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Abstract: Nanoparticles (NPs) have been proposed for enhanced oil recovery (EOR). The research
has demonstrated marvelous effort to realize the mechanisms of nanoparticles EOR. Nevertheless,
gaps still exist in terms of understanding the nanoparticles-driven interactions occurring at fluids and
fluid–rock interfaces. Surface-active polymers or other surface additive materials (e.g., surfactants)
have shown to be effective in aiding the dispersion stability of NPs, stabilizing emulsions, and reducing
the trapping or retention of NPs in porous media. These pre-requisites, together with the interfacial
chemistry between the NPs and the reservoir and its constituents, can result in an improved sweep
efficiency. This paper investigates four types of polymer-coated silica NPs for the recovery of oil from
water-wet Berea sandstones. A series of flooding experiments was carried out with NPs dispersed at
0.1 wt.% in seawater in secondary and tertiary oil recovery modes at ambient conditions. The dynamic
interactions of fluids, fluid–rock, and the transport behavior of injected fluid in the presence of NPs
were, respectively, studied by interfacial tension (IFT), spontaneous imbibition tests, and a differential
pressure analysis. Core flooding results showed an increase in oil recovery up to 14.8% with secondary
nanofluid injection compared to 39.7% of the original oil in place (OOIP) from the conventional
waterflood. In tertiary mode, nanofluids increased oil recovery up to 9.2% of the OOIP. It was found
that no single mechanism could account for the EOR effect with the application of nanoparticles.
Instead, the mobilization of oil seemed to occur through a combination of reduced oil/water IFT,
change in the rock surface roughness and wettability, and microscopic flow diversion due to clogging
of the pores.

Keywords: polymer-coated nanoparticles; crude oil recovery; interfacial tension; wettability alteration;
flow diversion

1. Introduction

Oil companies are facing a decline in production rates due to reduced efficiency in oil recovery
from the technologies used today. Technologies such as thermal recovery and injection of chemicals
are also hampered by the high costs of preparing and transporting fluids, especially to offshore
fields. Furthermore, the discoveries of new oil fields have been scarce [1,2] and/or require more
intricate technologies for the production and maximization of crude oil recovery [3]. On the other
hand, small pores of the reservoir or thief zones are responsible for trapping a significant amount of
residual, making the oil recovery techniques currently used inefficient. Furthermore, injected fluids
are trapped in thief zones, which reduces the reservoir′s permeability and increases the economics
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of oil recovery flooding operations [4]. The use of nanotechnology in the oil and gas industry has
been able to improve the oil recovery factor on a laboratory scale. The nanoparticle technology has
also proven to be a solution to some of the unsolved problems by old techniques in the upstream oil
industry. Nanoparticles are materials with size ranging from 1 to 100 nm in diameter. In addition to
size, parameters such as the shape and surface characteristics are key reasons behind the enormous
EOR potential of nanoparticles. Owing to their nanoscale size and shape, NPs can improve the flooding
potential of the oil recovery fluid through the porous media with little effect on reservoir permeability
and increase the recovery efficiency from thief zones [1,3,5]. With reduced size, NPs have a large
surface area and, therefore, a large contact area in the swept areas [3]. The interfacial chemical reactivity
is increased in the pores of the reservoir in contact with the nanoparticles. Thus, the likelihood of
NPs altering the properties of the flowing fluids and rocks to the most favorable conditions for oil
recovery can be met. Silica NPs are the most researched nanomaterials to improve the microscopic
sweep efficiency of oil recovery drive fluid by changing the interfacial tension and reservoir wettability.
The widespread use of silica NPs lies in their natural occurrence in sandstone formations in the form
of quartz. In addition, silica NPs can be synthesized with some degree of ease, with manipulated
properties, or tailored with different surface coating materials for the desired applications, such as for
oil recovery [5–7].

Bera and Belhaj [8] pointed out that 5 to 15% of the OOIP can be achieved with the application of
NPs on a laboratory scale. A recent statistical research on nanoparticle core flooding data conducted
by Ding et al. [9] showed that the increment in oil recovery can be as high as 30% of the OOIP with
NPs injection, but the most frequent range is 5% of the OOIP. Despite promising recoveries, the major
challenge remains the formulation of stable nanoparticle dispersion, especially for oil recovery in
harsh reservoir environments, of high pressure, high temperature, and high salinity (particularly when
divalent ions are present) [10,11].

The functionalization or coating of the surface layer of the particle with polymer chains or
other surface additive materials is a novel active area of scientific research; the technique has been
desired for improving dispersion stability, for the stabilization of emulsions, to decrease the trapping
or retention of NPs in porous media, and to improve the transport of NPs through reservoir pore
channels, fundamental pre-requisites for nanoparticle oil recovery process. Omran et al. [12] studied
the potential of polymer-coated silica NPs to improve sweep efficiency on a micro-scale. Their study
showed that NPs performed more efficiently in water-wet glass micromodels than in intermediate
and oil-wet rock models. The displacement efficiency was attributed to the ability of NPs to promote
better clusterization of oil, thus leaving small and less connected oil drops trapped in the pores of the
micromodel [12]. Saigal et al. [13] reported that silica NPs covalently grafted with polymer chains
(2-(dimethylamino)ethyl methacrylate) were extremely efficient emulsifier agents at low concentrations.
Qi et al. [14] applied interfacially active, pH-responsive polymer-coated silica NPs for increasing oil
production. The authors found that NPs can significantly stabilize heavy oil-in-water emulsions and
increase recovery by 10 wt.% of the heavy oil-in-place at concentrations of NPs as low as 0.1 wt.%.

Ponnapati et al. [15] reported an incremental recovery of 7.9% of the OOIP by injecting a stable
suspension of polymer-functionalized silica NPs in Berea sandstone. Hendraningrat and Torsæter [13]
used a water-soluble polymer, polyvinylpyrrolidone (PVP), to stabilize silica-based nanofluids and
attained an increment of 2% of the OOIP. More recently, a series of flooding experiments using
polymer-coated silica NPs dispersed in seawater to 0.1 wt.% was carried out by Bila et al. [16] and
Bila et al. [17]. The authors reported an increase in oil recovery of about 14% of the OOIP in water-wet
Berea core plugs and 5% of the OOIP in neutral-wet cores, respectively.

Following advances in oil recovery, studies have demonstrated marvelous effort to understand
the mechanisms associated with NPs injection and their interactions with oil field constituents in
order to explain the EOR effect. Wettability alteration to an increasingly water-wet state and reduction
in interfacial tension (IFT) have been the two most accepted mechanisms of nanoparticles [9,18].
Interfacial tension and wettability are the most important physical properties that characterize
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fluid–fluid and fluid–rock interfaces, respectively. Both properties control the distribution and mobility
of reservoir fluids within pore spaces. In oil displacement processes by nanofluid flooding, interfacial
tension is expected to decrease during the partitioning of NPs at the oil/water interface from the aqueous
solution; this process is governed by the size and wettability of the nanoparticles [19,20]. On the other
hand, NPs can adhere to the rock surface because of the attractive forces originating from dipole–dipole
interactions [21,22] and/or driven by physical interactions due to the external forces. This process
results in the change of the rock surface roughness. A synergistic interaction effect of IFT reduction and
wettability alteration creates unfavorable conditions for the oil to reside within pores and promotes its
mobilization to the production wells. Additional oil displacement mechanisms are also supposed to
be functioning during the nanoparticle EOR process. This includes (i) the creation and stabilization
of emulsions [23–25], (ii) structural disjoining pressure [26,27], and (iii) fluid flow diversion, at the
microscopic level, due to clogging of the pores [28–31]. Despite these advances/knowledge, gaps still
exist in terms of understanding the EOR effect of different types of NPs, including their binding
effect with surface additive materials and the resulting interactions with the oil reservoir and its
constituents, which act as propellants for oil mobilization, increasing oil recovery. From the various
research works, it seems that no single mechanism of nanoparticle EOR can be adopted for all types of
formations due to their variable characteristics, such as different types of rock and mineralogy and
composition of reservoir fluids. Therefore, despite the widespread use of nanotechnology, a large-scale
field application of NPs in the oil and gas industry has not been reported, except for some small-scale
field trials [21]. Obviously, this calls for more studies to expand the knowledge of nanotechnology
so that it can be applied with less risk in the oil industry. This work demonstrates the applicability
of polymer-coated silica NPs for the recovery of crude oil and proposes potential oil displacement
mechanisms of nanoparticles.

2. Materials and Methods

2.1. Silica Nanoparticles and Injection Seawater

Four types of nanostructured particles stabilized by methacrylate-based polymer molecules were
used in this work. The polymer shells attached to the particle surface were intended to decrease
the hydrophilic nature of the surfaces of silica particles. The nanostructured particles were mainly
composed of silicon dioxide (SiO2), aluminum dioxide (Al2O3), and mixed oxides (MOX). They were
spherical and amorphous silica products marketed under the AEROSIL® trade name from Evonik
Industries. The particles were supplied to us, for EOR testing, as special research and development
(R&D) products, AERODISP®, which are AEROSIL® particles in liquid solution. The properties of
NPs as concentrated solutions, as provided by the manufacturer, are given in Table 1. The size of the
particles was characterized by the dynamic light scattering technique and varied from 32 to 218 nm in
diameter. The concentrated solutions were diluted with synthetic seawater to 0.1 wt.% and used in
all tests. To prevent aggregation/agglomeration and ensure homogeneous dispersion, the nanofluids
were stirred using a magnetic stirrer for at least 30 min, and immediately injected into the core plugs.
Our previous work showed that the nanofluids are stable at room conditions for months [17].

Table 1. Properties of concentrated solutions of silica nanoparticles (NPs) in distilled water.

Nanofluid (NF) Basis Modification Concentration (wt.%) Size (nm)

1 SiO2 (sol–gel cationic) Polymer 38.6 107
2 SiO2 (sol–gel anionic) Polymer 26.0 32
3 SiO2/Al2O3/MOX Polymer 21.6 218
4 SiO2/Al2O3/MOX Polymer 25.5 145
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Synthetic water was prepared under laboratory conditions, dissolving a certain amount of salts in
distilled water to simulate the composition of the North Sea formation water (Table 2) of 38,318 ppm of
total dissolved salts.

Table 2. Composition of synthetic sea water in a 1 L bottle.

Salts NaCl KCl NaHCO3 Na2SO4 CaCl2·6H2O MgCl2·6H2O Sr2·6H2O

wt.% 25.50 0.72 0.22 4.06 1.62 3.16 0.02

The measured density of water was 1.024 g/cm3 and it had a viscosity of 1.025 cP. With added NPs
to the injection seawater, the new density and viscosity were 1.023–1.028 g/cm3, and 1.023 to 1.058 cP,
respectively. This clearly shows a negligible effect of NPs on the initial properties of the injection water.
It is worth mentioning that the properties were measured at room conditions (≈21 ◦C) using an Anton
Paar Density meter and Anton Paar Rheometer for density and viscosity, respectively. The pH of the
water solution was 7.96, and with added NPs, a slight change was observed causing it to be between
7.53 and 8.10.

2.2. Crude Oil and Normal Decane

The crude oil was obtained from a field in the North Sea. Its viscosity was 33 cP and the gravity
was 28◦ API at room conditions (≈21 ◦C). The characterization of the degassed crude oil in terms of
saturates, aromatics, resins, and asphaltenes (SARA) analysis is provided in Figure 1. It was a light
crude oil with an asphaltenes content of 0.18 wt.%. Before use, the crude oil was filtered twice through a
5-µm Millipore to remove any suspended particles or other impurities that could affect its composition
and flooding experiments [11]. The crude oil was used in oil recovery experiments. However, normal
decane with a density of 0.73 g/cm3 and viscosity of 0.92 cP at 20 ◦C was used for wettability tests.
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2.3. Type of Porous Media

Oil recovery experiments were conducted using originally water-wet Berea sandstone rocks.
The mineral composition of the rocks was characterized with X-ray diffraction (XRD) on five rock
samples. The flooded core plugs were nearly homogeneous and composed of 93.7 vol.% quartz,
5.0 vol.% of microcline (alkali feldspar), and diopside (1.3 vol.%), on average. For flooding experiments,
cylindrical core samples were prepared with standardized dimensions: diameter of 3.8 cm, and length
varied from 4.5 to 6 cm. The cores were cleaned with methanol using Soxhlet extraction and dried in
the oven at 60 ◦C for three days. Then, they were evacuated for 2 h and saturated with water using
a vacuum container. The porosity was determined via a helium porosimeter and ranged from 16.7
to 19%. The core absolute permeability varied between 277 and 400 mD and was measured using a
constant head permeameter with nitrogen gas and then corrected for the Klinkenberg effect.
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2.4. Interfacial Tension Measurement

Interfacial tension (IFT) is an important parameter for oil recovery. It provides a qualitative
measure of the movement and distribution of fluids in porous spaces. In this work, IFT was measured
with the pendant drop technique. A J-syringe needle with an inner diameter of 1.0047 mm was sued to
dose crude oil drops in the bulk phase. With the oil drop hanging from a needle within the continuous
phase, IFT was measured every 20 s until equilibrium was reached. All measurements were carried
out at room temperature.

2.5. Rock Wettability Tests

The wettability of a reservoir affects the location, the flow, and distribution of fluids in porous
media [32]. Together with IFT, wettability plays a great role in all stages of oil recovery. The wettability
of a reservoir can change during oil production process, as the polar crude oil substances adsorbed
on the pores of the rock can be gradually desorbed. In petroleum engineering, the wettability of
reservoir rocks is widely characterized by the Amott test. The test combines spontaneous and forced
displacements of fluids to measure the average wetting condition of a reservoir rock [32]. In this work,
the Amott test was used to assess the wettability of the core plugs before and after nanofluid injection.
The spontaneous imbibition/drainage tests were performed using Amott cells: an Amott cell is a visual
glass with a graduation tube on top [33]. For the spontaneous imbibition (SI) tests, an oil-saturated
core plug was placed in an Amott cell filled with water. The oil displaced by water from the core was
collected and read step by step through the graduation tube until equilibrium was reached. For the
spontaneous drainage, the difference lies in the fact that a water-saturated core is placed in an oil-filled
cell to measure the displacement of water by oil. At the end of each test, the forced displacement
followed with the core plug being inserted in a Hassler core holder. The commonly used range of
wettability indexes proposed by Cuiec [34] for the categorization of different rock wettability is shown
Figure 2.
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2.6. Rock Core Flooding Experiments

Core flooding tests are widely used to study how well fluids can flow through porous media
and oil recovery. The schematic diagram of the core flooding rig in Figure 3 shows the arrangement
which was used in this work. The system consists of individual fluid-holding cylinders, containing
crude oil, water, and nanofluid. All cylinders were mounted vertically inside a temperature-controlled
oven. The core block consists of a Hassler-type core holder in which the core was loaded and oriented
horizontally. The core block was supported by a customized stand, and the core was confined with an
overburden pressure (confining pressure) held within 18–22 bars. The designated fluid was injected
into the core at a time with the aid of a dual-pump continuous flow system, using hydraulic fluid.
The fluid flow behavior through the pores was studied via pressure sensors connected to the inlet and
outlet of the core holder, providing digital pressure drop acquisition data.
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To simulate oil production of a reservoir: (i) initial water saturation (Swi), was established by
flooding the water-saturated core with crude oil at different flow rates (0.5, 1.5, and 3 mL/min),
until there was no water production at the core outlet. This included flowing crude oil in both core
ends to even the distribution of fluids. However, the sequential increase in flow rate was intended to
reduce zones of capillary end-effects [35,36]. The original oil in place (OOIP) was measured as the
volume of water displaced by the crude oil from the pores of the rock. Initial water saturation (Swi) was
calculated from the production Swi = (VP − OOIP)/VP × 100%, (18.40–33.93%), while residual oil was
determined at the end of oil recovery process. VP stands for the rock pore volume and was determined
by the saturation method. (ii) As the next step, nanofluid was injected at a constant rate (0.2 mL/min)
until there was no oil production for approximately 3 pore volumes (PVs), and this simulated the
secondary oil recovery process (typically water flooding). Finally, (iii) in the tertiary oil recovery
step, nanofluid was injected into the core to displace the waterflood residual oil saturation, using the
same flow rate until there was no more oil production at the core outlet. The effluent was collected
in 5 mL vials; an automated camera was used to record production during the slow oil production
stage. All experiments were conducted at room conditions of temperature 21–23 ◦C and pressure 1 atm.
To determine experimental repeatability and reduce errors, EOR tests were carried out on duplicate
sets of nearly identical cores for each nanofluid type.

3. Results and Discussion

3.1. Nanoparticle Oil Recovery Performance

It is well known that, for most oil reservoirs, water flooding (WF) is the most preferred technique
for maintaining reservoir pressure after primary depletion and for displacing a portion of the remaining
oil to production wells. Availability of water, high recovery rates and low costs for execution make
the WF technique the primary choice for oil companies [2,37,38]. However, injection chemical EOR
fluids can mobilize mobile oil and residual oil, so they can be applied after the primary oil production
stage, as a secondary recovery fluid. In this case, the displacement efficiency must be better than the
water flooding [39]. A series of control experiments with injection water was carried out to verify this
hypothesis in this work.

The results of sixteen core flood experiments proved the chemical EOR potential of silica-based
nanofluids. As secondary EOR fluids, NPs showed potential to retard the breakthrough time compared
to the plain water injection. Accordingly, higher ultimate recoveries were achieved by the nanofluid
system than the injection of “pure” water. This is likely to happen because WF suffers from viscous
fingering, causing an earlier water breakthrough and excessive water production and therefore poor
sweep efficiency. Viscous fingering results from the displaced phase (crude oil) having higher viscosity
than oil recovery displacing fluid [40]. Although the NPs did not show a tangible effect on the viscosity
of injection water, the delayed water breakthrough time can be explained in terms of the structuring
of NPs on the rock surface and subsequent plugging of some reservoir pore channels. As elucidated
by Wang et al. [41], the existence of NPs, either attracting or repelling water molecules, changes the
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pressure distribution of fluids, thus modifying the capillary and viscous forces. Accordingly, the water
flow paths become more tortuous, delaying the breakthrough time [42]. In this work, the experiments
were stopped after the injection of about 10 PVs of nanofluids, when there was no production. Under the
experimental conditions, the injected PVs may be enough to support the long-range structuring of NPs
within pores; this allowed the nanofluids to perform their designated physical–chemical interactions
better, resulting in higher ultimate recovery than the reference waterflood. A comparison of the
ultimate oil recoveries, for water and nanofluid flooding, as a function of injected pore volumes is
given in Figure 4. The average (eight tests) recovery by waterflood was 39.7% ± 2.3 of the OOIP that
varied from 35.1 to 43.1% (see Table 3). The oil displacement by nanofluids gave higher recoveries than
the use of plain water. The recovery rates varied from 48 to 54.4% of the OOIP, and standard deviation
was about 3% of the OOIP. This means that the nanofluids increased oil recovery by factors between
8.3 and 14.8%.Energies 2020, 13, x FOR PEER REVIEW 7 of 15 
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Figure 4. Secondary oil recoveries from various nanofluids compared to the reference waterflood.
The numbers on the X-axis show average pore volumes injected to reach ultimate oil production.

The flood tests showed that oil can be produced to a certain extent nanofluids injection, after that,
little or no oil is recovered even with prolonged injections time. This clearly indicated that NPs
gradually became trapped in the thief zones and formed nano-layers, reducing reservoir permeability
and becoming less efficient for recovery of oil. Therefore, it seems expedient to design a highly stable
nanofluid solution with potency to trigger physical and chemical interactions as soon as possible,
when in contact with the reservoir and its constituents. Due to the heterogeneous nature of most
reservoirs, the nanofluid system must be designed with the characteristics of the specific oil field in
mind. In addition, the optimal range of NPs concentration in the carrier fluid is recommended to be
estimated based on likely recovery mechanisms for such an oil field to achieve a better oil sweep.

Additional eight tests were conducted with the same nanofluids in tertiary mode, at room
conditions. In this case, 6 cm long cores were used. It was observed that for the nanofluid to mobilize
residual oil and form a producible oil bank, a minimum of 1 PV injection was required. While most
cores failed to mobilize residual oil to the core outlet at 1 PV, one core had a recovery of 3.3% of the
OOIP with nanofluid (NF-1) injection. Probably, the core properties, PVs injected during the WF
stage and oil accumulated at the core outlet due to the capillary end-effects can explain this deviation.
Figure 5 presents the oil recovery profiles for selected samples. A summary of all recoveries from all
nanofluids is given by Table 3.
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Figure 5. Influence of nanoparticles on oil recovery and on differential pressure: (a) water flood oil
recovery in cores M5 and M6 was 40.7% and 35.9% OOIP, respectively; after nanofluid “NF-3”,
the recovery was 49.4% and 47.7% OOIP. (b) In cores M7 and M8, WF recoveries were 35.1%
and 40.6% OOIP, respectively; after nanofluid “NF-4” injection, they increased to 44.6% and 47.2%
OOIP, respectively.

Table 3. Oil recovery factors (expressed as % of the original oil in place (OOIP)) and residual oil
saturation achieved at the end of core flood tests.

NF Core
#

VP
(mL)

Swi
(%)

Water Flood Nanofluid Flood
ED
(%)

Total RF
(%)RF

(%)
Sor1
(%)

RF
(%)

RF
(%)

Sor2
(%)

NF-1 M1 11.8 33.93 43.1 37.61 4.6 5.9 35.55 8.11 47.7
M2 12.0 24.22 38.9 46.29 7.3 40.83 11.79 46.2

NF-2 M3 11.7 24.68 41.7 43.91 7.4 7.2 38.36 12.67 49.1
M4 12.2 20.68 39.4 48.05 7.0 42.52 11.50 46.4

NF-3 M5 11.4 20.78 40.7 43.07 8.7 9.2 36.78 14.63 49.4
M6 11.1 20.73 37.9 49.22 9.8 41.47 15.74 47.7

NF-4 M7 8.1 23.97 35.1 49.35 9.5 8.1 42.14 20.71 44.6
M8 8.3 18.40 40.6 48.48 6.6 43.09 11.14 47.2

Average 39.7 45.75 40.00

After the WF ceased production (for 2 to 4 PVs), the silica-based nanofluid, at a concentration of
0.1 wt.% (≈10 PVs injected), increased the waterflood sweep efficiency. The average total recovery
was 47.3% (±1.5) of the OOIP and varied from 44.6 to 49.4% of the OOIP. The displacement efficiency
(ED) varying in between 8.11% and 20.71% was evaluated by Equation (1). The ED and the decrease
in residual oil saturation (see Table 3) prove that silica NPs can improve sweep efficiency at a
microscopic level.

ED =

[
1−

(
Sor2

Sor1

)]
× 100% (1)

Here, Sor1 and Sor2 represent residual oil saturation after water flooding and nanofluid flooding,
respectively. Residual oil saturation was evaluated as follows:

Sor =

(
OOIP−NP

VP

)
× 100% (2)

where, NP is the cumulative oil production at the end of the flooding operation.
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The average incremental recovery varied between 5.9% and 9.2% of the OOIP with a maximum
standard deviation of 2% of the OOIP. Inspection of the results presented in Figure 4 and Table 3
shows high total recoveries in secondary recovery mode compared with tertiary mode. The results
support the notion that, for practical applications, NPs are preferable/efficient as secondary EOR fluids.
Similar results were reported by Torsater et al. [43]. Moreover, in tertiary mode, many pore volumes
of nanofluids are needed to increase the recovery factor compared to secondary injection. In this
regard, tertiary operation may also raise concerns about the cost of nanomaterials. In addition to the
surface activity of the NPs, the nanofluid recovery potential depends mainly on the time-dependent
physical–chemical interactions with the rock system. For instance, the gradual increase in oil recovery
seen in Figure 5, in the nanofluid injection stage, evidences the effect of the long-range structural
disjoining pressure mechanism in enhancing oil recovery. The longer the time the nanofluids are in
contact with the rock system, the better the oil recovery [44]. In summary, the polymer-coated silica
NPs revealed a good EOR potential in water-wet rocks. Additional flood tests are recommended at
conditions of high temperature and high pressure to best mimic oil field conditions. This should
include the application of a bump flood at the end of a low-rate injection to mitigate the capillary
end-effects and to ensure that the waterflood residual oil saturation has been established prior to the
implementation of the EOR fluid injection.

3.2. Evaluation of Nanoparticle Oil Recovery Mechanisms

3.2.1. Interfacial Tension Analysis

The interfacial tension (IFT) between the aqueous solution of NPs and crude oil phases was
evaluated at room conditions with the pendant drop method. Figure 6a shows the dynamic
measurement of the IFT versus time. The reference tension (crude oil/water) was 10.6 mN/m [17].
As shown in Figure 6a, this tension was reduced to a range of 6.8–4.1 mN/m by the NPs in the aqueous
phase. Figure 6b also demonstrates that the reduction in IFT is, in part, dependent on particle size,
in agreement with earlier studies [19,20]. The nanoparticles’ size was measured with the dynamic
light scattering method. Binks [45] emphasized that if the coating of particles is homogeneous over
the particle surface, such particles are surface-active. Accordingly, the particles will have a very
high energy of attachment to the interfaces, that is, NPs will adsorb irreversibly to the interfaces [45].
Such irreversible attachment, as discussed by Binks [45], is observed in particles of size greater than
0.5 nm (radius) as those studied in this work. The strong attachment allows the particles to effectively
contact a large surface area at the interface and decrease the oil/water tension and stabilize oil drops in
aqueous phase. However, as the particle coverage at the interface approaches a maximum, the presence
of already attached particles may hinder further adsorption of particles [46]. Behera and Sangwai [47]
explain that NPs tend to increase repulsive forces within them, inducing a higher disjoining pressure,
which is responsible for the reduction in IFT between the two phases. Besides, this phenomenon can be,
in part, attributed to the surface-active polymer shells bonded to the NP surface, intended to enhance
steric repulsive forces and stabilization of NPs. Understanding the role of surface-active particles,
i.e., particle and particle surface-coating agents, in reducing the tension and therefore in mobilizing
residual oil remains an issue. Physico-chemical interactions as a result of the bonding of silica NPs with
surface-coated polymers, such as improved surface reactivity and stability, are likely to play a role in
reducing IFT and therefore in the efficient displacement of oil at a microscopic level. A reduction in IFT,
even below the critical value for the onset of oil mobilization, is regarded crucial for oil recovery, as it
can change the microscopic distribution of the oil in porous spaces [48]. Additionally, polymer-coated
NPs can stabilize oil droplet emulsions [49], paving the way for their efficient mobilization towards
production wells and increased oil recovery. We confirmed experimentally that nanofluids NF-1 and
NF-2 could generate oil–water emulsions by increasing the injection rate at the end of a low-rate
injection. Potentially, oil was recovered as an emulsion in water phase. This observation is well related
to its small size and the ability to reduce IFT compared to samples NF-3 and NF-4, which did not share
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the same behavior. It has also been claimed that NPs’ emulsification ability is, in part, attributed to the
surface activity of the polymer molecules [13]; the polymer molecules can enter the oil/water interface
and decrease surface energy and interfacial tension.Energies 2020, 13, x FOR PEER REVIEW 10 of 15 

 

  
(a) (b) 

Figure 6. (a) Dynamic measurement of interfacial tension (IFT) between crude oil (CRO) and 
nanofluids, and (b) variation of IFT with nanoparticles’ size. 

Although there is a correlation between IFT reduction and the size of the NPs, the same does not 
apply for oil recovery. For instance, NF-2, with the smallest particle size and therefore the largest IFT 
reduction (4.1 mN/m), had an incremental recovery of 7.2% of the OOIP, while the largest particle 
size sample, NF-3, with the highest IFT value, recorded the highest incremental recovery of 9.2% of 
the OOIP. As the IFT does not change dramatically when adding polymer-coated silica NPs to water, 
it is therefore not a primary mechanism responsible for the EOR effect. We speculate that the surface-
coating polymers’ molecules left insufficient accessible surface sites for the NPs adsorption, thus 
impending them to play their role at the interfaces. Further studies should be conducted in order to 
determine the ideal conditions for NP surface coating to achieve the lowest IFT and, at the same time, 
be efficient in providing high stability for NP dispersion during the EOR operation. 

3.2.2. Spontaneous Imbibition Tests 

Having examined the influence of NPs on fluid properties in Section 3.2.1, next, we studied how 
the nanoparticles could affect the rock surface property and oil recovery during nanofluid flooding 
oil recovery process. The wettability alteration was measured with cores after nanofluid displacement 
by a spontaneous imbibition (SI) test at room temperature for a period of time. Oil production curves 
and imbibition rates were used to realize the nanoparticle EOR mechanisms. The core with residual 
crude oil was saturated with decane and placed in a water-filled Amott cell. The volume of oil 
produced by spontaneous imbibition is plotted against the time in Figure 7. The upper curve shows 
the highest imbibition rate and the highest cumulative oil production achieved by the reference or 
original core, that is, not contacted by the nanoparticles. The cores treated by the NPs seem to follow 
the same oil recovery profile (at early stages of SI) to a point where the imbibition rate decreases, and 
the oil production stops momentarily. Meanwhile, original core water continued to imbibe, and 
increased oil recovery, indicating a strongly water-wet nature of the rocks before oil recovery tests. 
A gradual increase in oil production after a stagnant period can be seen in cores contacted by 
nanoparticles. This shows that the polar components of the crude oil were desorbed during the 
nanoparticle EOR process and the residual oil decreased, improving the oil sweep efficiency. 
Moreover, as the NPs stayed longer in contact with the rock, water could gradually imbibe owing to 
the dynamic alteration in the rock wettability to being more water-wet induced by NP interactions. 

Figure 6. (a) Dynamic measurement of interfacial tension (IFT) between crude oil (CRO) and nanofluids,
and (b) variation of IFT with nanoparticles’ size.

Although there is a correlation between IFT reduction and the size of the NPs, the same does not
apply for oil recovery. For instance, NF-2, with the smallest particle size and therefore the largest IFT
reduction (4.1 mN/m), had an incremental recovery of 7.2% of the OOIP, while the largest particle
size sample, NF-3, with the highest IFT value, recorded the highest incremental recovery of 9.2%
of the OOIP. As the IFT does not change dramatically when adding polymer-coated silica NPs to
water, it is therefore not a primary mechanism responsible for the EOR effect. We speculate that the
surface-coating polymers’ molecules left insufficient accessible surface sites for the NPs adsorption,
thus impending them to play their role at the interfaces. Further studies should be conducted in order
to determine the ideal conditions for NP surface coating to achieve the lowest IFT and, at the same
time, be efficient in providing high stability for NP dispersion during the EOR operation.

3.2.2. Spontaneous Imbibition Tests

Having examined the influence of NPs on fluid properties in Section 3.2.1, next, we studied how
the nanoparticles could affect the rock surface property and oil recovery during nanofluid flooding oil
recovery process. The wettability alteration was measured with cores after nanofluid displacement by
a spontaneous imbibition (SI) test at room temperature for a period of time. Oil production curves and
imbibition rates were used to realize the nanoparticle EOR mechanisms. The core with residual crude
oil was saturated with decane and placed in a water-filled Amott cell. The volume of oil produced by
spontaneous imbibition is plotted against the time in Figure 7. The upper curve shows the highest
imbibition rate and the highest cumulative oil production achieved by the reference or original core,
that is, not contacted by the nanoparticles. The cores treated by the NPs seem to follow the same
oil recovery profile (at early stages of SI) to a point where the imbibition rate decreases, and the oil
production stops momentarily. Meanwhile, original core water continued to imbibe, and increased
oil recovery, indicating a strongly water-wet nature of the rocks before oil recovery tests. A gradual
increase in oil production after a stagnant period can be seen in cores contacted by nanoparticles.



Energies 2020, 13, 5720 11 of 15

This shows that the polar components of the crude oil were desorbed during the nanoparticle EOR
process and the residual oil decreased, improving the oil sweep efficiency. Moreover, as the NPs stayed
longer in contact with the rock, water could gradually imbibe owing to the dynamic alteration in the
rock wettability to being more water-wet induced by NP interactions.Energies 2020, 13, x FOR PEER REVIEW 11 of 15 
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The cumulative oil production seems inversely related to the IFT reduction and the nanoparticle
size. In other words, the core plugs injected with small-size NPs exhibited a better capillary water
intake and high recovery by SI, in agreement with the results obtained in Figure 6b. The Amott water
index (IW) varied from 0.54 to 0.78; the wettability index from the reference core plug was measured
in our previous work and was 0.86 [30]. The rate of SI and IW indicates a wettability alteration to
a more water-wet state due to the injected hydrophilic nanoparticles. In the absence of attractive
forces between the NPs and rock surface, Wasan and Nikolov [26] and Chengara et al. [27] explain
that the layering and structuring arrangement of NPs in the pores causes the disjoining pressure,
which attempts to separate crude oil from the rock surface; accordingly, this reduces residual oil and
improves the recovery of oil. However, the variation in core wettability by hydrophilic NPs seems
minimal to fully account for a significant oil recovery. To eliminate this ambiguity, further research is
recommended to check for possible changes in the wettability after the water flooding stage. Then,
a solid interpretation can be drawn on the ability of NPs to induce tangible changes in the wettability.

3.2.3. Transport Behavior of Nanoparticles during EOR Process

The existence of NPs, either attracting or repelling water molecules, can change the pressure
distribution of fluids; this can modify the capillary and viscous forces, resulting in different displacement
velocity and sweep efficiency [41]. Hence, careful analysis of the differential pressure during core floods
can provide useful data for interpreting the transport of NPs through pore channels and, therefore,
nanoparticle oil displacement mechanisms.

For any of the flooding modes, the pressure increased with the injection of nanofluid and was
higher than the reference waterflood pressure. Examples of pressure profiles for water flooding (WF)
followed by nanofluid flooding are presented in Figure 5. In the WF stage, the pressure stabilizes
after the breakthrough point, because the oil ceased production. Then, the pressure increases with
the injection of nanofluid; however, little or no entrainment of oil occurred at this stage. With the
progress of the injection, the particles caused pressure fluctuations. Long periods of spiky pressure
were noticeable during the injection of samples NF-3 and NF-4, probably due to their larger particle size.
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The fluctuations in pressure indicate blockage of some pore channels followed by pore-opening and
mobilization of residual oil [42]. The square in Figure 5 shows the log-jamming effect and subsequent
obstruction of some pore channels. The pressure curves show a slow pore blocking process to a point
where maximum blockage is achieved, creating excess local pore pressure. To search for new flow
paths and relieve the excess inner pore pressure in the particle jammed zones, the pressure had to be
redistributed between the adjacent pores; this allowed the injection water to be (re)directed to unswept
zones. Furthermore, the areas of sudden increased pressure (in Figure 5) may reflect in oil droplets
squeezed in the constricted pores, followed by breakage, and therefore allowing the release of pressure
and oil entrainment [42]. This process facilitates the recovery of oil at a microscopic level [28,29].
Table 3 shows high oil displacement efficiency from larger size particles. In Section 3.2.1, it was noted
that large-size NPs had the least influence on the IFT reduction. Hence, the interpretation of the
pressure profile suggests that not only the log-jamming effect but also straining occurred during oil
mobilization process. It was observed that the pressure increase was significant during the injection of
the nanofluid in the secondary mode compared to the tertiary mode. This can be attributed to the
displacement of the viscous oil saturated core and subsequent entrapment of oil ganglia in narrow
pore throats, along with physical confinement of nanoparticles. In contrast, waterflood residual oil
saturation is found in the smaller pores, as a continuous film on the surface, and as larger pockets
trapped by water, and can be produced at low pressure drops [32]. Moreover, during waterflood water
tends to establish flow routes through which the NPs can pass through at later stage of the injection,
which can minimize the pressure drop.

The reduction in core permeability varied from 7 to 24% of initial values and can be explained by
either irreversible retention or agglomeration of NPs in the pores. The largest reduction in initial core
permeability was found in those injected with large-size particles. However, the observed pressure
variance reflects small changes in the permeability of the cores. This implies that the polymer molecules
attached to the particle’s surface played some role in improving the transport of NPs through Berea
sandstone pores while facilitating the recovery of oil.

When carrying out nanoparticle EOR experiments in a constant flow, determining the contribution
of pressure increase in oil mobilization remains a challenge. This is because the pressure is unstable
even if there is no more oil recovery. For practical applications, it seems relevant to conduct the
displacement of oil with NPs in the reservoir under a constant pressure drop. In order to realize
different physical processes of the NPs’ displacement mechanisms, further research is recommended to
perform recovery tests with nanoparticles at a constant pressure drop. Our expectations are that the
total volumetric rate will decrease over time because NPs will result in the log-jamming effect and
reduce permeability. The jamming effect, wetting change and low IFT can still increase the rate of oil
production to some extent, although the overall rate is reduced.

4. Conclusions

This paper reports on the potential application of silica-based nanofluids for oil recovery, as well
as the underlying oil recovery mechanisms. The results showed that NPs at a concentration of 0.1 wt.%
in seawater can increment oil recovery in water-wet reservoirs. Different mechanisms, such as IFT
reduction, modification of the surface roughness due to structuring of nanoparticles in the rock pores
and wettability variation to more water-wet, and the log-jamming effect can explain the silica-based
nanoparticle EOR effect in water-wet reservoirs. Additional findings include:

• The NPs at 0.1 wt.% had a minor effect on the viscosity of the injection water; however, they
showed an ability to retard the breakthrough time, resulting in a high recovery compared to the
base case (waterflood).

• Hydrophilic silica nanoparticles (polymer-coated SO2) seemed to be more effective in enhancing
oil recovery as secondary EOR fluids in Berea sandstone.

• Hydrophilic silica nanoparticles are capable of gradually changing the microscopic distribution of
fluids due to deposition on the rock surface, changes in the surface roughness and wettability of
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the rock to a more water-wet condition, which could be an important mechanism for long injection
periods expected at a field scale.

• Generation of in situ oil emulsion droplets in water phase could be an influencing factor on the
recovery of oil for some small-size nanoparticles.
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