Abotaleb,
Mahmoud Ramzi, Mahmoud F. Mubarak, Mohamed
A. Zayed, Abeer El Shahawy, Modather F. Hussein,
Nanotechnology Impact on Chemical-Enhanced 0il
Recovery: A Review and Bibliometric Analysis of
Recent Developments, ACS Omega, 8, 49, (2023),

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

250

46325-46345
https://doi.org/10.1021/acsomega.3c06206

Ugur Ulusoy, A Review of Particle Shape Effects on
Material Properties for Various Engineering
Applications: From Macro to Nanoscale, Minerals, 13,
1, (2023), 91 https://doi.org/10.3390/min13010091

N. B. Singh, Bhuvnesh Kumar, Usman Lawal Usman,
Md Abu Bin Hasan Susan, Nano revolution:
Exploring the frontiers of nanomaterials in science,
technology, and society, Nano-Structures & Nano-
Objects, 39, (2024), 101299
https://doi.org/10.1016/j.nan0s0.2024.101299

Yousaf Khan, Haleema Sadia, Syed Zeeshan Ali Shah,
Muhammad Naeem Khan, Amjad Ali Shah, Naimat
Ullah, Muhammad Farhat Ullah, Humaira Bibi, Omar
T. Bafakeeh, Nidhal Ben Khedher, Sayed M. Eldin,
Bandar M. Fadhl, Muhammad Ijaz Khan,
Classification, Synthetic, and Characterization
Approaches to Nanoparticles, and Their Applications
in Various Fields of Nanotechnology: A Review,
Catalysts, 12, 11, (2022), 1386
https://doi.org/10.3390/catal12111386

Shivshambhu Kumar, Achinta Bera, Subhash N.
Shah, Potential applications of nanomaterials in oil
and gas well cementing: Current status, challenges
and prospects, Journal of Petroleum Science and
Engineering, 213, (2022), 110395
https://doi.org/10.1016/j.petrol.2022.110395

Yuanxiu Sun, Weijie Zhang, Jie Li, Ruifang Han,
Chenghui Lu, Mechanism and Performance Analysis
of Nanoparticle-Polymer Fluid for Enhanced Oil
Recovery: A Review, Molecules, 28, 11, (2023), 4331
https://doi.org/10.3390/molecules28114331

Manan Shah, Mitul Prajapati, Julie Minoo Pardiwala,
Nanotechnology origination: a development path for
petroleum upstream industry, Chemical Papers, 79,
4,(2025),2037-2051
https://doi.org/10.1007/s11696-025-03924-W

Magda Ibrahim Youssif, Sayed M. Saleh, A macro and
micro-investigation of nanotechnology for
enhanced oil recovery: A comprehensive review,
Journal of Molecular Liquids, 407, (2024), 125284
https://doi.org/10.1016/j.molliq.2024.125284

Hilmy Eltoum, Yu-Long Yang, Ji-Rui Hou, The effect
of nanoparticles on reservoir wettability alteration:
acritical review, Petroleum Science, 18, 1, (2021),136-
153 https://doi.org/10.1007/s12182-020-00496-0

Linhui Ye, Shengji Li, Xuefeng Huang, Effect of
Nanoparticle Addition on Evaporation of Jet Fuel
Liquid Films and Nanoparticle Deposition Patterns
during Evaporation, Langmuir, 38, 51, (2022),
15973-15983
https://doi.org/10.1021/acs.Jangmuir.2c02306

José E. Pereira, Ana S. Moita, Antdnio L. N. Moreira,
The pressing need for green nanofluids: A review,
Journal of Environmental Chemical Engineering, 10, 3,
(2022),107940
https://doi.org/10.1016/j.jece.2022.107940

Sohaib Mohammed, Hassnain Asgar, Milind Deo,
Greeshma Gadikota, Interfacial and Confinement-
Mediated Organization of Gas Hydrates, Water,
Organic Fluids, and Nanoparticles for the Utilization
of Subsurface Energy and Geological Resources,
Energy & Fuels, 35, 6, (2021), 4687-4710
https://doi.org/10.1021/acs.energyfuels.0c04287


https://doi.org/10.3390/en16134907
https://doi.org/10.1007/s13202-020-00929-x
https://doi.org/10.1007/s13202-020-00929-x
https://doi.org/10.3390/en15134906
https://doi.org/10.1016/j.fuel.2022.124669
https://doi.org/10.1021/acsomega.3c06206
https://doi.org/10.3390/min13010091
https://doi.org/10.1016/j.nanoso.2024.101299
https://doi.org/10.3390/catal12111386
https://doi.org/10.1016/j.petrol.2022.110395
https://doi.org/10.3390/molecules28114331
https://doi.org/10.1007/s11696-025-03924-w
https://doi.org/10.1016/j.molliq.2024.125284
https://doi.org/10.1007/s12182-020-00496-0
https://doi.org/10.1021/acs.langmuir.2c02306
https://doi.org/10.1016/j.jece.2022.107940
https://doi.org/10.1021/acs.energyfuels.0c04287

(17]

(18]

(19]

Jurnal Kimia Sains dan Aplikasi 28 (5) (2025): 244-251

Alhaitham M. Alkalbani, Girma T. Chala, A
Comprehensive  Review of Nanotechnology
Applications in Oil and Gas Well Drilling Operations,
Energies, 17, 4, (2024), 798
https://doi.org/10.3390/en17040798

Kazi Albab Hussain, Cheng Chen, Ryan Haggerty,
Mathias Schubert, Yusong Li, Fundamental
Mechanisms and Factors Associated with
Nanoparticle-Assisted Enhanced Oil Recovery,
Industrial & Engineering Chemistry Research, 61, 49,
(2022), 17715-17734
https://doi.org/10.1021/acs.iecr.2c02620

Eugene N. Ngouangna, Mohd Zaidi Jaafar, M. N. A. M.
Norddin, Augustine Agi, Jeffrey O. Oseh, Faruk
Yakasai, Stanley C. Mamah, Mohanad Al-Ani, The
Influence of Ionic Strength on Transport and
Retention of Hydroxyapatite Nanoparticles Through
Saturated Porous Media Under Reservoir Conditions,
Arabian Journal for Science and Engineering, 48, 12,
(2023),16889-16905
https://doi.org/10.1007/s13369-023-08220-x

[20] Andrew J. Worthen, Vu Tran, Kevin A. Cornell,

(21]

(22]

Thomas M. Truskett, Keith P. Johnston, Steric
stabilization of nanoparticles with grafted low
molecular weight ligands in highly concentrated
brines including divalent ions, Soft Matter, 12, 7,
(2016), 2025-2039
https://doi.org/10.1039/C5SM02787]

Xinyu Zhong, Yushuang Zhu, Tao Jiao, Zhao Qj,
Jianghua Luo, Yuhang Xie, Linyu Liu, Microscopic
pore throat structures and water flooding in
heterogeneous low-permeability sandstone
reservoirs: A case study of the Jurassic Yan'an
Formation in the Huanjiang area, Ordos Basin,
Northern China, Journal of Asian Earth Sciences, 219,
(2021), 104903
https://doi.org/10.1016/j.jseaes.2021.104903

Fatemeh Kazemi, Aleksey Khlyupin, Reza Azin,
Shahriar Osfouri, Arash Khosravi, Mohammad
Sedaghat, Yousef Kazemzadeh, Kirill M. Gerke,
Marina V. Karsanina, Wettability Alteration in Gas
Condensate Reservoirs: A Critical Review of the
Opportunities and Challenges, Energy & Fuels, 38, 3,
(2024),1539-1565
https://doi.org/10.1021/acs.energyfuels.3c03515

251


https://doi.org/10.3390/en17040798
https://doi.org/10.1021/acs.iecr.2c02620
https://doi.org/10.1007/s13369-023-08220-x
https://doi.org/10.1039/C5SM02787J
https://doi.org/10.1016/j.jseaes.2021.104903
https://doi.org/10.1021/acs.energyfuels.3c03515

	Improved Thermal Stability of Silica Nanofluids Using Anionic Surfactants for Enhanced Oil Recovery Applications
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Silica Nanofluid Preparation
	2.3. Characterization of Silica Nanofluid
	2.3.1. Thermal Stability
	2.3.2. Wettability
	2.3.3. Core Flood


	3. Results and Discussion
	3.1. Characterization of Thermal Stability Silica Nanofluids
	3.2. Microstructure of Silica Nanofluid
	3.3. Characterization of PSA Silica Nanofluid
	3.4. Analysis of Silica Nanofluid Wettability
	3.5. Characterization of Core Flooding Silica Nanofluid

	4. Conclusion
	Acknowledgement
	References


