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ABSTRACT

In recent years, nanotechnology has become increasingly important in the oil and gas
industry's upstream sector, both in terms of perspectives and practical applications. Nanoparticles,
with their exceptional properties (chemical, electrical, structural, and mechanical), are proving to
be useful for freeing trapped oil. Specifically, silica-based nanoparticles (SiOz-based-NPs) are
making a positive impact on various aspects of petroleum extraction such as rheological and
stabilization characteristics of drilling fluids, wettability alteration, interfacial tension (IFT)
reduction, and emulsion stability improvements. This review provides a comprehensive
understanding of SiO»-based-NPs' applications in EOR and the challenges associated with their
use. It covers four methods of making nanoparticles, explores how SiO»-based-NPs involved
nanofluids affect the EOR process, discusses the mechanisms behind nanoparticle-based EOR,

briefly mentions how instrumentation is used in the oil and gas industry, and addresses the



challenges of using SiO»-based nanoparticles in EOR, while also suggesting areas for future

research.

1 Introduction

The potential of the exhaustion of fossil fuels has stimulated the exploration of renewable
energy sources. However, the United States Energy Information Administration (U.S. EIA)
predicted that global energy consumption will grow by nearly 50% by 2050 and energy demand
will likely exceed what renewables can provide alone despite the increased attention and huge
investments.! According to the U.S. EIA's International Energy Outlook 2021 (IE02021),
renewable energy will grow faster than fossil fuels, but fossil fuels will continue to be a primary
energy source alongside renewables.! Crude oil, a liquid fossil fuel mainly composed of
hydrocarbons (carbon and hydrogen compounds), is vital for energy. However, many oil fields are

in decline because not all the trapped oil has been extracted due to technological limitations.>”

The oil recovery process has three major stages: primary, secondary, and enhanced oil
recovery (EOR). In the primary process, oil production depends only on the natural reservoir
energy from the formation. Secondary oil recovery is a process of injecting water, gas, or both into
the formation to increase and maintain the existing pressure in the reservoir.> > However, these
conventional oil recovery methods have not yet been able to fully reveal the potential of the
developed oil reservoirs, resulting in the retention of over 50% of the original oil in place (OOIP).
EOR refers to the process of extracting liquid hydrocarbons by methods other than the
conventional utilization of reservoir energy and the implementation of reservoir repressurizing
techniques involving gas and water.” To increase oil recovery, various EOR techniques have been

developed, including thermal methods, chemical methods, and gas methods.®> However, challenges
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to the application of these traditional EOR techniques remain, such as low sweep efficiency, high
cost, and potential formation damage.* In the last decade, emerging studies on EOR have
demonstrated the potential of using nanotechnologies to solve these problems, resulting in the term
NanoEOR.® However, the research in the NanoEOR area is still nascent and most of the studies

reported to date are at the laboratory scale.’

The ideas and concepts of ‘nanoscience and nanotechnology’ were first talked about by
physicist Richard Feynman in a presentation titled “There’s Plenty of Room at the Bottom,” at the
American Physical Society meeting at Caltech on December 29, 1959.!° The term
“nanotechnology” was first introduced by Professor Norio Taniguchi in a paper published in 1974
that discussed the processing of separation, consolidation, and deformation of materials by one
atom or by one molecule.!' So nanotechnology encompasses the capability to comprehend and
manipulate matter at the nanoscale, which corresponds to dimensions ranging from approximately
1 to 100 nanometers. These nanomaterials overcome some of the limitations of bulk materials and

the unique phenomena enable a wide variety of applications.

Nanoscale particles are not new in either nature or science. However, exploring the
utilization of nanosized materials in the oil industry, driven by their distinct attributes such as their
extremely small dimensions, exceptionally high surface-to-volume ratio, cost-effectiveness, and
eco-friendliness, presents promising new avenues.!? The petroleum industry holds great promise
for the application of nanotechnology, particularly in areas such as (1) controllable delivery of
surfactant and the ability to modify the wettability properties at the interfaces between oil and the
flooding fluid; (2) high mobility, water solubility, stability, and even distribution within the

reservoir fluids; (3) tunable chemical composition, shape, size, porosity, and functionality; (4)



environmental compatibility, aligning with eco-friendly practices; and (5) cost-effectiveness,
ensuring economical feasibility. To optimize the utilization of nanoparticles, extensive research
has been conducted on critical chemical and physical factors. These include the ionic composition,
size, concentration, half-life, and various types of nanoparticles, all of which are examined for
their impact on EOR processes.!* ' For example, Sikiru et al. (2020) studied the surface ions and
charges within the electric double layer in reservoir sandstone. They concluded this surface change
causes strong adsorption and bonding force. Also, they determined that the addition of more
negatively charged SiO2-based-NPs into the electrolyte can add repulsion between the oil and the
minerals on the sandstone surface which can favor greater oil fluid mobility.>° The small NP size
allows them to more effectively penetrate the micro- and nano-sized pores of the sandstone
substrate than traditional injection fluids, which are unable to enter and effectively displace oil
being locked in those pores. Also, it is known that the NPs have a higher surface-to-volume ratio,
which can result in a higher magnitude of reactivity or interaction with the adjacent surfaces,

enhancing the carrying properties of the nanofluid.

A significant amount of research on the topic of SiOz-based NPS in EOR applications has
been published in the last 20 years. In this review, we first give an overview of this published
research before summarizing the various techniques used for SiO; nanoparticle synthesis
techniques are summarized. The following section also elaborates on some SiOz-based-NPs
12, 15-21

applications to EOR operations which include rock surface wettability alternation, oil

23-25 interfacial and surface tension

viscosity reduction,?” generate structural disjoining pressure,
reduction phenomena®? 228, The major instrumental techniques used for Nano EOR research, such
as Transmission Electron Microscopy (TEM), Fourier Transform Infrared Spectroscopy (FTIR),

Dynamic Light Scattering (DLS), UV-Vis Spectrophotometry, and Fluorescence Microscopy, are
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discussed for their characterization of nanomaterials and investigations of NanoEOR performance.
The final part of this paper briefly covers challenges and opportunities for future applications of

Si-based-NPs for EOR.
2 Overlook of the SiO:-based-NPs in EOR Applications

In recent decades, numerous studies have demonstrated the significant potential of NPs in
EOR, particularly SiO>-based-NPs. Because silica (SiO2) constitutes over 99% of SiO>-based-NPs
and is the fundamental constituent of sandstone reservoirs, these NPs are generally considered an
environmentally friendly additive.?’ A search of the SciFinder database from 2002 to 2023 shows
publications about SiOz-based-NPs for EOR spanning 2704 journal articles, 225 review papers
144 conference proceeding papers, three dissertations, and one report. Figure 1 illustrates the
number of published works by the year 2002 to 2022 and demonstrates the significant rise in

publications during the last 6 years.
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Figure 1. Numbers of publications on the use of SiOz-based-NPs in EOR.
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These publications addressed various perspectives of SiO; nanoparticles for EOR
applications. Figure 2 illustrates these research foci and their relative prevalence in the published

literature.
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Figure 2. Prevalence of different research investigations of SiOz-based-NPs for EOR.

The unique properties of SiO2-based-NPs offer various advantages in EOR applications as
compared to traditional chemical EOR methods. Their high surface energy and reactivity can
effectively alter the wettability and IFT properties between the nanofluid and the rock, thereby
enhancing the displacement of oil. Moreover, they can be modified easily through
physical/chemical reactions, enabling the incorporation of various functionalities. Additionally,

nanomaterials possessing magnetic properties leverage the application of an external electric or

magnetic field to exert control over their mobility. To clearly understand the work published on
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SiO> NP for EOR applications, we assembled Table 1 to summarize important categories of
research being performed, including the synthetic method used for nanoparticles, EOR
mechanism, experimental variables, and main observations. The work on SiO;-based-NPs can first
be separated into research on plain SiO>-NPs and surface-functionalized SiO2-NPs. The SiO>-NPs
alone showed excellent performance in EOR, but SiO»-NPs naturally tend to aggregate and
precipitate. The stability of NP is one of the most critical parameters for the success of EOR. This
is crucial because when NPs agglomerate and increase in size, they have the potential to alter the
rock properties and lead to blocking/plugging the pore throats that are generally of micron
dimensions. Plain SiO2-NPs are most likely to aggregate when they encounter brine because of
their small size and high surface-to-volume ratio.’® Due to this concern, NPs are typically
functionalized or otherwise surface-treated to inhibit the interaction between NPs, therefore
reducing the probability of aggregation. These surface treatments can be surfactants or polymers,
which are coated onto SiO2-NPs and have been shown to improve the stability and synergistic
enhancement to recover more oil.% 1% 14.22.27. 28.30-35 The gynthetic methods for SiO,-NPs, surface
functionalized SiO>-NPs, and the preparation of the SiO>-based nanofluid will be introduced in

Section 3.

Table 1. Overlook of Applications of SiOz-based-NPs in EOR

Types of NPs  Synthetic EOR Experimental Observations
method mechanisms variables
SiO, Purchased permeability,  Nanofluid conc. e The highest recovery %
log-jamming, | 0.01, 0.05, 0.1, factor enhancement
wettability 0.5 wt.% is 13.3%
e best Si02-NPs conc.
0.1 wt.%
SiO; Physical Wettability, NPs. Conc. (0- e 0.1wt%,5hof 3
adsorption contact angle | 0.5 wt.%), exposure time to
between salinity conc. (0- achieve the same 0
surfactant 30 wt.%), aging reduction with 1 h
and SiO; time (0-5h),



Types of NPs

Synthetic

EOR

Experimental

Observations

AEROSIL®
0X 50

(SiO; content >
99.8%)

NiO/SiO; 0-D
Janus, SiO;

SiNP-NH;

SDS/Si-NPs

method

Physical
adsorption
between
surfactant
and SiO,

Stober

Reverse
microemulsi
on Si0;,
chemical
bonding,
and physical
adsorption
between
surfactant
and SiO;

Purchased
Si0,,
physical
adsorption
between

mechanisms

dispersion
stability,
wettability,
contact angle,
IFT

IFT, contact
angle,
wettability,
rheological
behaviors

IFT, contact
angle,
wettability,
imbibition,
core flooding
test

viscosity,
wettability,
contact angle,
oil sweeping
mechanism

variables
pressure (0-20
MPa)

NPs types and
conc. (0.05-0.3
wt.%),
temperature (25-
80 °C)

NPs types,
NPs conc. (10-
1000 mg/L)

High salinity (15
wt.%), high
temperature (65
OC)

Fluid type,
AEROSIL-300
NPs conc. (1.8-
2.2 wt.%)

exposure and a 0.5
wt.% SiO,.

For high-
concentration
nanofluids,
wettability alterations
occurred only in the
initial stages.

A minimum 6
reached at 2 wt.%
Si0;, no more
reductions were
observed with higher
concentrations.

IFT was reduced by
48% with 10S19-23
0-342 coated SiO».
Both surface
treatments and
increasing NP
concentration
changed wettability
to be water-wet.
Decreasing IFT,
Increasing capillary
number (N.), and oil
recovery were
observed at a very
low conc. of 100
mg/L of Janus NPs
A possible
mechanism for
reducing the capillary
force of oil-wet
reservoirs was
proposed

Using nanofluids
benefits wettability
alteration, IFT
reduction, and
increasing swept
volume.

5-spot glass
micromodel was used
to evaluate the
synergistic effects of
Si02-NPs with SDS
surfactant.
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surfactant

and SiO;
Porous Stober
graphene/SiO;
, MWNT/SiO,
SiO;
SiO;

wettability,
contact angle,
IFT

wettability,
contact angle

IFT, contact
angle,
adhesion test

NPs types,
nanohybrid type

NPs size,
temperature

Glass
wettability,
brine salinity

A further 13%
enhancement and
delayed water
breakthrough were
observed with the
maximum conc. of

the SDS/ Si02-NPs

(2.2 wt.%)

The graphene/SiO» 36
nanohybrid
effectively altered
wettability from oil-
wet to water-wet.
Oil-wet to water-wet;
best conditions 60
°C, 180 min;

Sizes of NPs did not
affect wettability
alteration.

The immersion
period affects 6 more
than temperature. To
further reduce 0 the
immersion period can
be decreased by
increasing
temperature.

Longer contact time
benefits the
continuing
adsorption of NPs
leading to lower 0
and wettability
alteration.

Alternated oil-wet to
be water-wet glass,
maximum salinity
was 41600 ppm,
highest RF was 75%.
The adhesion tests
showed that more
Si02-NPs were
adsorbed on
sandstone grins in the
presence of high
salinity due to the
NPs’ high surface
energy.
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Types of NPs

EOR
mechanisms

Synthetic
method

Experimental
variables

Observations

SiO;

SiO,

SiO; with
APTS

wettability,
contact angle,
imbibition

IFT,
wettability

Chemical IFT, contact
bonding angle
between

surfactant

and SiO;

Salinity conc.
(0-50000 mg/L),
NPs conc. (0-
1500 mg/L),
rock type

measuring time
(0-36 h), NPs
conc. (0.01,
0.05,0.07,0.1,
5.0 wt.%)

NPs type,
NPs conc. (0.25-
0.5 wt.%)

Wettability alteration
is the dominant
mechanism in EOR
by nanofluid.

The best conditions:
50000 mg/L NaCl,
1500 mg/L NPs,
Dolomite rock type.
Water-wet was
significantly
enhanced by
increasing
concentrations of
NPs and electrolyte
concentration.
When NPs’ conc. 40
over 0.05 wt.% the
aggregation
happened and the RF
decreased.

The unstable of NPs
and nanofluids
caused formation
damage leading to a
significant drop in
the sweep efficiency
and RF.

FE-SEM images
showed irreversible
damage over the
water-wet surfaces
and almost reversible
damage over the oil-
wet surfaces.

The best conditions:
functionalized SiO»
with APTS and 0.25
wt.% NPs.

The functionalized
SiO; decreased both
the contact angle and
IFT.

Functionalized SiO;
yields greater
advantages for oil
recovery compared to
typical SiO;.

39
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Types of NPs

Synthetic

EOR

Experimental

Observations

SiO; with
VTES and
DMPA

Si0,/TX-100

ZnO/Si0;
NPs/XG
composite

method

Chemical
bonding
between
surfactant
and SiO;

Physical
adsorption
between
surfactant
and SiO;

Co-
precipitation

mechanisms

IFT,
wettability,
contact angle,
disjoining
pressure

Contact angle,
IFT,
wettability,
disjoining
pressure,
imbibition

IFT,
wettability,
oi/nanofluid
emulsification

variables

Base fluid type

(Alkaline water,

salty water,
nanofluid)

Fluid type

(S10,/TX-100,

YX-100)

NPs conc. (500-

2000 ppm),
salinity (20
times diluted
seawater)

3 Major Methods for Preparations of SiO:-based-NPs

Amine-
functionalized SiO»
NPs could be more
effective than typical
Si0s.

The SiO>-NPs 2
altered wettability to
water-wet.

Si02-NPs had little
influence on
oil/water IFT.

As the structural
disjoining pressure
mechanism described
the S102-NPs can
slowly separate the
oil droplets from the
hydrophobic surface.
SiO2-NPs with TX-  **
100 had a synergistic
effect to improve oil
recovery by 16%.
Si02-NPs with TX-
100 benefit the
structural disjoining
pressure arising and
detaching the oil
drop.

19.28% OOIP .
achieved at a low
salinity-polymeric
nanofluid, with 2000
ppm NPs conc.

Different approaches are employed for the synthesis of Si02-based-NPs, such as the Stober

method®? 3¢, water-in-oil reverse microemulsion method!* **, chemical vapor deposition method

(CVD)*: % co-precipitation method*’, plasma synthesis method*® *°, combustion in a diffusion

flame process

50, 51

, and pressurized carbonation®* >, Among these methods, the Stober method,

water-in-oil reverse microemulsion, CVD, and biosynthesis methods are used the most when
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preparing SiO2-based-NPs for EOR applications. Each method has advantages and limitations. The
comparisons among these four methods are summarized in Table 2. Based on the different
geological conditions or core samples the researchers can choose different methods to synthesize
Si02-based-NPs with different sizes and features towards successful EOR applications. The
detailed mechanisms of each synthetic method, applicable conditions, and challenges were
discussed in the rest of this section.

Table 2. Comparison of Different Synthesis Methods of SiO»-based-NPs

Methods Size (nm Advantages Limitations Ref.

. Particl i i
Synthesis without surfactant, article aggregation, size

Stober 2-1000 . X range from nanometer to 54-60
monodispersed particles :
micrometer
Synthesis without temperature | Expensive, needs surfactants, 13. 44
Reverse . . . > %
. . 20-200  and pressure limitations, hard to purify (difficult to 6167
Microemulsion .
controllable sizes remove surfactants)
Particle sizes and morphology
R—d g g 45, 46,
CVD 4-50 Minimum impurity, able to be = could not be controlled and

scaled up required high temperature, 68

pressure, and substrate
Green chemistry, using
microorganisms as an
environmentally friendly
method

Needs to control the synthesis 43 ¢,
conditions (temperature, pH), 20
particle sizes hard to control

Biosynthesis 20 - 100

3.1 Stober Method

Currently, the most common wet chemistry synthetic method used to prepare
monodispersed SiOz-based-NPs is the Stober method, also known as the “sol-gel method”. It was
first reported by Wemer Stéber and his team in 1968.”" This method, shown in Figure 3, uses
tetraethylorthosilicate (TEOS) or other silicates as a silica precursor, which is hydrolyzed in a
water-ethanol mixture when ammonium hydroxide is used as the catalyst (Eq. 1). After a certain
reaction period and with continuous stirring, condensation of hydrolyzed monomers occurs to form

the bulk silica matrix (Eq. 2).” "
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Figure 3. Schematic illustration of using the Stober method used to synthesize S102-based-NPs.

The Stober method has distinct advantages when small nanoparticles are not needed. These
advantages include: 1) the chemicals are cost-effective and simple; 2) the reaction occurs at low
temperatures to mitigate safety risks; 3) the process produces high-purity products; and 4) the
method only requires simple equipment and is easily scaled. However, a disadvantage of this
method is the wide distribution in size of the SiO.-NPs, which can range from nanometers to

micrometers in diameter. For applications of NanoEOR, it is desirable to use NPs with specific
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sizes and narrow size distribution. In 2019, Fernandes et al. reported investigations examining the
impact of reaction parameters (water, ammonia, ethanol, and TEOS concentrations) on SiO»-NPs
sizes using the Stober methods. As of Eq. 1 and Eq. 2, the particle sizes are influenced by TEOS
hydrolysis and condensation rates: greater hydrolysis and lesser condensation result in smaller
particles and vice versa.”* In 2010, Wang et al. used high concentrations of TEOS-prepared
monodispersed and uniform-sized particles.”> In 2017, Kurdyukov et al. also used the Stdber
method to synthesize Si02-NPs but on replacing 12.5 mol% of TEOS with [3-(methacryloyloxy)
propyl]trimethoxysilane (MPTMOS), the SiO»-NPs sizes decreased from ~ 400 to ~10 nm.”® From
the above results, the SiO>-NPs sizes can be controlled at a certain level by changing the

concentration of solvent and the types and concentrations of silicate additives.

3.2 Reverse Microemulsion Method

The reverse microemulsion method is preferred for the synthesis of small,
monodimensional, and monodispersed SiO,-NPs.!* ¢* In this method, a water-in-oil
microemulsion is prepared which is a thermodynamically stable and transparent solution of
surfactant, oil, and water.®! Figure 4 shows the process of forming SiO, NPs by using a reverse
microemulsion. A spherical micelle is formed by mixing water and a surfactant in an organic
solvent (Figure. 4). Added TEOS partitions into the micelle and, through hydrolysis and
condensation, forms the SiO>-NPs in the same size and spherical shape as the original micelle.
Generally, cyclohexane, n-hexanol, and Triton X-100 are mixed, and then added a small amount
of aqueous ammonia to form the microemulsion with vigorous stirring. After that, the TEOS was

added to form the SiO>-NPs.
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Figure 4. Mechanism of SiO>-NPs formation in water-in-oil microemulsion.®* Copyright 2008
American Chemical Society.

In 2008, the method for preparing the tunable SiO>-NPs reported by Jin et al., that the size
range can be controlled between 20 to 100 nm by varying the alkane chain length of the organic
solvent.%? They also reported other factors that can affect NP size, such as the volume ratio between
water, surfactant, and cosurfactant, as well as TEOS amount. Therefore, tht advantages of using

the w/o microemulsion method are not only the small size and homogeneous size distribution but

also the ability to easily tune the size.
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3.3 Chemical Vapor Deposition (CVD)

The CVD method is utilized to produce high-purity solid materials (Table 2). In CVD,
silica precursors are vaporized by high-temperature flame decomposition, which favors the
nucleation process of SiO>-NPs. As Figure 5 shows, CVD is applied frequently with the aid of
merging and depositing volatile gas molecules onto the substrate. This process occurs in the
research chamber where the material is formed on the substrate and the waste gases are propelled
out.* Sanaz Tajik et al. (2018) investigated the different concentrations of SiO»-graphene
nanohybrids synthesized using the CVD method and their effects on EOR. The results showed that
the IFT decreases via increasing the concentration of nanohybrids, and can be reduced to about

half of its initial value.

CcO C H
‘//'HCO/H\

N

Cc
N\

SiO OI
\

A B C
Figure 5. Schematic diagram of CVD steps involved in the carbon nanofiber formation: (A)
carbothermal reaction: SiO; is reduced to SiC, (B) SiC nanoparticles coalesce, (C) carbon caps
form on the surface of the SiC particles through precipitation and/or SiC decomposition.*

Copyright 2009 American Chemical Society.

3.4 Biosynthesis

In the biosynthesis method, microorganisms are used to make metallic nanoparticles, which

are eco-friendly. Jagar et al. (2019) developed an affordable method to create a polymer-coated
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Zn0/Si02 nanocomposite (NC) using pomegranate seed extract. They added this NC to a low-
salinity base solution to make a nanofluid for EOR. The process of making ZnO/SiO»/xanthan NC
is shown in Figure 6. When a 2,000 ppm concentration of NC was added to the low-salinity
polymeric nanofluid (LPN), it resulted in a significant 19.28% increase in OOIP. This was due to
reduced IFT, higher viscosity, improved emulsion stability, and a changed contact angle from 137°

to 34° indicating water-wet system.

Xanthan
Gum

Nanocomposite

* ¥ * Refluxing Yy g Mixing

*o o

Washlng Drying
St|rring Prec:pﬂatm Heatlng O U
600°C

Pomegranate Hot plate Hot plate
extract 80°C 300°C

thermowell |

NaZSiO +2ZnCl,

Furnace

Figure 6. Schematic diagram of a one-pot biosynthesis of a polymer-coated ZnO/Si0;
nanocomposite.** Reproduced with permission from Ref. 43. Copyright 2019 Elsevier.

3.5 Surface Functionalization of SiO2:-based-NPs for Making Nanofluids in NanoEOR

Applications

As shown by Zhou et al. (2019),'* Zhao et al. (2018),** Ahmed et al. (2018),** and Al-
Anssari et al. (2018)*! the initial step in NanoEOR is preparing nanofluids. Various nanofluids can

be formulated by homogenizing SiO;-based-NPs in base fluid (e.g. DI water or brine solution)
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using techniques like ultrasonic homogenizer or magnetic stirring. In cases involving high
temperature and high salinity, surfactant (Soloterra, SDS, 108, etc.) was added to the nanofluid to
supercharge the SiO»-based-NPs and enhance the repulsion to hinder aggregation and
precipitation." 3335 The nanofluids have been extensively studied for their ability to reduce IFT,
increase the viscosity of the displacement phase, and altering the wettability, which impact the

capillary number and applied effectively in EOR.% !4

During the preparation of a nanofluid, there are matters about stability that need to be
addressed such as promotion of uniform and stable suspension, control of NP aggregation, and
minimization of chemical change during the injection. Stabilization of the SiO;-based-NPs is the
most essential step for making nanofluid and surface functionalization is the preferred method to
increase the colloidal stability of these NPs. The surface modification can be done through simple
physical adsorption or additional chemical reactions that involve chemical bonding to the NP
surface. In physical adsorption, heterogeneous materials (surfactants) are adsorbed on the surface
of the NPs due to Van der Waals forces. This method finds broad application. However, the
strength and nature of the surface modification will depend on the conditions under which the
nanofluid is prepared, such as pH, temperature, and concentration. Table 3 provides examples of

preparing the nanofluids through physical adsorption.

Table 3. Nanofluids were prepared through the physical adsorption process.

NPs Surfactants Affecting Factors Observations Ref.
SiO; SDS NPs. .conc.., salinity conc.,
aging time, pressure

NPs types, NPs conc., With I0S19.23 -coated SiO2 33
temperature IFT was reduced by 48%

Alter oil-wet to water-wet .

Internal Olefin
SiO2 Sulphonates

ENORDET™
SiNP-NH:  Soloterra 964 High salinity, high

OOIP 17.23% 13
temperature
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Fluid type, AEROSIL-300
NPs conc.
Pressure, temperature,
base fluid conc.

SiO2 SDS OOIP 13% 33

SiO» ALFOTERRA OOIP 20% 7

Although physical adsorption between NPs and surfactants has shown synergistic effects
on oil recovery, its impact on EOR tends to be limited. Particularly for unconventional reservoirs,
under high temperatures and high salinity conditions, the stability of nanoparticle-displacement
systems seems to be problematic. Therefore, researchers have often turned to the chemical bonding
method to prepare a more thermodynamically and kinetically stable NP-surfactant system.*? Table

4 illustrates examples of NP-surfactants constructed by chemical bonding.

Table 4. Nanofluids were prepared through chemical bonding methods.

NPs Surfactants Affecting Factors Observations Ref.
base fluid type (alkaline
. VTES, . 0
SiO2 water, salty water, Alter oil-wet to water-wet
DMPA .
nanofluid)
SiO; APTS NPs type, NPs conc. OOIP 18% H
Sio nonionic TX- fluid type (SiO2/TX-100, SiO»/TX-100: OOIP 16%, 34
2 100 YX-100) TX-100: OOIP 8%
SINP-NH:  Soloterra 964 =~ [gh salinity, high OOIP 17.23% 13
temperature
SiO:2 CAPHS Brine, temperature OOIP 10% 78

To make the NP-surfactant systems more stable, in 2019, our group published the synthesis
and application of surfactant-augmented SiO,-NPs for EOR at high temperatures and salinities."?
In this work, a novel nanofluid with SiO>-NPs was first modified with APTES through chemical
bonding to form SiNP-NH:> (Figure 7A and B), and then, the SINP-NH; was modified by Soloterra
964 through physical adsorption to form the Soloterra 964-augmented SiINP-NH> (Figure 7C). The
resulting nanofluid can remain stable for over 30 days at 65 °C and 15wt.% NaCl solution without

aggregation.
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Figure 7. Synthesis of Soloterra 964-augmented SiNP-NH> nanofluid and applied in EOR. (A)
Si02-NPs. (B) SiNPs-NH». (C) Soloterra 964-augmented SiNPs-NH> nanocomposite. (D)
Nanofluid formed by dispersion of nanocomposite in brine. (E) Nanofluid applied in EOR."
Copyright 2019 American Chemical Society.

As summarized in this section the stability of the nanofluids is influenced by various
factors, including NPs characteristics, type and concentration of electrolytes in brine, surfactants,

pH, NPs preparation steps, etc. More details about how the NPs' characteristics affect the EOR

will be discussed in the next section of EOR mechanisms.

4 EOR Mechanisms

Understanding NanoEOR mechanisms is important for properly applying nanomaterials in

specific EOR cases, and recent studies have revealed important clues to how oil, rocks, and injected
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nanofluids interact. For example, in 2013 Hendraningrat et al. reported that Si0,-NPs can be used
for EOR in water-wet sandstone. They highlighted that NPs concentrations played a critical role
in EOR from low permeability reservoirs.”” Later in 2015, Roustaei et al. studied how silica
nanofluids could be applied in an oil-wet carbonate reservoir and found significant potential for
oil recovery.® In the same year, Li and colleagues investigated how hydrophilic SiO,-NPs impact
EOR through core flooding experiments.®! They concluded that oil recovery increased by injecting
silica nanofluids into core samples even with low SiO>-NPs concentrations. Multiple mechanisms
have been proposed to explain these and other observations of SiO,-NPs in EOR applications;
however, a complete mechanistic understanding of NanoEOR is still in the future. Currently, our
best mechanistic understanding of NanoEOR with silica NPs pertains to just a few discrete,
measurable phenomena illustrated in Figure 8: (B) pore-channel plugging;®> (C) decreased
mobility ratios of injected fluids;** (D) IFT reduction;* (E) wettability alternation;** 5 and (F)

reduction of capillary force.!?
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Figure 8. A schematic diagram showing (A) the chemical structure of the S10,-NPs and NanoEOR
mechanisms proposed for (B) pore-channel plugging;®* (Open access. Copyright 2021 Springer
Nature) (C) decreased mobility ratios of injected fluids;** (Open access. Copyright 2020 Elsevier)
(D) IFT reduction;* Reproduced with permission from Ref. 86. Copyright 2023 Elsevier. (E)
wettability alternation;®> (Open access. Copyright 2022 American Chemical Society) and (F)
reduction of capillary force.!* Copyright 2019 American Chemical Society.
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4.1 Mechanism of pore-channel plugging

The subsurface porous medium traps oil and has a complicated structure with throats and
pores that can range in size from the nanoscale to the microscale (0.1 — 10 pum).%” %8 An
understanding of NP movement within the subsurface porous medium is important for recovering
the trapped oil, and the pore-channel plugging mechanism is often used to explain how
nanoparticles blocking the pore throats and increases oil recovery. Two blocking behaviors,
mechanical entrapment, and log-jamming, appear to explain the oil recovery observed to date with
silica NPs. As shown in Figure 8(B-a), mechanical entrapment occurs when the NPs in the flooding
fluid are larger than the pore throat. To prevent this, NPs must be smaller than the diameter of the
pore throat. Log-jamming as depicted in Figure 8(B-b), results from the buildup of small NPs at
throat entrances. In this scenario, NPs are small enough to enter pore channels, but as the nanofluid
flows through these channels, smaller water molecules move faster than NPs, leading to NPs
accumulation at the channel entrances. This log-jamming increases pressure in adjacent throat
areas, forcing oil in those areas to flow out.® Once the oil in these adjacent pores flows away,
pressure in the blocked pores drops, and the log-jamming disappears. Evidence of this log-
jamming effect and its benefit to EOR has been demonstrated in several recent studies. In 2019,
Ahmadi et al. used silica NPs and CaCOs3 (Bio-Ca) nanocomposite for EOR experiments and
reported log-jamming as one of the likely mechanisms for enhanced condensate recovery.” In the
same year, Guo et al. suggested that log-jamming occurs a certain time after the nanofluid injection
and that most of the nanofluid traveled through those high permeable channels. The authors
suggested that when log-jamming happens, it forces the injected nanofluid to change direction into
the previously un-swept areas and thereby recovers additional 0il.”! In 2022, Joshi et al. studied
surfactant and polymer coassisted SiO2-NPs for EOR. They observed less log-jamming with highly
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permeable cores in comparison to low-permeable cores. Additionally, they found that log-jamming
caused by NPs at small pore throats is the primary factor behind reduced permeability in low-
permeable cores.”” These publications also noted that in addition to NPs morphology (e.g. shape,
size, and roughness), concentration, and zeta potential (affects NPs stability) of SiO>-NPs are also

important factors affecting whether pore-channel plugging occurs.
4.2 The mechanism for decreased mobility ratio of injected fluids

The pore-channel plugging mechanism discussed above addresses how the physical
characteristics of silica NPs (e.g., size, morphology, charge, etc.) influence EOR. This section
addresses how the rheological properties of both interacting fluids (the injected nanofluid and the
displaced oil), as measured by their mobility ratio and viscosity differences also affect EOR.

Mobility (M) is defined as fluid effective permeability (k,) relative to viscosity (u):*?

It 1s an important concept as it relates to the fluid flow resistance in a reservoir since low viscous
fluids have high mobility. Mobility ratio is the ratio between an injecting nanofluid mobility and
displaced fluid (oil) mobility. Thus, Eq (3) can be converted to the following expression:**

Mw _ kw ko Eq 4
Mo Uw ko

Here, k,, is permeability to water (mD), u, is oil viscosity (cP), u,, is water viscosity (cP), k,, is
permeability to oil (mD). The mobility ratio is an important dimensionless number in EOR. If M
is larger than 1, the nanofluid is more mobile than the oil. This creates unfavorable conditions such

as water fingering, where water takes the shortest and most permeable path through the oil zone.

24



This results in early breakthroughs and reduced efficiency in displacing 0il.>> Recovery starts to
become favorable when M approaches 1; however, recovery is most favorable when the mobility
ratio is less than 1. This condition means greater oil displacement, higher sweep efficiency, and
fewer fingering effects. The mobility ratio can be lowered by either decreasing the oil phase
viscosity or increasing the nanofluid's viscosity.”® SiO,-NPs added to the flooding fluids can
reduce the oil viscosity and increase the nanofluid viscosity; both of which are beneficial for
improving oil recovery. The viscosity of the nanofluids can be raised by decreasing the
temperature, increasing the SiO,-NPs concentration, increasing the brine salinity, etc.’’ In 2015,
Mohajeri et al. studied using nanoparticle-surfactant systems in the heavy oil EOR. They found
that adding NPs to the surfactant can increase the nanofluid’s viscosity and is efficient in
controlling the mobility ratio.’® Liu et al. in 2017 investigated a polymer-surfactant binary system
and also found that when the viscosity of the nanofluid increased, the mobility ratio was lowered
thereby enhancing sweep efficiency.”® Recently in 2022, Ganiyeva et al. studied low salinity water
injection (LSWI), and engineered water injection should best be conducted in heavy oil reservoirs.
They concluded that the combination of LSW with hot fluid injection was the best approach, as it
reduced the oil viscosity and enhanced the mobility ratio simultaneously. However, this conclusion

was based on core flooding experiments, more investigations are required for field trails.!®

4.3 The mechanism for reduction of interfacial tension (IFT)

Interfacial tension (IFT) measurements in EOR applications are normally used to study the
surface free energy that exists between the injecting nanofluid and displaced oil and is associated
with the force of attraction between these two fluids. In general, the mobility of the oil is higher

with lower IFT between the nanofluid and the oil. Lower IFT also reduces the size of the oil
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droplets on the rock surface, resulting in higher mobility of the oil. A conceptual rendering of the
effect IFT reduction has on EOR is drawn in Figure 8(C) and described in Eq. 5 and Eq. 6. A
decrease in the oil-nanofluid IFT (g,,,) means a reduction of adhesion work (W,). The work of
forming liquid droplets with a higher contact angle (0) on a solid surface of 1 cm?. This results in
an easier detachment of the oil from the formation surface and improves mobilization. Young’s
equations’” (Eq. 6 and Eq. 7) also show how nanofluid-rock IFT (o,,,-) and oil-rock IFT (a,,)

impact the system when the oil droplets reached equilibrium at the rock surface:

Owr = Opr + Oy * COS O Eq5

Wy = 0yr + Gow — Gor = 04y * (1 + cos 0) Eq6

However, the IFT has the most direct impact on W, is the oil-nanofluid IFT, a,,, .
Numerous studies have been conducted to determine the best nanofluid systems to use as agents
for IFT reduction. Pendant drop techniques are the most commonly applied to determine the IFT
between crude oil and a nanofluid.'”! Generally, utilizing SiO> NPs and anionic surfactants
together can reduce oil-nanofluid IFT by 70% or more than the surfactant used alone.** Very
recently, Fatemeh et al. studied IFT reduction and concluded a nanofluid combination of 50%
smart water (diluted formation water), 15% mutual solvent (ethanol/methyl ethyl ketone), and
1000 ppm of nanocomposite (KCI-SiOz-Xanthan) led to the lowest oil-nanofluid IFT value of 3.88
mN/m under high salinity and high temperature (75 °C) conditions.3® There has also been research
exploring additions of SiO>-NPs to the injected fluid and how these additions affect the oil-
nanofluid IFT. In 2015, Adel et al. found that oil-nanofluid IFT dropped 81% by using SiO»
nanofluids with a concentration of 0.5 wt.% compared to 61% by using Al,O3 nanofluids with the

same concentration.!?? In 2023 Younes’ studied how oil-nanofluids IFT is affected by different
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factors, like asphaltene content, water salinity, and SiO>-NPs concentration. Using a drop shape
analysis to perform pendant drop measurements of oil-nanofluid IFT, they found an IFT difference
of about 20 mN/m between nanofluids with and without SiO,-NPs.!% From the extensive research
conducted, the adsorption of SiO2-NPs on either oil droplets or the rock surface alters the surface
conditions of oil and water which is the primary factor for decreasing oil-nanofluid IFT. Therefore,
the oil-nanofluid IFT is highly influenced by NPs concentration, decreasing as nanofluid

concentration increases.

4.4 The mechanism for wettability alteration

Wettability is another common parameter used to characterize EOR processes defining
how fluids interact with solid surfaces when other immiscible fluids are present.!® It's especially
important in NanoEOR.!% Figure 8(E) illustrates different degrees of wettability in a sandstone-
water-oil system. Contact angle () measurements are commonly used to assess wettability, based
on the value of @ wettability can be divided into three classes.!® As Figure 9 shows, they are water-
wet (0 « 90°), oil-wet (6 » 90), or intermediate wet (6= 90°).!% Altering the wettability from oil-
wet to water-wet enhances the relative permeability of oil, facilitating oil displacement.'® How
this wettability change is affected by the use of nanofluids has been the subject of various

mechanistic studies.

Water-wet Oil-wet
1.;]:._‘.* “ 0 s =1 _‘ ] i Y . '*J,
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Figure 9. A schematic diagram of rock wettability conditions.
The main mechanism proposed for wettability alteration using nanofluids involves the
formation of disjoining pressure.'”” As shown in Figure 10, the NPs tend to form a self-assembled
wedge-like structure. This wedge helps the oil droplets detach from the rock surface due to the

high disjoining pressure at the three-phase contact.*

The disjoining pressure forces NPs to move
forward toward the enclosed space which is expressed as Brownian motion and electrostatic
repulsion between the nanoparticles.!® At low concentrations, the Brownian motion leads to the
NPs' positioning at the oil/water interface. At high concentrations, NPs interact with NPs which
hinders them from moving from the bulk phase to the interface.?’ This has been proved by studies
that when the NPs concentration increases, the force increases.!?” The main driving force observed
is the structural disjoining pressure gradient, which pushes toward the wedge from the bulk
solution. This gradient is stronger near the vertex due to nanoparticles organizing themselves in
the confined wedge, aiding the nanofluid's movement toward the wedge tip as pressure increases
toward the vertex.'!? It was also observed that the spreading coefficient increases exponentially
when the film thickness decreases or when there are fewer particle layers inside the film. As the
film thickness decreases towards the wedge vertex, the structural disjoining pressure rises.!!! NPs
play a role in promoting the spreading of nanofluid along a solid surface near the drop's three-
phase contact line. They form a monolayer and create an ordered structure. When the contact angle
of the aqueous phase is zero, it indicates that the nanofluid has a large surface area, allowing it to

spread easily on the surface. This results from the fluid having a high surface energy of adsorption,

which alters the system's wettability.!'?

28



Nanofluid

o
>

Qil

Film Tension

Structural
isjoining Pressure

Meniscus

"

Figure 10. Disjoining pressure mechanism: nanofluid layering leads to film tension gradient and
drives oil displacement.!'* Copyright 2016 American Chemical Society.

Recent research revealed that SiO2 nanofluids are effective in improving wettability. For
instance, Roustaei and Bagherzadeh found that SiO;-NPs effectively change wettability in
carbonate reservoir cores.’ Giraldo et al. have demonstrated that NiO/SiO> 0-D Janus
nanoparticles alter wettability from oil-wet to water-wetness conditions.*> Li and his team
investigated the effect of NPs concentration on wettability and found that higher concentrations
led to increased water-wetness.?! Additionally, Bayat et al. demonstrated the positive impact of
metal oxide nanofluids, like Al,O3, TiO2, and SiO, on altering wettability in limestone at various

temperatures.''*
4.5 Potential Mechanism for Reduction of Capillary Force

Yet another common parameter used to characterize EOR processes is capillary forces,
which are responsible for trapping oil inside the pores. NPs in surfactant solutions improve fluid
viscosity, change wettability, and reduce IFT. Reduced IFT makes it easier to move oil through
porous media by decreasing capillary forces. This helps pull water into small pores, push oil into

larger pores, and ultimately direct it to the wellbore and surface.!'
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Capillary pressure (force), P, represents the pressure difference in pressure at the interface
between two immiscible fluids, such as oil and water, in the reservoir. The capillary pressure is
given by the Young-Laplace equation (Eq. 7), where ¢ is the interfacial tension, r is the capillary

tube redius; @ is the contact angle.'?

Pc _ 20-cosf Eq 7

r

While nanofluids exhibit either some or insignificant impact on IFT, nanoparticles can alter the
wettability and hence decrease the capillary forces. Therefore, with the changes in capillary forces,
the nanofluids invade into medium and small pores that are inaccessible to brine.!'® This would
mobilize large amounts of additional oil and improve the oil recovery. In 2017, Liu et al. named
the same mechanism as the capillary displacement ratio. They discovered that the polymer-
surfactant emulsion not only increased the viscosity of the aqueous phase but also raised the
capillary displacement ratio. Consequently, it improved oil displacement efficiency and led to
higher oil recovery.”® In 2018, You et al. also studied the same mechanism but named the capillary
forces or capillary pressure. They found that the surfactant solution changed wettability, reduced
IFT in the core, and shifted capillary pressure from negative to positive. This resulted in oil
mobilization through counter-imbibition, aided by capillary and gravity forces, leading to oil

expulsion from both sides and the top surface of the core.'!”

5 Instrumental Measurements Applied in NanoEOR

A variety of analytical instruments are employed not only for characterizing NPs but also
for investigating their performances for NanoEOR. Figure 11 illustrates how various instruments

have been applied to three distinct categories of NanoEOR research work.

30



Various electron microscopies (SEM, TEM, etc.) are the most widely used methods to
determine the morphology, structure, and size of the NPs used for EOR applications. Typically, if
NPs are spherical and small enough in size they have demonstrated beneficial oil extraction results

for low-permeable porous reservoirs.

FTIR has often been used to characterize the surface components of NP samples. By
analyzing surface functional groups via their characteristic infrared absorption fingerprints,
important solubility and rheological properties of NP samples have been revealed. For instance,
the NPs with carboxylic groups have demonstrated excellent water dispersibility properties and
FTIR is well suited to study the quality of this functionalization due to the strong carbonyl

stretching bands found in the IR region. 4!

Dynamic light scattering (DLS) is another common method for NP size measurement,
albeit as a bulk-sample distribution rather than particle-by-particle as with electron microscopy.
However, other DLS information is available for assessing surface charge information via zeta
potential measurements. The size distribution provided by DLS has been most often used to
indicate the stability of the NP suspensions in water and the zeta potential measurement has been
used to indicate their dispersibility properties. Both the stability and dispersibility of nanofluids
used in NanoEOR are crucially important factors to understand because NP aggregation can occur

when nanofluids are subject to high flow through high temperatures and high salinity reservoirs.*?

The UV-Vis spectrophotometer is a relatively low-cost method that can be used to observe
the stability of the NPs by measuring the transmittances of the nanofluids at different temperatures.
L

It gauges the intensity of light reflected from a sample and compares it to a reference materia

NPs exhibit optical properties influenced by factors like size, shape, concentration, agglomeration,
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and refractive index near their surface. This makes UV-Vis spectroscopy an important tool for
identifying, characterizing, and investigating these materials, as well as assessing the stability of

NP colloidal solutions.'"®

Atomic force microscopy (AFM) is a microscopy technique capable of providing 3D
surface images at high magnification. It can be used to study the impact of irreversibly adsorbed
NPs on the surface and reveal the surface roughness. The advantages of using AFM include (1) no
need for surface modification or coating before imaging. (2) suitable for characterizing low-density
nanomaterials, offering better contrast. (3) provides 3D images and enables measurement of NPs
height. (4) cost much less and occupies smaller laboratory space.'?*1?> In 2017, S. Al-Anssari et
al used AFM to confirm NPs adsorption on calcite surface. They observed that nanofluid-treated
calcite exhibited higher surface roughness, also roughness values increasing from 18 to 32 nm on
the original calcite surface to 450 to 580 nm when treated at room temperature, and up to 2100 to

2700 nm when treated at higher temperatures (60°C).>’

Energy dispersive X-ray spectroscopy (EDS) serves similar purposes as AFM and reveals
NPs presence across a nano-treated surface to determine whether they are bound irreversibly or
reversibly. It is commonly equipped with electron microscopy to confirm and identify the purity,
morphology, mineralogy, and elemental ratio of the synthesized NPS. EDS also has the function
of elemental mapping and corresponding colors for specific elements. In 2019, Jagar A. Ali et al
used EDS with SEM to present the existence of Si, Zn, and Ca elements within the synthesized

nanocomposite.*’

The porosity and surface area are important properties required to know for core samples
before core flooding tests. N> physisorption using the Brunauer, Emmett, and Teller (BET)
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equation is the best instrument to be utilized. In 2019, Lady J. Giraldo et al. used the BET equation
to calculate the surface area of NiO/SiO; Janus NPs. The similarity between the geometrical
surface area (calculated from TEM observations) and the calculated surface area (using the BET

method) shows that the NPs are likely non-porous.

* Morphology (DLS, SEM, TEM) \
* Functional groups (FT-IR, UV-vis)
* Elemental analysis (SEM-EDS, NMR, EDX, ICP-MS)
¢ Crystalline structure (HRTEM, XRD, AFM)
N * Core-shell components of NPs (XRF)

Characterization * Magnetism (NMR)
* Surface area (BET N, adsorption) /

J

» Aggregation behavior study (DLS)
« Stability and surface charge (Zeta-potential)
* Viscosity measurement (viscometer)
_ o * Thermal stability (TGA, DSC, DTA)
Nano-fluid Stability « Interaction study: DLVO theory

J

 Interfacial tension measurement \
» Contact angle measurement

* Blocking efficiency and permeability reduction: adsorption or
retention on reservoir rock, swelling, pressure tests

» Magnetic properties like magnetic susceptibility
Thest bede 190 » Formability and emulsification capability
» Asphaltene preventing capacity study
* Core flood experiment for oil recovery tests /

Figure 11. Instruments have been applied to three distinct categories of NanoEOR research work.
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6 Challenges and Opportunities for Future Research

(1) Stability under reservoir conditions. Although SiO;-based-NPs have proven to
increase oil recovery, most of them have only been studied at laboratory bench scales and not at
practical field scales. Thus, one of the greatest challenges that remain for further development of
these NanoEOR materials and methods is their practical demonstrations in the field. Under high
temperatures, salinities, and pressures, NPs tend to aggregate and block the substrate rock pores
needed for efficient oil extraction. Surface functionalized SiO»-based-NPs have shown promise
for overcoming the aggregation problem, but more field-scale experimental investigations are still
required. The other challenge is that applying the NanoEOR in large-scale production needs to be
supported by core flooding experiments. Most research currently focuses on NanoEOR using the
glass microbic model or simulations without considering field trials. There are many other
influencing factors when applying NanoEOR in field trials therefore without a proper amount of

lab work, it can not be cost-effectively applying NanoEOR in field trials.

(2) Synthesis of SiO2-based-NPs. Most of the EOR research performed to date has used
purchased SiO»-based-NPs. However, the opportunity of tuning the properties of Si02-based-NPs
in terms of size, surface functionality, and charge has been barely explored in terms of optimizing
performance and better understanding the NanoEOR mechanisms. The cost of synthesizing Si0»-
based-NPs is a challenge because it's higher than that of other EOR chemicals. This is because

production is on a small scale and lacks standardization.

(3) Mechanisms of NanoEOR. a thorough understanding of the NanoEOR mechanisms
and how NPs interact with reservoir properties and initial reservoir fluid is not enough. Current

research is mostly focused on the investigation of IFT and wettability, but the study of
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comprehensive mechanisms and potential mechanisms is few. Various reservoir rocks have
varying tendencies to adsorb different Si0»-based-NPs. Specific mechanisms should be considered
based on the combination of specific reservoir rocks and NPs. Therefore, studying theoretical
aspects and mathematical models for different NanoEOR approaches to grasp the core mechanisms
can help engineers in choosing appropriate nano-techniques and minimizing risks during field trial

applications.

(5) Health safety and environmental risks. Currently, there is insufficient information
about the likelihood or potential hazards of SiO>-based-NPs remaining underground, penetrating
underground aquafers, or otherwise dispersing within the environment. Toxicity is another
challenge for the NanoEOR application. While plain SiO>-NPs are generally non-toxic, research
on nanofluid mixtures is still in its early stages. The possible toxicity of the modified SiO-based
nanofluids should be investigated to improve the safety application of the nanotechnology. Due to
NPs’ small size, there is a higher potential for inhalation or skin absorption. To reduce these risks,
regulatory agencies (e.g., EPA, ISO, and ASTM) should create standards, regulations,

recommended practices protocols, and working guidance.

7 Summary and Conclusions

Many studies have shown a significant increase in oil recovery when applying SiO»-based-
NPs to EOR. This article reviews the existing studies on using SiOz-based-NPs in EOR and offers
a thorough insight into their applications and related challenges. First, four different preparation
methods of SiOz-based-NPs, two approaches for surface functionalized SiO»-based-NPs, and
Si0;-based nanofluids have been summarized. Then possible NanoEOR mechanisms include (1)
pore channel plugging; (2) decreasing the mobility ratios of the injected fluids; (3) reducing IFT;
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(4) altering wettability; and (5) reducing capillary force. Also, the impacts of SiO>-based-NPs
nanofluids on the EOR process have been discussed. Furthermore, this article discusses the
utilization of instrumentation in the oil and gas sector, addresses the difficulties related to SiO»-
based-NPs in NanoEOR, and outlines potential directions for future research. Besides the above
mentioned, the following conclusions were made: (1) In recent years the non-toxic, economy-
efficient, and environmentally friendly NPs like SiO»-based-NPs and carbon-based nanomaterials
showed significant improvement for the NanoEOR applications. This suggests their strong
potential for use in field trials. (2) considering the challenges outlined, further research should be
aimed at scaling up the production of SiOz-based-NPs and reducing the cost of producing NPs. (3)
when preparing this review we found out that certain types of nanofluids are theoretically better at
certain EOR mechanisms, hence, not only SiO»-based-NPs but also the research on various

nanofluid mixtures requires thorough investigations.
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ABBREVIATIONS

AFM, atomic force microscopy; ASTM, American Society for Testing and Materials; BET, the
Brunauer, Emmett, and Teller; CMC, critical micelle concentration; CTAB,
cetyltrimethylammonium; CVD, chemical vapor deposition; DI water, deionized water; DLS,
dynamic light scattering; DLVO theory, Derjaguin, Landau, Vervey, and Overbeek theory;
DMPA, mercaptobenzimidazole; DSC; differential scanning calorimeter; DTA; differential
thermal analysis; DW, distilled water; EDS, energy dispersive X-ray spectroscopy; EOR,

enhanced oil recovery; EPA, Environmental Protection Agency; FE-SEM, field emission
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scattering electron microscopy; FTIR, Fourier transform infrared spectroscopy; HETEM, high-
resolution transmission electron microscopy; ICP-MS, inductively coupled plasma mass
spectrometry; IEO, International Energy Outlook; IFT, interfacial tension; ISO, International
Standards Organization; LPN, low salinity-polymeric nanofluid; LSWI, low salinity water
injection, MPTMOS, 3-(methacryloyloxy) propyl]trimethoxysilane; MWNT, multi-walled
nanotube; NC, nanocomposite; NPs, nanoparticles; NMR, nuclear magnetic resonance; OOIP,
original oil in place; PVP, polyvinylpyrrolidone; RF, Recovery factor; RMS, root-mean-square;
SDS, sodium dodecyl sulfate; SEM, scattering electron microscopy; SiO2-based-NPs, silica-based
nanoparticles; TDS, total dissolved solids; TEM, transmission electron microscopy; TEOS,
tetracthylorthosilicate; TGA, thermogravimetric analyser; TTIP, titanium tetra isopropoxide; UV-
Vis, ultraviolet-visible; U.S. EIA, the United States Energy Information Administration; VTES,
vinyltriethoxysilane; Vo, the volume of oil; Vs, the volume of surfactant; Vw, the volume of water;

w/0, water-in-oil; XRD, x-ray diffraction.
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