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ABSTRACT: Nanofluids in recent years have shown great potential
as a chemical enhanced oil recovery (EOR) technology, thanks to
their excellent performance in altering interfacial properties. However,
because of the great challenge in preparing stable systems suitable for
an elevated temperature and a high salinity environment, expanding
the application of nanofluids has been greatly restrained. In this work,
a novel nanofluid was prepared by integrating positively charged
amino-terminated silica nanoparticles (SiNP-NH2) with negatively
charged anionic surfactant (Soloterra 964) via electrostatic force. The
resulted nanofluid could be stored at relatively high salinity (15 wt %
NaCl solution) and high temperature (65 °C) for more than 30 days
without aggregation. Successful coating of the surfactant on target
SiNPs was verified by Fourier transform infrared spectrometry and
the surface charge and size distribution. In addition, the potential of
the nanofluid in recovering oil was investigated by analyzing the nanofluid/Bakken oil interfacial tension and the variation trend
of the oil contact angle when brine was replaced by nanofluids. Experimental results showed that the water−oil interfacial
tension of the Bakken crude oil decreased by 99.85% and the contact angle increased by 237.8% compared to the original value
of 13.78 mN/m and 43.4°, respectively, indicating strong oil displacement efficiency and obvious wetting transition from oil-wet
toward water-wet. Spontaneous imbibition tests conducted on Berea rocks showed that the nanofluid yielded a high oil recovery
rate of 46.61%, compared to that of 11.30, 16.58, and 22.89% for brine, pure SiNP-NH2, and pure surfactant (Soloterra 964),
respectively. In addition, when core flooding was applied, a total of 60.88% of the original oil in place could be recovered and an
additional oil recovery of 17.23% was achieved in the chemical flooding stage. Moreover, a possible mechanism of the EOR
using the nanofluid was proposed. Overall, the developed nanofluid is a promising new material for EOR.
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1. INTRODUCTION

Global demand for oil and natural gas is increasing because of
the rapid economic development worldwide.1−7 In addition to
discovering new reservoirs, enhanced oil recovery (EOR)
technologies aiming at extracting more oil and gas from the
known reservoirs after the primary recovery are of great
importance.8−13 In fact, EOR is more crucial in some known
unconventional tight reservoirs because the current horizontal
drilling and multistage hydraulic fracturing technologies can
only obtain a small portion (5−10%) of the existing oil/gas.14
What is worse, harsh reservoir conditions including extreme
temperature, pressure, and salinity bring additional chal-
lenges.15,16 Therefore, developing suitable EOR fluids that
can successfully penetrate into rocks and effectively displace oil
being locked in micro- and nanopores becomes an urgent
mission.17,18

EOR, also known as tertiary recovery, mainly includes three
technologies, that is, gas, thermal, and chemical injection. All of
them have the capability to reduce residual oil saturation.19,20

However, at present, most of the world’s oilfields are at the
middle and late stages of development with approximately two
thirds of the oil remaining trapped within the reservoirs even
after the previously mentioned conventional EOR agents were
added for displacement.21,22 Novel EOR fluids that could
improve oil mobility and/or result in higher swept efficiency
are critically needed.23,24 Recently, nanofluids have attracted
great attention in EOR because of several favorable characters
of nanomaterials including low cost, low toxicity,25−27
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ultrasmall size, and high surface-to-volume ratio.28−31 Gen-
erally speaking, contact angle and interfacial tension measure-
ments and displacement tests (spontaneous imbibition test and
core flooding test) are necessary to evaluate the performance
and EOR potential of a newly developed nanofluid.20,32,33

Until date, different kinds of metal oxide nanoparticles have
been involved in EOR research. For instance, Ogolo et al.
investigated the performance of eight NPs (oxides of
aluminum, zinc, magnesium, iron, zirconium, nickel, tin, and
silicon) on EOR and they discovered that the oil recovery
could be increased by 0.8−12.5% with the addition of
nanoparticles in distilled water.34,35 However, different
mechanisms have been proposed for nanofluid EOR. Some
research groups think that wettability alteration is the main
reason.36−43 For example, Li et al.,44 Al-Anssari et al.,45

Roustaei and Bagherzadeh,46 and Maghzi et al.47 tested the
variation of contact angles with different concentrations of
silica nanoparticles (SiNPs). They observed that SiNPs could
change the wettability of the formation to more water-wet.
While others indicated that the reduction in interfacial tension
is also important, Rezvani et al. investigated the interfacial
tension between seawater and crude oil reduced from 22.49 to
14.47 mN/m with the increase in nanocomposite concen-
tration.32 Kazemzadeh et al. showed that the synthesized
TiO2/SiO2 nanocomposite can reduce the interfacial tension
(IFT) between oil and water to 13.2 mN/m compared to that
of 39 mN/m for distilled water.33 Although nanoparticles alone
showed excellent performance in altering wettability and
enhancing oil recovery, pure particles with a large size naturally
tend to aggregate and precipitate when used at high
temperatures and high salinities.48 Thus, particle surface
modification is necessary to prepare thermally and kinetically
stable nanofluids.49 Most investigators thought that using
surfactants in the nanofluid as a stabilizer and/or synergistic
enhancement agents may recover more oil. Zhao et al. showed
that surfactant-based silica nano-fluid recovered 16.0% of the
original oil in place (OOIP) compared to about 8.0% OOIP
for surfactant Triton X-100 solution in a 10 days’ spontaneous
imbibition experiment.50 Cheraghian et al. found that the
ultimate oil recovery achieved by injecting 2 wt % SiNPs in the
sodium dodecyl sulfate surfactant was 13% higher than the
ultimate oil recovery by injecting the surfactant alone.51

However, most published papers related to nanofluid EOR
only focused on nanofluids being used at relatively low
temperatures and low salinities. A few efforts have been made
to improve the temperature and salinity with a possible result
of 50 °C12 and 7.0 wt % NaCl salinity.52 In most experiments,
the brine prepared with nanofluids is equivalent to NaCl
solution. Given the high temperature and high salinity in real
oil fields,45,53 the feasibility of current nano-fluids is extremely
limited.
To address this challenge, in this study, we developed a new

nanofluid applied in equivalent NaCl salinity by integrating
positively charged amino-modified silica nanoparticles (SiNP-
NH2) with the negatively charged anionic surfactant (Soloterra
964) via electrostatic force. The resultant nanofluid showed
improved stability at high salinities and high temperatures and
also great potential when being used as a promising new
material for EOR.

2. EXPERIMENTAL SECTION
2.1. Materials. Analytical grade materials including cyclohexane

(anhydrous, 99.5%), 1-hexanol (anhydrous, ≥99.0%), and Triton X-

100 were purchased from Sigma-Aldrich. Tetraethyl orthosilicate
(TEOS, regent grade, 98.0%), NH3·H2O (28% NH3 in H2O), acetone
(≥99.5%), and ethane (≥99.5%) were also purchased from Sigma-
Aldrich. 3-Aminopropyltriethoxysilane (APTES) was purchased from
Thermo Scientific. Sodium chloride (analytical grade, ≥ 99.5%) was
purchased from VWR Chemicals, which was used to prepare a 15.0 wt
% NaCl solution with density and dynamic viscosity of 1.04 g/cm3

and 1.08 mPa·s at 25 °C, respectively. Alcohol polyethylene glycol
ether carboxylic sodium (Soloterra 964) surfactant obtained from
Sasol was used directly without further purification. Bakken crude oil
was used in this experiment with a measured density of 0.82 g/cm3

and a dynamic viscosity of 2.28 mPa·s at 50 °C and asphaltenes of
0.23%, respectively. Berea outcrop sandstone was purchased from
Cleveland Quarries. All the core plugs used were Berea samples with
porosity around 18.0% and permeability about 90 × 10−3 μm2.

2.2. Instruments. A transmission electron microscope (TEM,
Hitachi 7500) was used to study the morphology of nanoparticles. X-
ray diffractometer (XRD, Smartlab-3KW) was used to analyze the
phase and the internal molecular information of the Berea core
samples. Zeta potential and particle size measurements were carried
out based on the dynamic light scattering (DLS) analysis using a
Zetasizer (Malvern, Westborough). The infrared spectroscopy
analysis was conducted using a Fourier transform infrared
spectrometer (FT-IR, Spectrum 400). The porosimeter (TPI-219,
Coretest Systems, Inc.) and gas permeameter (TKA-209 Coretest
Systems, Inc.) were used for porosity and permeability measurements.
The interfacial tension and contact angle were measured using a
Pendent Drop Interfacial Tension Cell Model (IFT-10, rame-́hart
instrument co.). Both Mixer/Mill (8000M, SPEX Sample Prep) and
Shatter Box (8530, SPEX Sample Prep) were used to convert the
Berea core sample to some powder for XRD analysis. All core samples
were saturated by using Bakken crude oil with a vacuum saturation
device (ZYB-II Type, Hai’an Huacheng Scientific Research Instru-
ment Co., Ltd.). The imbibition cell used in the imbibition
experiments held the imbibition liquid and Berea core samples. The
core flooding system, including an oven (UF260, Wisconsin Oven
Distributors, LLC), a core holder (37 181, Vinci Technologies), a
pressure sensor (CV-310-HC, Vindum Engineering, Inc.), and a
pressure output record (VS15453, ViewSonic), was used to test the
oil recovery of oil displacement agents, including the surfactant
(Soloterra 964) and SiNP-based nanofluid.

2.3. Synthesis of Amino-Modified Silica Nanoparticles. The
SiO2-NH2NPs were synthesized using a reverse micro-emulsion
method54 at room temperature. Briefly, a mixture of 7.5 mL of
cyclohexane, 1.8 mL of 1-hexanol, and 1.77 mL of TritonX-100 was
stirred for 20 min. Then, 480 μL of H2O was added to form a water-
in-oil reverse micro-emulsion. A 100 μL aliquot of TEOS was added
dropwise as a precursor for silica formation. After 20 min of stirring, a
100 μL aliquot of NH3·H2O was added to initiate the polymerization
process. This process lasted for 24 h at room temperature to form
SiNPs. Afterward, the SiNPs were modified through forming amino
groups on the nanoparticle surface by synchronous hydrolysis of 100
μL of TEOS and 20 μL of APTES. Finally, the demulsification of
water-in-oil reverse micro-emulsion was performed using acetone, and
the SiO2-NH2NPs were washed with ethanol and DI water three
times using centrifugation, which can obtain about 0.03 g of SiO2-
NH2NPs in a single patch.

2.4. Preparation of Nanofluid. The nanofluid was prepared by
adding different amounts of SiO2-NH2NPs (0−0.05 wt %) into the
Soloterra 964 surfactant solution (prepared by 15.0 wt % NaCl brine).
Herein, the concentration of Soloterra 964 surfactant was maintained
at 0.2 wt % which was a little bit higher than its critical micelle
concentration (cmc) of 0.19 wt % (Supporting Information Figure
S1) because of its absorbance onto the reservoir formation at some
degree. To better study the properties of the nanofluid, controls
without the surfactant (Si-NPs alone with varying concentrations)
were also prepared for contrastive analysis. Both the nanofluid and the
control were stirred for 2 h and then ultrasonicated for 2 h to ensure
the homogenous distribution of the nanoparticles.
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2.5. Thermal Stability of the Nanofluid. The thermal ability of
the nanofluid was studied based on the variation in the nanoparticle
size. Both nanofluid and the corresponding control (10 mL) were
placed in an oven at a constant temperature of 65 °C over a 30 day
period. The size distributions of the samples were measured every 5
days to monitor if any aggregations occurred at high temperatures.
2.6. Interfacial Tension Measurement. The interfacial tension

between Bakken oil and the nanofluid was tested using the inverted
pendant drop method at atmospheric pressure and temperature at 65
°C. Both the nanofluid and the control of the nanofluid without the
Soloterra 964 surfactant were measured. The measurements were
carried out using a system with a stainless steel chamber and two
sections being made up of high pressure resistant glass. First, both the
nanofluids containing 0.2 wt % Soloterra 964 surfactant and the
control with different amounts (0−0.05 wt %) of SiO2-NH2NPs were
prepared. Then, the fluids to be tested were put inside the chamber
and the chamber was equipped with O-rings to seal each connection.
Around the chamber, there is some electrical resistance wire to heat
the chamber for controlling the temperature of the tested fluids. At
the lower-middle part of the chamber, there is an entrance to pump
the used fluid. After the target fluid was pumped inside, the entrance
was closed. At the bottom of the chamber, there is an entrance to
pump the Bakken oil. When the Bakken oil is pumped inside, there
will be an inverted pendant oil drop. At right side of the chamber,
there is a camera whose center is as high as the chamber, taking the
photo of the pendant oil drop after it forming for 1 min at 65 °C and
input it to the computer. Then, the shape of an inverted pendant oil
drop on a needle in a bulk nanofluid phase was imaged. The
interfacial tension was calculated from the image of the drop using a
drop shape analysis by a Drop Image software which is a program
system for interfacial tension and contact angle measurement by
image analysis and is a proprietary product of Finn Knut Hansen that
is marketed under an exclusive agreement with rame-́hart instrument
company. Averages of three replicates for each sample were obtained
for further analysis.
2.7. Oil Contact Angle Measurement. The oil contact angle

between the oil and the Berea sample slices in the nanofluid was
determined using the sessile drop method. The Berea sample slices
were prepared with a diameter of ∼0.5 cm and a length of ∼0.1 cm for
testing the contact angle. Prior to the test, these sample slices were

aged in Bakken oil at 80 °C and atmospheric pressure for 10 days and
later dried in an oven for 1 d at 60 °C. To ensure the rock surface was
oil-wet, the contact angle was first measured after the Berea sample
slices were completely processed. Also, both the nanofluid and the
control of the nanofluid without the Soloterra 964 surfactant were
measured. The measurements were carried out using a system
mentioned in Section 2.6. First, the nanofluids and the control with
different amounts (0−0.05 wt %) of SiO2-NH2NPs were prepared.
Then, Berea sample slices were stuck onto a handle and inserted from
the top of the chamber. From the left side of the chamber, one oil
drop onto the Berea sample slice was injected, and then, the left side
of the chamber was closed. Next, the fluid to be tested was pumped
from the middle-lower part of the chamber, so the oil drop image was
captured using the right side camera. The oil droplet was captured on
the oil-wet surface of Berea sample slices in a bulk nanofluid phase at
65 °C by using a high-resolution camera on the right side of the
chamber. The oil contact angle was measured using a drop image
analysis software which is the same as that mentioned above. Averages
of three replicates for each sample were obtained for further analysis.

2.8. XRD Analysis of the Berea Core Sample. The XRD
analysis of the Berea core sample was determined using the powder
<270 mesh. First, the larger Berea chips were placed in the mixer/mill
for 5 min to reduce their size to approximately sand size (less than 1
or 2 mm). Then, no more than about 2 g of the coarse grind was
transferred to the steel container of the shatter box for 5 min of
grinding. After grinding, the powder was sieved through the 270 mesh
sieve. At last, the sieved powder was mounted in the sample holder of
the XRD to obtain the ultimate quality diffraction data of minerals.

2.9. Spontaneous Imbibition Tests. Prior to the imbibition test,
all Berea core samples were cleaned using the Soxhlet extraction
method with toluene and methanol to remove organic contaminants
and any adsorbed materials. Then, the samples were dried at 80 °C
for 48 h to obtain a constant weight. After cooling down to room
temperature in a desiccator, the weights of the four core samples were
measured using an electronic analytical balance. Then, these cores
were vacuumed to remove the gas inside the cores. After 24 h of
vacuum cleaning, the porosity and gas permeability were tested using
a porosimeter and a gas permeameter, respectively. Then, the sample
cores were fully saturated with Bakken crude oil using a core vacuum
saturation device. After being saturated, the core samples were aged in

Figure 1. Schematic diagram of the designed nanofluid. (A) A SiNP. (B) Amino-modified SiNPs-NH2. (C) Surfactant-augmented functional silica
nanocomposite. (D) Nanocomposite dissolved in brine formed the nanofluid. (E) Application of the nano-fluid for oil recovery.
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crude oil for about 10 days at 80 °C at atmospheric pressure to alter
the initial wettability. Before the imbibition test, the core samples
were measured once more. The OOIP was determined by measuring
the weight difference before and after oil saturation. In order to
compare the oil recovery of the nanofluid in spontaneous imbibition,
three types of imbibition liquids were used as controls, including 15
wt % NaCl brine, 0.2 wt % Soloterra 964 surfactant dissolved in 15 wt
% NaCl brine, and the SiO2-NH2NPs solution. Their ability to
displace oil from core samples was tested at 65 °C. The volume of oil
displaced from these cores was measured at the same time.
2.10. Core Flooding Tests. Oil-saturated core, its previous

processing steps, and OOIP calculation were coincident with the
above Section 2.9. The pore volume (PV) of the core sample was
determined by core geometry volume multiplied by porosity. After the
process of oil saturation, the Berea core samples were also put in the
Bakken oil at 80 °C for 10 days as previously mentioned to make the
polar substances such as colloid and asphaltene in crude oil reach
adsorption equilibrium on the surface of the rock pores. Before the
core flooding started, a rubber sleeve containing the oil-saturated core
sample was put into the core holder and then the core holder was
placed into the oven. At the same time, the silicone oil between the
core holder and rubber sleeve provided a stable confined pressure of
8.0 MPa around the rubber sleeve to stabilize the oil displacement
agent to axially displace the core sample at a constant speed. After
these steps were completed, the core flooding started. The procedures
of core flooding experiments for oil recovery were concluded as
follows: 1.5 PV brine flooding; 0.5 PV chemical flooding, finally, 2.0
PV subsequent brine flooding. Their ability to displace oil from the
core samples were all tested at a fixed flow of 0.3 mL/min and at a
constant temperature of 65 °C. During the chemical flooding, in order
to compare the oil recovery of the nanofluid in core flooding, the
SiO2-NH2NPs and Soloterra 964 surfactant dissolved in simulated
brine were used as the controls of the nanofluid. The pressure
difference between the displacement fluid inlet and produced liquid
outlet was recorded automatically using a pressure sensor by a
computer. The volume of oil and water displaced from these cores
were manually recorded versus time.

3. RESULTS AND DISCUSSION

3.1. Design of SiNP-Surfactant-Based Nanofluid. The
schematic diagram of the designed nanofluid is shown in
Figure 1. First, a SiNP was chosen as a carrier (Figure 1A) and
then, the SiNP was modified with amino groups on the surface
through synchronous hydrolysis of TEOS and APTES to form
SiO2-NH2NPs (Figure 1B). The modified nanoparticle was
linked with the Soloterra 964 surfactant molecules on the
surface to form the surfactant-augmented functional silica
nanocomposite (Figure 1C). The composites were dissolved in
a 15% NaCl solution (Brine) to form the nanofluid (Figure
1D). Finally, the nanofluid was applied to a Berea core sample
for oil recovery (Figure 1E).
The SiNPs were chosen as a carrier because of a few major

features of the materials. First, the SiNPs are inexpensive and
the resource of silica is abundant. Given the large amount of
the nanoparticles that would be needed in the oil field, the cost
and availability of the nanomaterials would play critical roles
regarding the feasibility of the method. The pioneer works of
using silica particles in this field have demonstrated the
improvement on the wettability of formation to a more water-
wet direction36−39 and have increased oil recovery at a low
concentration of SiO2 NPs.

41−44

Effective linkage of surfactants to the nanoparticles was
challenging in preparing the nanofluid. The methods to
conjugate surfactants to NPs could be classified as physical
adsorption and chemical binding.55,56 A few hydrogen binding
and mix together methods have been reported under a low

salinity and a low temperature.2,57 Given harsh conditions of
real oil fields, high salinity and high temperature in reservoirs,
the hydrogen binding methods maybe less practicable for
EOR. Thus, the physical adsorption pathway would be
considered in this work. Compared with the negatively
charged silica NPs used in the literature,41,42 the positively
charged NPs would be more efficient when negatively charged
surfactants are employed in preparing the nanofluid. Therefore,
in this work, the surface of the SiO2 NPs was modified with the
positively charged amino groups. The negatively charged
Soloterra 964 surfactants were then linked to the modified
SiNPs via electrostatic force (Figure 1C).
The surfactant not only played the role for pulling out oil

from the formation, but also considered as a stabilizer for the
surfactant-augmented functional silica nanocomposite. In
general, silica NPs were unstable with a tendency to aggregate
in the oil field conditions,45,53 especially under high temper-
atures and high salinities. The existence of surfactants would
effectively reduce the aggregation to maintain nanofluid
homogeneous conditions.
Some researchers have applied the surfactant-nanoparticle

formulation to get a higher oil recovery.36−40 Here, the
nanofluid was heated at 65 °C to test its stability under this
relatively high temperature. Many studies have shown that NPs
added into oil displacement agents can alter oil−water
interfacial tension58 and formation wettability,59−61 which
were two important parameters for EOR. Therefore, the
interfacial tension and contact angles were investigated using
the nanofluid. At last, spontaneous imbibition and displace-
ment experiments were conducted to test its efficiency for
EOR after preparing the Berea core samples.

3.2. Characterization of the Modified SiO2-NH2NPs
and the Surfactant-Augmented Functional Silica Nano-
composite. The developed SiO2-NH2NPs were characterized
regarding its morphology, structure, size distribution, surface
charge, and surface functional groups. The TEM image of the
SiO2-NH2NPs is shown in Figure 2A. The obtained NPs were
amorphous and not crystalline in a spherical shape with a
diameter of ca. 40−50 nm. The size and the size distribution
were further characterized using a nanoparticle size analyzer as
described in the Experimental Section. The obtained hydro-
dynamic diameter of the nanoparticles and its distribution is
shown in Figure 2B with an average size of 50 ± 2.1 nm, which
indicated a relatively uniform size and the result was
comparable with that from the TEM image.
The surface functional groups on the nanocomposites were

confirmed by the FTIR analysis (Figure 2C). First, the
synthesized pure SiNPs were dried at 60 °C to obtain the SiNP
powder. The FTIR spectrum of the pure SiNPs was recorded
as a control (Figure 2C curve (a)). Theoretically, a broad peak
at the range of 3200−3400 cm−1 on the FTIR spectrum is
ascribed to −OH groups. This broad peak was clearly observed
in curve (a), indicating the presence of −OH on the pure SiNP
surface. A peak at 1095 cm−1 was ascribed to the
antisymmetric stretching vibration of Si−O−Si.62−64 Then,
the amino-modified SiNPs were detected using the same
experimental conditions as shown in the Figure 2C curve (b).
Based on the literature, the peak at 3100−3500 cm−1 was
mainly due to the existence of the −NH2 group.62−64

Compared to the pure SiNPs, the SiO2-NH2NPs has a sharp
peak around 3440 cm−1, indicating the presence of −NH2. In
addition, two peaks were observed at 1700 and 1630 cm−1,
which could be considered as the −NH2 group bending
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vibration. A similar peak at 1095 cm−1 was ascribed to the
antisymmetric stretching vibration of Si−O−Si,62−64 while the
peaks at 2960 and 2920 cm−1 were ascribed to −CH group.
The FTIR results demonstrated the existence of −NH2 groups
on the SiO2 NPs surface.
For further confirmation of the −NH2 modification on the

surface, the zeta potential of the modified SiO2-NH2NPs was
also measured. First, pure SiNPs were measured as a control
(Figure 2D curve (a)), which showed a negative zeta potential.
In contrast, the curve of the amino-modified SiO2-NH2NPs
(Figure 2D curve (b)) appeared in the range of positive zeta
potential. Given the positively charged amino group, it was
evident that the amino groups were modified onto the SiNPs.

The linkage of the Soloterra 964 surfactants to the modified
SiNPs was characterized using FTIR spectroscopy. The FTIR
spectrum of the Soloterra 964 surfactant was recorded as a
control (Figure 3A curve (a)). As shown in Figure 3A, the peak
at 1100 cm−1 was mainly due to C−O stretching,62−64 and the
peak at 1600−1700 cm−1 was mainly ascribed to the vibration
of carbonyl groups in carboxylates. These characteristic groups
exist in Soloterra 964 surfactant molecules. Then, the obtained
surfactant-augmented functional silica nanocomposite was
analyzed using the FTIP spectroscopy (Figure 3A curve
(b)). Characteristic groups of Soloterra 964 surfactant
molecules all appeared in this curve. Additionally, a sharp
peak at 3370−3540 cm−1 indicated the presence of −NH2
while the peak at 1250−1270 cm−1 was the vibration of C−N.
Compared to curve (a) and curve (b), it is convincing that the
surfactants are linked to the SiNPs.
Furthermore, the zeta potential of the composite was

measured with the increment of the Soloterra 964 surfactant
concentration at a constant SiO2-NH2NPs concentration of
0.05 wt % SiO2-NH2NPs in DI water (pH = 7, for the zeta
potential under other pH values see Supporting Information
Figure S2) at room temperature (Figure 3B). With increasing
Soloterra 964 surfactant concentration (wt %) from 0.00, 0.04,
0.08, 0.12, 0.16, to 0.20, the zeta potential initially decreased
from a positive charge to a negative charge. When the Soloterra
964 surfactant concertation was higher than 0.12 wt %, the zeta
potential reached the plateau of −20 mV. Zeta potential is an
important factor of the stability of nanoparticle solution. The
higher the absolute value of zeta potential, the more stable
nanoparticle solution is.65 However, this is valid for a pure
electric nanoparticle but not for higher or large molecular
weight stabilizers, which act mainly by steric stabilization.66

Therefore, the surfactant-modified nanoparticle had improved
stability because of steric stabilization. Meanwhile, the zeta
potential of it was a result from the adsorbed surfactant
molecules shift the plane of shear to a farther distance from the
particle surface, which led to a reduction of the measured zeta
potential than original nanoparticles. This meant the zeta
potential values were of only 20 mV or much lower for the
surfactant-modified nanoparticles can provide sufficient stabi-
lization.
Moreover, the hydrodynamic diameter of the nano-

composites at a constant SiO2-NH2NPs concentration of
0.05 and 0.2 wt % Soloterra 964 surfactant was measured.
Given the number of negative charges on the surfactant
molecules, it could be linked to the positively charged SiO2-
NH2NPs via electrostatic force. Thus, the surfactant-
augmented functional silica nanocomposite would have a
larger hydrodynamic diameter. Additionally, the average size
and size distributions of the nanocomposite at different
conditions was measured. As shown in Figure 3C, in DI
water, at room temperature (Figure 3C cure (a)), an average
size of 58 ± 1.8 nm was obtained. The size was increased to 65
± 2.1 nm when the solution salinity increased to 15 wt % of
NaCl brine at room temperature (Figure 3C curve (b)). The
size change could be associated with the increased salinity of
the solution. Additionally, when the temperature increased
from room temperature to 65 °C in 15 wt % NaCl brine for 24
h (Figure 3C curve (c)), the size was further increased to 70 ±
3.8 nm. The results indicated that the high temperature and
the Brownian motion of the anions and cations might slightly
weaken the nanoparticle repulsion though surfactants lined to
the modified SiNPs surface.

Figure 2. Characterization of modified SiNPs-NH2. (A) TEM image
of the modified SiNPs-NH2. (B) Particle size distribution in DI water
based on the DLS method. (C) FTIR spectra of pure SiNPs (a); and
modified SiO2-NH2NPs (b). (D) Zeta potential distribution of the
pure SiNPs (a) and the modified SiO2-NH2NPs (b).
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3.3. Evaluation of Crucial Parameters of the Nano-
Fluid for EOR. 3.3.1. Long-Term Thermal Stability of the
NanoFluid. The temperature effect on the thermal stability of
the surfactant-augmented functional silica nanocomposite has
been briefly studied within a short time period (Figure 3 curve
(c)). Considering that the oil recovery is a lengthy process, the
nanofluid would have to remain in the high temperature of
reservoirs for one month, thus, in order to use the nanofluid in
the oil field, the long-term thermal stability of the nanofluid
was investigated. A time period of 30 days was chosen for this
study. The criterion used for evaluating the thermal stability of
the nanofluid was based on their particle size measurement at
high temperatures. In general, the reservoir temperature is in
the range of 50−100 °C but is more commonly around 60
°C.67 Here, a temperature of 65 °C was used for the
experiment. As described in the Experimental Section, the
nanofluid was placed in an oven at 65 °C and the
hydrodynamic diameters of the nanoparticles were measured
every five days. The size of the particles remained at a constant
diameter of 71 nm during the period of 30 days (Figure 4). In
contrast, the particle size in the control increased significantly
and reached 664.5 ± 3.6 nm after 5 days in the high
temperature environment (Figure 4). This indicated the
surfactant-augmented functional silica nanocomposite is more
stable than the positively charged SiNPs. After a large amount
of Soloterra 964 surfactant molecules adsorbed onto the
surface of the nanoparticles, the hydrophobic interaction
between the hydrophobic groups of the Soloterra 964
surfactant molecules and their steric stability further stabilized
the composite. Furthermore, the free surfactant as a stabilizer
also contributed to its stability. This is why the composite can
stabilize in brine better than positively charged SiNPs. The

results showed the enhanced thermal stability of the nanofluid
SiO2-NH2NPs for a long-term period, which is critical for
further EOR applications.

3.3.2. Reduced Interfacial Tension by the NanoFluid. Oil−
water interfacial tension is an important parameter for oil
recovery. In general, the smaller the interfacial tension between
the nanofluid and the oil, the higher the mobility of the oil is.
As a result, the EOR rate could be increased. Thus, we
measured the oil−water interfacial tension of the nanofluid
with the Bakken crude oil as described in the Experimental
Section. The control of the nanofluid without the Soloterra
964 surfactant was tested first. As shown in Figure 5, without
SiO2-NH2NPs and the surfactant, the oil−water interfacial
tension between 15 wt % NaCl brine and the Bakken crude oil
was 13.78 mN/m. When the different concentration of SiO2-

Figure 3. Characterization of the formed surfactant-augmented functional silica nanocomposite. (A) FTIR spectra of the Soloterra 964 surfactant
(a); and surfactant-augmented functional silica nanocomposite (b). (B) Zeta potential distribution in DI water (pH = 7) at room temperature. (C)
Particle size distribution in DI water at room temperature (a); in 15 wt % NaCl brine at room temperature (b); and in 15 wt % NaCl brine at 65 °C
(c).

Figure 4. Average particle size after the identical samples were placed
at 65 °C for 5, 10, 15, 20, 25, 30 d in 15 wt % NaCl brine.
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NH2NPs was added to the control, the interfacial tension
reduced significantly. As 0.05 wt % NPs was applied, the
interfacial tension was reduced to 0.36 mN/m, only 2.6% of
the original value. Furthermore, the nanofluid was tested
without the SiO2-NH2NPs, the oil−water interfacial tension
between 0.2 wt % Soloterra 964 surfactant solution and the
Bakken crude oil was reduced to 0.78 from 13.78 mN/m,
reduced by 94.3%. Although ultralow IFT can be obtained at
surfactant cmc, lower interfacial tension would make oil
displacement much easier from the surface of the formation,
which could improve oil washing efficiency. Therefore, the
nanofluid was expected to achieve it. When the SiO2-NH2NPs
was added, the interfacial tension was further reduced. The
reduction percentage was in line with the concentration of the
SiO2-NH2NPs. As the concentration of SiO2-NH2NPs
increased to 0.05%, the interfacial value reached as low as
0.02 mN/m, merely 0.15% of the original value. Therefore, the
nanofluid significantly reduced the water−oil interfacial
tension of the Bakken crude oil by 99.85%.
The lower interfacial tension also reduced the size of the oil

droplets on the rock surface, resulting in higher mobility of the
oil. The lower the interfacial tension, the smaller the oil droplet
is. Photographs of the oil droplets at the surface of the Berea
samples in 15 wt % NaCl solution, controls of SiNP solution
and Soloterra 964 surfactant, and nanofluid confirmed this
hypothesis (Figure 6). The smallest oil droplet in the nanofluid
makes the oil flow easily out of the pore of the rock. This is
one example that the nanofluid can enhance oil recovery.
A possible theoretical illustration of the effect of interfacial

tension reduction on EOR is drawn in the schematic diagram
(Figure 7) and discussed in eqs 1 and 2. The decrease of the
interfacial tension means the reduction of the adhesion work
(the work by pulling the liquid droplets from the solid surface
at an interface of 1 cm2). Therefore, oil mobilization could be

improved, and the oil could be easily detached from the
formation surface. When the oil droplets reached equilibrium
at the rock surface, based on the Young’s equation, we
obtained

σ σ σ θ= + coswr or ow (1)

σ σ σ σ= + − = + θW (1 cos )a wr ow or ow (2)

Where σwr is the liquid−rock interfacial tension; σor is the oil−
rock interfacial tension; σow is the oil−liquid interfacial tension;
θ is the contact angle of the oil phase on the rock surface; and
Wa is the adhesion work. It is clear that a smaller σow leads to a
smaller Wa. Figure 5 shows a much lower oil−water interfacial
tension when the nanofluid is used. Thus, the adhesion work
was reduced significantly to promote the oil displacement.

3.3.3. Measurement of the Contact Angle of Oil with the
NanoFluid. Wettability is an important parameter for
evaluating the efficiency of an EOR process while the contact
angle measurement is a common quantitative method for
assessing wettability. Rock wettability can be divided into three
categories depending on the value of the oil contact angle, 0 ≤
θ < 75° for oil-wet, 75 ≤ θ ≤ 105° for intermediate wet, and
105 <θ ≤ 180° for water-wet.68 Water-wet condition with a

Figure 5. Oil−water interfacial tension of different concentrations of modified SiO2-NH2NPs in 15 wt % NaCl at 65 °C: (a) overall data, (b) Zoom
image of red area in (a).

Figure 6. Oil droplets at the surface of Berea samples: (a) in control of 15 wt % NaCl brine; (b) in control of SiNP solution; (c) in control of 0.2
wt % Soloterra 964 surfactant; (d) nanofluid.

Figure 7. Wetting state of oil on the rock surface: (a) oil-wet state (θ
< 90° without nanofluid, in a brine solution), (b) water-wet state (θ ≥
90° when the nanofluid was used).
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large oil contact angle of the oil phase is preferred in an EOR
process. The contact angle of oil-saturated core samples moved
toward oil-wet because of partial adoption of polar
components in crude oil on the sandstone substrate.69 This
was confirmed based on the shape of oil drop contact angle in
the presence of air and oil aged core samples (see Supporting
Information Figure S3). It was expected that the developed
nanofluid could increase the contact angle of the oil phase and
thus increase the wettability for an EOR. As described in the
Experimental Section, the Berea rock samples were pretreated
in the Bakken oil and the contact angles of oil with Berea
samples were measured. As a control, the original contact angle
of the oil phase in the brine without both SiO2-NH2NPs and
the Soloterra 964 surfactant was measured to be 43.4° (Figure
8, curve (a)), indicating the oil-wet surface. With the increase

of the modified SiO2-NH2NPs concentration, the contact angle
increased rapidly. When the particle concentration reached
0.035 wt % SiO2-NH2NPs, the contact angle increasing extent
became insignificant. Eventually, the contact angle reached
103.2° when the concentration of SiO2-NH2NPs was 0.05 wt
%, increasing by 237.8% compared to the original value.
Therefore, in the following spontaneous imbibition test, the
concentration of modified SiO2-NH2 NPs was chosen to be
≥0.035 wt %.
Afterward, the nanofluid was used for the contact angle test

(Figure 8 curve (b)). At the starting point without nano-

particles, the contact angle was 100.1° which was significantly
higher than the starting point at curve (a), indicating that the
Soloterra 964 surfactant alone could have altered the oil-wet
formation to an intermediate wet. When the SiO2-NH2NPs
was added to form the nanofluid, the contact angle continually
increased with a slow pace in the SiO2-NH2NPs concentration
range of 0−0.025%. Then, the contact angle increased to be
larger in the concentration range of 0.025−0.04% of the
SiNPs-NH2. Finally, the oil contact angle slowly reached a
plateau of 130.2° after 0.04% of the nanoparticles was used,
indicating the water-wet formation. Compared with the
control, the contact angle of nanofluid alerted the oil
wettability from oil-wet to water-wet. In the following
experiments, the concentration of modified SiO2-NH2NPs
was 0.04 wt % in the nanofluid.
The wettability largely determines oil displacement

efficiency. Berea (mainly composed of silicates) originally is
the water-wet solid. The oil film on the surface of sandstones
should be easily displaced by water. However, because of long-
term exposure to crude oil, the active components (colloid and
asphaltene) of crude oil adsorbed on the surface of rocks and
the wettability of the Berea core samples were changed to oil-
wet.32,33 It was difficult to replace the oil film attached to the
Berea surface by water. For SiO2-NH2NPs solutions, acidic
components of adsorbed colloid and asphaltene on the rock
surface are negatively charged and the SiO2-NH2NPs is
positively charged. With increasing amount of SiO2-NH2NPs,
more and more SiO2-NH2NPs adsorbed on the surface of the
rock, which made the rock surface more water wettability
because of the SiO2-NH2NPs hydrophilic nature, as shown in
Figure 8 curve a. For the nanofluid, when the rock sample was
in contact, with increasing the amount of SiO2-NH2NPs, more
and more hydrophobic groups (from the Soloterra 964
surfactant) adsorbed the organic active components on the
rock surface, and more and more hydrophilic groups (from the
SiO2 NPs) turned the rock surface to water-wet, as shown in
Figure 8 curve b. According to eqs 1 and 2, when σow is
constant, Wa < σow on the water-wet rock surface. With the
increase of water wettability, the contact angle on the
formation surface increased and Wa decreased. The nanofluid
provided a higher contact angle and further decreased Wa,
which improved oil mobilization.

3.4. EOR Potential. 3.4.1. Berea Core Sample Analysis.
Prior to EOR investigation, the Berea rock samples were
analyzed regarding their porosity, permeability, and oil
saturation. The results for the imbibition test and core
flooding are shown in Table 1. The composition of the
Berea rock was further measured using XRD analysis. The
XRD results showed that quartz and orthoclase were the main

Figure 8. Contact angles of Berea rock samples with the Bakken oil in
the nanofluid in different concentrations of SiO2-NH2NPs. Curve (a):
the control without the Soloterra 964 surfactant. Curve (b): the
nanofluid.

Table 1. Physical Properties of Berea Core Samples

sample oil displacing agent
length,
cm

diameter,
cm porosity, %

permeability,
10−3 μm2

oil
saturation, %

for imbibition test B1 control of 15 wt % NaCl brine 3.183 2.549 18.56 90.82 94.18
B2 control of SiNP solution 3.256 2.551 18.68 89.27 93.77
B3 control of 0.2 wt % Soloterra 964

surfactant
3.112 2.538 18.01 88.62 92.94

B4 nano-fluid 3.093 2.543 18.25 91.39 94.51
for core flooding experiment S1 control of SiNP solution 5.256 3.812 18.94 90.96 94.05

S2 control of 0.2 wt % Soloterra 964
surfactant

5.112 3.808 19.02 91.11 93.87

S3 nano-fluid 5.093 3.813 18.96 91.08 93.92
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minerals in the Berea core sample with the content of 70.98
and 13.7 wt %, respectively, confirming Berea is sandstone.
Additionally, the rock contains 6.4% of illite, 4.4% of aluminum
epidote, 2.32% ankerite, and 2.2% kaolinite.
3.4.2. Spontaneous Imbibition Test. The reduced inter-

facial tension and the enhanced stability and wettability of
nanofluid for Bakken oil provided a strong foundation for
applications of the nanofluid to EOR. Thereafter, the EOR
efficiency of the nanofluid was investigated using the
spontaneous imbibition tests. Three different fluids, including
15 wt % NaCl brine, SiNP solution, and 0.2 wt % Soloterra 964
surfactant, were prepared as controls for the nanofluid. As
described in Experimental Section, a series of spontaneous
imbibition tests were carried out (Figure 9) at 65 °C and

atmospheric pressure. For the three controls, imbibition mainly
occurred in the first 3 days and the recovery reached a plateau
after 10 days. The final oil recoveries of 15 wt % NaCl brine
(Figure 9 cure (a)), SiO2-NH2NPs (Figure 9 cure (b)), and
0.2 wt % Soloterra 964 surfactant (Figure 9 cure (c)) were
11.30, 16.58, and 22.89% of OOIP, respectively. The SiO2-
NH2NPs recovered additional 5.28% OOIP oil than that of 15
wt % NaCl brine. In contrast, the imbibition of the nanofluid
mainly occurred in the first 12 days. Then, the recovery
continuously increased with a slow pace until 20 days when the
oil recovery reached the plateau. At this moment, the oil
recovery of the nanofluid reached 46.61% OOIP. This result
indicated that the developed nanofluid could be a promising
and efficient fluid for EOR.
The above imbibition experiment showed that the oil

recovery of nanofluid was higher than the sum of the surfactant
and the nanoparticle solution alone. Thus, a synergistic effect
among the surfactant and nanoparticles was formed in the
nanofluid. Compared to the SiO2-NH2NPs, the nanofluid
enhanced the dispensability and stability for EOR. Compared
to the surfactant, the nanofluid obtained a lower interfacial
intension and stronger water wettability. Overall, the
synergistic effect significantly enhanced oil recovery.
3.4.3. Core Flooding Test. The EOR efficiency of the

nanofluid was investigated using the core flooding tests. The
SiNP solution and Soloterra 964 surfactant of 0.2 wt % were

prepared as controls for the nanofluid. As described in
Experimental Section (experimental flow scheme see Support-
ing Information Figure S4), the core flooding tests were carried
out. The oil recovery of different displacement stages is shown
in Table 2. At the first brine flooding stage, the oil recoveries of

the three oil displacement agents were very close. The small
difference between them was due to the slight difference in the
core and operational error. Therefore, their subsequent
experimental data is comparable. Compared with controls of
the SiNP and surfactant flooding which enhanced oil recovery
by 5.32 and 8.61%, respectively, the oil recovery using the
nanofluid was enhanced by 17.23%. This indicated that the oil
recovery of the nanofluid flooding was 3.30% higher than the
sum of the SiNPs and surfactant flooding in the chemical
flooding stage. This also proved that there was a synergistic
effect among the surfactant and nanoparticles in the nanofluid.
Moreover, in subsequent brine flooding, compared with sum
recovery of the SiNPs and surfactant flooding, nanofluid
flooding EOR by 1.08% because of its more water wettability.
This result indicates that the developed nanofluid had higher
oil displacement efficiency and could be a promising and
efficient fluid for EOR.
In addition, the dynamic characteristic curve of Berea core

flooding is shown in Figure 10. In brine flooding, the oil
recovery, pressure difference, and water fraction with the
nanofluid flooding was almost coincidental as those of the
controls of the SiNPs and surfactant flooding. While in 0.5 PV
chemical flooding stage, the oil recovery (Figure 10A cure (c))
and pressure difference (Figure 10B cure (c)) of the nanofluid
were both much higher than those of controls (Figure 10A
cure (a) and (b), Figure 10 cure (a) and (b)) which indicated
that the nanofluid has a much higher capability to extract oil
than SiNPs and the surfactant. Additionally, the water fraction
of nanofluid (Figure 10C cure (c)) can be greater reduced
than those of controls (Figure 10C cure (a) and (b)) which
indicates that the nanofluid can displace the remaining oil area
that the controls do not reach. More crude oil was produced
which reduced water content. In subsequent brine flooding,
although the oil recovery and pressure difference trends were
slowing down for all the flooding, the nanofluid flooding was
still a little bit higher than controls because of nanocomposites
retained in the formation. Although the water fraction of the
production fluid of the three displacement modes was
increasing rapidly, the nanofluid flooding has a little slower
upward trend than the two controls’ flooding.
Through analyzing, on the one hand, under low interfacial

tension, the oil droplets are easily deformed and easy to flow in
the core porous medium. On the other hand, higher oil phase
wettability reduces the adhesion of oil droplets on the rock
surface. Therefore, more and more oil droplets are displaced

Figure 9. Oil recoveries of spontaneous imbibition experiments in
different imbibition liquids at 65 °C in 35 d. Curve (a): the control of
15 wt % NaCl brine. Curve (b): the control of SiNP solution. Curve
(c): the control of 0.2 wt % Soloterra 964 surfactant. Curve (d): the
nanofluid.

Table 2. Oil Recovery of the Core Flooding Test

oil recovery(%)

core
sample

type of chemical
flooding

brine
flooding

chemical
flooding

subsequent
brine

flooding
total

recovery

S1 control of SiNP
solution

38.36 5.32 1.53 45.21

S2 control of 0.2 wt %
Soloterra 964
surfactant

38.29 8.61 2.53 49.43

S3 nano-fluid 38.51 17.23 5.14 60.88
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from the surface of the core sample, which improves the oil
displacement efficiency of the nanofluid and increases the oil
recovery rate. At the same time, the extracted oil droplets
collide with each other when moving forward so that the oil
beads gather and gradually form an oil belt, and the oil belt

merges with more oil beads, resulting in the displacement
resistance increasing, causing the displacement pressure to rise,
which improved the swept volume. That caused the residual oil
to be further displaced to the outlet of the produced liquid,
thereby reducing the water fraction of the production liquid.
The above core flooding experiment showed that the oil

recovery of nanofluid was higher than the SiNPs and Soloterra
964 surfactant solution. Compared to the SiNPs and
surfactant, the nanofluid obtained a lower interfacial intension
and stronger water wettability and enhanced the swept volume.
Overall, oil droplets that gather into oil bands significantly
affect the EOR.

3.5. Potential Mechanism of the NanoFluid for Oil
Recovery. In addition to the interfacial intention reduction
and the increase of the contact angle and the swept volume
discussed above, for oil-wet reservoirs, the possible mechanism
of the nanofluid for EOR might be related to reducing capillary
resistance in reservoirs. The capillary force is the resistance of
water displacement and is descried in eq 3 below.70

σ θ=P
r

2 cos
c (3)

where Pccapillary force; σoil−water interfacial tension;
rcapillary radius; θcontact angle of oil on rock surface. (1)
When θ < 90° (oil-wet formation), the greater θ, the smaller
capillary resistance; (2) when θ = 90° (intermediate wet
reservoir), Pc = 0, the capillary resistance disappears; (3) when
θ > 90° (water wet formation), the wettability changes from
the oil-wet into the water-wet. Then, the capillary force
changes from migration resistance to a self-suction driving
force. According to eq 3, the capillary force of a thin capillary is
greater than that of a thick capillary. Thus, imbibition agents
could easily enter the thin capillary. Therefore, when θ > 90°,
with the wetting angle increasing, the self-priming power
increased, and the nanofluid could enter the capillary with a
smaller radius, which was the original inaccessible capillary.
This could enlarge the sweep coefficient and improve the oil
recovery.

4. CONCLUSIONS
In conclusion, after Soloterra 964 surfactant molecules
adsorbed onto the surface of the nanoparticles, the hydro-
phobic interaction between the hydrophobic groups of the
surfactant molecules and their steric stabilization improved the
nanofluid stability. Furthermore, the free surfactant as a
stabilizer also contributed to its stability. The developed
nanofluid effectively lowered interfacial tension and improved
water wettability and the swept volume. When it was applied to
oil recovery, it yielded the oil recovery rate of 46.61% OOIP in
spontaneous imbibition, which was 7.13% OOIP higher than
the combined oil recovery of SiNPs and Soloterra 964
surfactant solution alone and yielded the total oil recovery
rate of 60.88% OOIP in core flooding, which was 3.30% OOIP
higher than the combined ones in the chemical flooding stage.
A possible mechanism of reducing the capillary resistance of
oil-wet reservoirs for EOR was proposed for the nanofluid.
Nanoparticle-based nanofluid can promote wettability alter-
ation and interfacial tension reduction and the swept volume,
which are beneficial for EOR. Furthermore, nanoparticles have
a very large area-to-volume ratio result in their surfaces and can
be modified by conjugation or grafting different kinds of
molecules. This can make it possible to develop a nanofluid
that has specific physical properties according to different

Figure 10. Dynamic characteristic curve in Berea core flooding. (A)
Oil recovery of control of SiNP flooding (a); control of Soloterra 964
surfactant flooding (b); and nanofluid flooding (c). (B) Pressure
difference of control of SiNP flooding (a); control of Soloterra 964
surfactant flooding (b); and nanofluid flooding (c). (C) Water
fraction of produced liquid of control of SiNP flooding (a); control of
Soloterra 964 surfactant flooding (b); and nanofluid flooding (c).
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formations. This is important for the industrial application of
nanofluid in oilfields. Although both the temperature and
salinity in real oil fields are much higher than of what we have
discussed here, the results demonstrated the potential of using
the nanofluid as an environment-friendly oil displacement for
EOR and pave the way for its applications in oil fields.
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