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A B S T R A C T

The application of nano-fluids for enhanced oil recovery (EOR) has attracted noticeable attention and has formed
a new research area in recent years. Currently the great challenge for this area is to formulate a stable nano-fluid
for oil reservoirs with high-temperature and high-salinity, in particular, when divalent ions are present. In this
paper, a novel nano-fluid was developed by using nano-composite formed with polymer nanoparticles (PolyNPs)
and a betaine-type zwitterionic surfactant. The developed nano-composite was characterized using electron
microscopies (TEM and SEM), Fourier transform infrared (FTIR) spectrometry, dynamic light scattering (DLS),
etc. The nano-fluid showed noticeable stability at relatively high salinity (15 wt% simulated brine) and high
temperature (80 °C) for more than 30 days. The potential of the nano-fluid in recovering oil was evaluated by
investigating the interfacial tension with Bakken oil and the oil contact angle in the nano-fluid. The results
showed that the water–oil interfacial tension of the Bakken crude oil decreased by 99.49% and the contact angle
increased by 125.73% compared to the original values. Then, the EOR efficiency of the nano-fluid was tested
using Berea rocks saturated with Bakken crude oil through core flooding experiments. The results showed that
the total oil recovery by nano-fluid is 9.32% higher than that of the control. Finally, the possible mechanism of
the nano-fluid for EOR was proposed based on the investigation of dynamic displacing processes. The results
demonstrated that the developed nano-fluid is a highly promising oil displacement agent for enhanced oil re-
covery.

1. Introduction

The global demand for oil and gas is projected to increase by 2–3%
per year over the next few decades [1–4]. Commercial and personal
transportation activities, in particular, require large amounts of oil and
the demands are directly tied to economic conditions. However, con-
ventional oil recovery methods have not yet been able to fully realize
the potential of the developed oil reservoirs, leaving behind about
50%+ of the original oil in place (OOIP) [5,6]. Thus, the enhanced oil
recovery (EOR) techniques are receiving substantial attention world-
wide as the available oil resources are declining [7]. Having made great
contributions in many sciences like physics, chemistry, medicine, and
etc. the application of nanotechnology has recently spread to the energy
industry [8,9]. The most advanced contribution of nanotechnology in
the oil and gas industry is in the area of EOR [10,11]. Nano-fluid, one
kind of oil displacement agent, consisting of nanoparticles and bulk
liquid, has attracted great attention [12,13].

The most commonly used nano-fluid in the literatures are oxide
nano-fluids. Ogolo et al. investigated the potential of oxide NPs in EOR

and discovered that the oil recovery could be as high as 13.3–24.1% in
distilled water [14] However, the high salinity and high temperature
conditions in actual oil fields could easily destabilize NPs. To overcome
this challenge, it was urgent to develop a novel nano-fluids to stabilize
the NPs and better serve the EOR purpose [15,16].

Over the past few decades, polymer nanoparticles possess a wide
application from conducting materials to pollution control and medi-
cine [17] due to its low toxicity and good biocompatibility [18] which
makes it is friendly to reservoir. Furthermore, the surface of polymer
nanoparticles can be modified easily especially with carboxyl group
[19], which make it possible to be modified to enhance its temperature
and salinity resistance. Therefore, the polymer nanoparticles were good
candidate carriers.

Most recently, some researchers mixed the surfactant and NPs to-
gether to enhance nano-fluid stability and oil recovery. Nourafkan et al.
[20] made an effort to stabilize titanium oxide NPs with anionic and
nonionic surfactants in 4 wt% NaCl brine at 40 °C and Chen et al. [21]
successfully prepared a carbonaceous nanoparticles system that was
stable in 3 wt% brine (2.4 wt% NaCl and 0.6 wt% CaCl2) at 60 °C with
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the co-function of anionic surfactants. All of these nano-fluids yielded
an oil recovery of 8–16% higher than that of surfactant alone.

Although showing excellent performance in enhancing stability and
oil recovery in laboratory experiments, the reported nano-fluids were
mainly used at relatively low temperatures (≤60 °C [21]) and low
salinities (≤7 wt% with a very low concentration of divalent cations
[22]). The application of nano-fluids in high temperature and high
salinity conditions is still challenging in real oil fields [23–25].

To address this challenge, in this study, we developed a new nano-
fluid by coating negatively charged polymer nanoparticles (PolyNPs)
with zwitterionic surfactant via electrostatic attraction. The nano-fluid
showed improved stability at high salinities brine containing divalent
ions and high temperatures. The performance of the nano-fluid for EOR
showed that the developed nano-fluid is a promising new agent for
EOR.

2. Experimental section

2.1. Materials

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1′,3}-thia-
diazole)] (PFBT) was purchased from American Dye Source, Inc. Poly
(styrene-co-maleic anhydride), cumene terminated (PSMA) and tetra-
hydrofuran (THF) were purchased from Sigma-Aldrich Co. N-Alkyl-
betaine (n = 12) surfactant were purchased from the Lubrizol Co.
Sodium chloride, calcium chloride, magnesium chloride and potassium
chloride of analytical grade (≥99.5%) were all purchased from VWR
Chemicals and were used to prepare the simulated brine solution. The
density and dynamic viscosity of Bakken crude oil were measured to be
0.82 g/cm3 and 2.28 mPa·s at 50 °C, separately. Berea outcrop sand-
stone was purchased from Cleveland Quarries. All the core plugs used
were 2.54 cm in diameter and 7.5 cm in length, with porosity around
19% and permeability about 90 × 10−3 μm2.

2.2. Instruments

A transmission electron microscope (TEM, Hitachi 7500) was used
to observe the morphology of the PolyNPs. Zeta potential and particle
size measurements were carried out based on the dynamic light scat-
tering (DLS) method using a Zetasizer Nano Series (Malvern,
Westborough). The infrared spectrometry analysis was conducted using
a Fourier transform infrared spectrometer (FT-IR, Spectrum ATR iD5).
A porosimeter (TPI-219, Coretest Systems, Inc.) and a gas permeameter
(TKA-209, Coretest Systems, Inc.) were used for porosity and perme-
ability measurements of Berea core samples. The interfacial tension and
contact angle were measured using a Pendent Drop Interfacial Tension
Cell Model (IFT-10, ramé-hart instrument co.). Core flooding system,
including displacement container and core holder (37181, Vinci
Technologies), oven (UF260, Wisconsim Oven Distributors, LLC),
pressure sensor (CV-310-HC, Vindum Engineering, Inc.), and pressure
record (VS15453, ViewSonic), was used to test the oil recovery of dif-
ferent displacement agents, including surfactant and PolyNPs based
nano-fluid. In addition, the surface morphologies of Berea after che-
mical flooding were examined using a scanning electron microscope
(SEM, Hitach SU8010).

2.3. Synthesis of polymer nanoparticles (PolyNPs)

The PolyNPs was synthesized based on a nano-precipitation
method, where conjugated polymers were firstly dissolved in a “good”
solvent and added to an excess of “poor” solvent under ultrasonic dis-
persion [26,27]. Briefly, 0.5 mg of PFBT and 0.1 mg of PSMA were
dissolved in 5.0 mL of THF. Then the solution was injected into 10.0 mL
of water under ultrasonic conditions. After 1 min of ultrasound soni-
cation, polymer nanoparticles were formed and the organic solvent THF
was removed by evaporation at 70 °C.

2.4. Preparation of PolyNPs based Nano-fluid

The nano-fluids were prepared by adding different amounts of
PolyNPs into the betaine surfactant solution, and then the solution was
diluted by a simulated brine. First, simulated brines of different sali-
nities were prepared according to the composition ratios of Bakken
formation brine [28,29]. Considering the high salinity of simulated
brine, the salt compound was divided into multiple portions and was
added to the distilled water multiple times in the preparation process to
make the salt compound dissolved sufficiently. Second, the distilled
nano-fluid was prepared using different amounts of PolyNPs dissolved
in distilled (DI) water homogeneously. Then the betaine surfactant was
added into the solution to allow the surfactant to adsorb onto the sur-
face of PolyNPs via electrostatic force, which was called a nano-com-
posite solution. At last, the target nano-fluid was prepared by adding
the nano-composite solution into simulated brines with different sali-
nities.

2.5. Thermal stability of the PolyNPs based nano-fluid

The thermal stability of the nano-fluid was tested based on the na-
noparticle size measurement. Approximately 10.0 mL of the target
nano-fluid was placed in an oven at a constant temperature of 60 °C and
80 °C separately 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 nano-fluid was
tested using the inverted pendant method. After the nano-fluids with
different amounts of polymer nanoparticles were prepared, the shape of
an inverted pendant oil droplet on a needle in a bulk nano-fluid phase
was imaged. The interfacial tension could be calculated from the image
of the drop using a drop shape analysis software that is marketed under
an exclusive agreement with ramé-hart instrument company. All mea-
surements were repeated three times for further analysis.

2.7. Oil contact angle measurement

Due to the complexity of reservoir rock wettability, there is no ac-
curate method to determine the wettability of reservoir rocks [30,31].
In the related fields of petroleum engineering, the oil contact angle
between the oil and the rock sample slices in the tested solution was
determined using the sessile drop method. In this work, the Berea
sample slices were prepared with a diameter of ~0.3 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 for 10 days to ensure the rock
surfaces were rendered oil-wet. After the oil droplet on the rock surface
for 5–10 s, the pendant oil droplets could be captured on the oil-wet
surface of Berea sample slices in a bulk nano-fluid (or surfactant solu-
tion) at 80 °C by a high-resolution camera. The oil contact angles were
calculated using a drop image analysis software the same as above
mentioned. All measurements were repeated three times for further
analysis.

2.8. Porosity and permeability test of Berea core samples

The porosity of Berea core sample was measured using the TPI-219
porosimeter with helium, which includes a matrix cup to hold billets
and/or core samples, an accurate pressure transducer, and a readout
system to monitor pressure. The porosity was obtained using Boyle's
law with the data of system reference volume, volume of removed
billets, reference system pressure prior to full cup measurement, cup
pressure when all billets in cup, reference volume of system, reference
system pressure prior to core measurement, and cup pressure with
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sample inside.
The permeability of Berea core sample was tested using the TKA-

209 permeameter for gas (air, nitrogen, or helium), which includes
precision electronic pressure and flow rate measuring transducers to
produce accurate digital information. The permeability was obtained
using Darcy's law with the data of gas viscosity, flow rate of gas, at-
mospheric pressure, inlet pressure, outlet pressure, sample length, and
the cross-sectional area of sample.

2.9. Core flooding tests

The organic matter and adsorbed substances on the cores should be
cleaned with toluene and ethanol prior to the displacement experiment.
In order to obtain a constant weight, the samples were dried at 80 °C for
48 h. Then, the sample was cooled down to room temperature in a
desiccator and the weights were measured. To remove the gas inside the
core samples, the samples were vacuumed for 24 h. Then the porosity
and gas permeability were tested using a porosimeter and a gas per-
meameter, respectively, as described in experimental Section 2.8. The
Berea core sample was first saturated with simulated brine before it was
saturated with oil. Therefore, to fully saturate the Berea core samples by
the formation of water, the core samples were injected with 200.0 mL of
simulated brine at a flow rate of 0.1 mL/min. The pore volume (PV) was
determined by measuring the weight difference before and after brine
saturation divided by the density of simulated brine. After brine sa-
turation, the core samples were oil saturated by injecting 10 PV Bakken
oil at a flow rate of 0.1 mL/min to sufficiently saturate the core sample
with oil. Then the original oil in place (OOIP) was determined by the
volume of water displaced.

After brine and oil saturation, the Berea core samples established
the initial oil saturation and the irreducible water saturation. Then they
were put in the Bakken oil at 80 °C for one week to allow the polar
substances, such as colloid and asphaltene in crude oil, to reach ad-
sorption equilibrium on the surface of the rock pores. Prior to the core
flooding experiment (schematic diagram of experimental set-up see
Fig. 1), the core sample in a Viton sleeve were placed into the core
holder. The core holder was then sealed at both ends and was placed in
the oven. With a fixed oil injection rate of 0.3 mL/min at a constant
temperature of 80 °C, the silicone oil between the core holder and Viton
sleeve would provide a stable pressure of 10 MPa, at this moment the
core flooding test started. The experiment was conducted as follows:
1 PV brine flooding; then 0.5 PV chemical flooding; finally, 1.5 PV
subsequent brine flooding. During the chemical flooding, the betaine
surfactant dissolved in simulated brine was used as the control for the
nano-fluid to compare the oil recovery in core flooding. The pressure

difference between the displacement fluid inlet and produced liquid
outlet was recorded automatically using a pressure sensor. The volume
of oil and water displaced from core samples were recorded every five
minutes.

3. Results and discussions

3.1. The design of PolyNPs-surfactant based nano-fluid

The current two significant challenging conditions for nanofluid
applications in EOR are high temperature (≥80 °C) and high salinity
with divalent ions (≥15%). Usually, at such harsh conditions, it is
difficult to maintain nano-fluid stability. Thus, the goal of this work is
to design a new nanofluid that would tolerate these harsh conditions
and keep their function in EOR. The schematic diagram of the designed
nano-fluid was shown in Fig. 2. First, two hydrophobic polymers, PFBT
and PSMA, were used as precursors (Fig. 2A and B) to form the PolyNPs.
Then carboxyl groups were formed on the nanoparticles (Fig. 2C) by
hydrophobic interaction and hydrolysis of an acid anhydride from
PSMA. Afterwards, the polymer nanoparticles were linked with the
surfactant molecules on the surface to form the polymer nanoparticle-
augmented surfactant nano-composite (Fig. 2D). The nano-composites
were dissolved in a 15% simulated brine solution to form the nano-fluid
(Fig. 2E). Finally, the nano-fluid was applied to a Berea core sample for
oil recovery testing (Fig. 2F).

In this design, the polymers, PFBT and PSMA, were chosen to pro-
duce the PolyNPs that was used as a carrier to form the nanofluid. There
were two major considerations in this design. First, the PolyNPs were
synthesized at high temperatures of 70 °C using PFBT and PSMA, re-
sulting in a strong temperature-resistant property of the produced na-
noparticles, which will ensure nanoparticle stability at high tempera-
tures of harsh formation in the oil field. Second, the carboxyl groups on
the surface of PolyNPs produced from PFBT and PSMA will increase
nanoparticle hydrophilicity as compared to the hydroxyl groups on
most silica and metal oxide-based nanoparticles. The increased hydro-
philicity will assist nanoparticles to remain stable at high salinity. The
effectiveness of these two considerations were proved in the following
experiment Sections 3.3 and 3.4.

After the polymer nanoparticles were made, a surfactant molecule
was used to modify the nanoparticle surface. The betaine surfactant, a
wide applied surfactant in the petroleum field, was selected based on its
stability under acidic and alkaline conditions, biodegradability, and its
low interfacial tension with crude oil.

Grafting surfactants to nanoparticles can be divided into two ap-
proaches of covalent assembly and noncovalent adsorption [32,33].

Fig. 1. Schematic diagram of experimental set-up.
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Covalent grafting can be achieved by introducing an ether bond or a
reactive amine group onto a nanoparticle surface with a terminal hy-
droxyl group [33]. Non-covalent adsorption includes electrostatic force
interaction and hydrogen bonds [32,34]. Given the challenges for
purifying products in covalent grafting and the impracticability in
forming hydrogen in this work, non-covalent adsorption through elec-
trostatic force was considered. The surface of the PolyNPs was com-
posed of negatively charged carboxyl groups (Fig. 2C), therefore, the
positive end of the zwitterionic surfactants could be linked to the
PolyNPs (Fig. 2D).

The stability of the PolyNPs-surfactant nano-composite was sig-
nificantly improved due to the existence of the surfactant, possibly
because of the steric effects resulted from surfactant micelles [35]. In
contrast, without surfactants, the nanoparticles may tend to agglom-
erate to diminish their high surface energy [36,37]. The surfactant-
nanoparticle nano-composites contribute to oil recovery at high tem-
perature and high salinity.

3.2. Characterization of the PolyNPs and the PolyNPs-augmented
surfactant nano-composite

The synthesized PolyNPs were systematically characterized re-
garding their morphology, size and size distribution, surface charge,
and surface chemistry. The TEM image of the PolyNPs is shown in
Fig. 3A. The shape of the obtained NPs was amorphous not crystalline
with non-perfect spherical. The diameter of PolyNPs in an aqueous
solution was measured by DLS as shown in Fig. 3B. The average hy-
drodynamic diameter of 23.1 ± 2.6 nm was a bit larger, but com-
parable to that of the TEM image result.

To examine the surface functional groups of the PolyNPs, a FTIR
spectrum was obtained (Fig. 3C). Prior to the FTIR analysis, the syn-
thesized PolyNPs powder was dried at 60 °C. A broad peak at the range
of 3000–3500 cm−1 on the FTIR spectrum was ascribed to eOH groups
[38–40]. A Peak at 1700 cm−1 was ascribed to the carbonyl group
stretching vibration in carboxylic acid. A peak at the range of
1250–1300 cm−1 was ascribed to CeO group stretching. The above
three peaks of eOH and carbonyl and CeO groups confirmed the pre-
sence of carboxylic groups. In addition, a peak at 2920 cm−1 was

ascribed to the eCH2e stretching. A peak observed at 1370 cm−1 could
be considered as eCH3 group stretching. A peak at 1040 cm−1 was
ascribed to the stretching vibration of CeN while the peaks at
798 cm−1 and 658 cm−1 were ascribed to the stretching of benzene
ring and eCF group, respectively. The FTIR results demonstrated the
existence of carboxylic groups on the PolyNPs surface.

The zeta potential of −33.2 ± 3.1 mV in distilled water confirmed
negative charges on PolyNPs surfaces (Fig. 3D), which further proved
that the carboxylic groups were modified onto the PolyNPs.

The PolyNPs-augmented surfactant nano-composites were then
characterized using similar methods discussed above. FTIR spectro-
metry was used to characterize the polymer nanoparticle-augmented
surfactant nano-composite with the control of the FTIR spectrum of
betaine surfactant (Fig. 4 curve (a)). As shown in Fig. 4curve (a), the
peak at 1600 cm−1 was mainly ascribed to the vibration of carbonyl
groups in carboxylates [38–40]. The peak at 1390 cm−1 was mainly
due to methyl stretching [41,42], and the other peaks at the range of
1260–1460 cm−1 could be considered as both eCH3 group and CeO
group stretching. In addition, two peaks observed at 2920 cm−1 and
2,850 cm−1 could be considered as eCH2e stretching. These char-
acteristic groups existed in betaine surfactant molecules. Then the ob-
tained functional nanoparticle-augmented surfactant nano-composite
was analyzed using the FTIR spectrometry (Fig. 4 curve (b)). The
characteristic groups of betaine surfactant molecules all appeared in
this curve. Additionally, a broad peak at 3000–3500 cm−1 indicated the
presence of eOH. Comparing to curve (a) and curve (b), it was con-
vinced that the betaine surfactants were linked to surface of the
polymer nanoparticles.

3.3. Evaluation of the nano-fluid for EOR

3.3.1. Nano-fluid stability at high salinity
The first critical factor in determining whether the new developed

nano-fluid would be effectively used for oil recovery would be their
persistence in being stable without aggregation at high salinity with the
presence of divalent ions. Thus, we first evaluated the nano-composite
size distribution at different salinities of brine. Given that the Bakken
oil field is our target reservoir, the simulated brine was formulated

Fig. 2. Schematic diagram of the designed nano-fluid. (A) Polymer PFBT. (B) Polymer PSMA. (C) Self-assembled polymer nanoparticle. (D) Polymer nanoparticle-
augmented surfactant nano-composite. (E) The formed nano-fluid by dissolving the nano-composite in brine. (F) The application of the nano-fluid for oil recovery.
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using the formation water composition of the Bakken oil field. The
selected ionic composition of the simulated brine is shown in Table 1.
Considering the divalent cations would cause more severe aggregation
of negatively-charged nanoparticles than monovalent cations,

therefore, in order to strictly investigate the stability of the nano-fluid,
two typical divalent ions, Ca2+ and Mg2+, were applied in addition to
monovalent cations of K+ and Na+ in this simulated brine.

The size of nano-composite in different salinities of simulated brine
was investigated as shown in Fig. 5. The size of nano-composite in DI
water was 27.1 ± 1.9 nm larger than that of pure PolyNPs in Fig. 3B
due to adsorbed surfactants on the PolyNPs. In Brine 1 (5% salinity) the
nano-composite size was 28.9 ± 2.0 nm. Compared to that of
27.1 ± 1.9 nm size in DI water, the student t-test showed no significant
difference. As expected, the low salinity of 5 wt% caused no aggrega-
tion of the nano-composites. Similarly, the nano-composites showed a
rather stable size of 30.7 ± 2.1 nm at 10 wt% brine (Brine 2 in
Table 1) and 32.0 ± 2.2 nm at 15 wt% of brine (Brine 3 in Table 1).
The student t-test resulted in a p < 0.05, indicating a significant dif-
ference. However, when the salinity of simulated brine increased to
20 wt%, corresponding to Brine 4 in Table 1, the size of nano-composite
increased significantly to 70.2 ± 3.6 nm, which means the nano-
composite tended to aggregate attributed to electric double layer sup-
pression due to the increased ions strength, which reduced the polarity
and repulsive force [43,44]. The student t-test indicated a similarity at
p < 0.001, indicating extremely a significant difference.

According to the literature, the counterions’ (anion and cation)

Fig. 3. Characterization of PolyNPs. (A) TEM image of the PolyNPs. (B) Size and size distribution of the PolyNPs measured by DLS. (C) The FTIR spectrum of PolyNPs.
(D) Zeta potential distribution of the PolyNPs in distilled water at 20 °C.

Fig. 4. FTIR spectra of betaine surfactant (a) and polymer nanoparticle-aug-
mented surfactant nano-composite (b).
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movement in brine decreases the electrostatic force between the sur-
factant and nanoparticles, resulting in the particle size of nano-com-
posite to be a little larger than those in DI water [45]. The higher the
salinity of the brine, the more intense the counterions’ movement.
Consequently, the greater the decrease of the electrostatic force, the
larger the particle size. So, when the salinity of brine increased to a
certain extent, the intense movement would destroy the electrostatic
force between surfactant and nanoparticle, then the exposed nano-
particles, without modification, would aggregate. The increased size in
20 wt% simulated brine indicated aggregation of the nano-composites.
At such a condition, the efficiency of using nano-composites for oil
recovery would be reduced. Therefore, the suitable salinity for the
application of the developed nano-fluid should be ≤15 wt% with di-
valent cations present.

3.3.2. Thermal stability of the nano-fluid
The second critical factor in determining whether the newly de-

veloped nano-fluid would be effective for oil recovery would be its
persistence in being stable without aggregation at high temperature in
the simulated brine of the oil field. This factor mainly involves two
parts: temperature value and a stable period at the given temperature.
First, we studied temperature effect only at a period of one day. As
shown in Fig. 6, the room temperature was used as a control for nano-
composites in both DI water and 15 wt% simulate brine. Given the high
reservoir temperatures, 60 °C and 80 °C were selected as testing tem-
peratures while Brine 3 in Table 1 was used. The results showed an
average size of 27.1 ± 1.9 nm in DI water at room temperature (Fig. 6
curve a). The size increased to 32.0 ± 2.2 nm in simulated brine at
room temperature (Fig. 6 curve b). As discussed in Section 3.3.1, the
size change could be associated with the increased salinity of the so-
lution. When the temperature increased from room temperature to
60 °C in 15 wt% simulated brine for 24 h (Fig. 6 curve c) the size was
increased to 35.0 ± 2.8 nm. Compared to curve b, a slight increase of
about 3.0 nm was observed at 60 °C. When the temperature further
increased to 80 °C (Fig. 6 curve d), the size of nano-composites was
38.1 ± 3.2 nm. Compared to curve b, the nano-composite was about
6.1 nm larger, that is 19.1% increase in their original size. The result

indicated no nanoparticle aggregation occurred. The nano-composite
could perform their function as designed for oil recovery at high tem-
peratures. Higher temperature leads to stronger thermal motion. The
slight increase in size might be contributed to the accelerated move-
ment of nanoparticles and more and more of them would hit each other
as temperature increased.

The stable period of particles at high temperature is important for
real applications of the nano-fluid in the oil fields. Thus, the thermal
stability of the nano-composite was further evaluated for a longer time
period of 30 days. During this time period, the nano-fluid was reserved
at high temperatures of 60 °C and 80 °C, respectively. Every five days,
the size of the nano-composite was measured using the same method of
DLS. The results are shown in Fig. 7. After the first five days, the size of
the nano-composites increased from 32.0 ± 2.2 nm to 36.0 ± 1.7 nm
at 60 °C, and 40.4 ± 1.6 nm at 80 °C. This was about a 12.5% and
26.3% increase, respectively, in their original size. However, no

Table 1
Ionic composition of different concentrations of simulated brine.

Brine No. Na+ (mg/L) Ca2+ (mg/L) Mg2+ (mg/L) K+ (mg/L) Cl− (mg/L) Total (mg/L)

1 16,131 2,273 203 974 30,419 50,000 (5 wt%)
2 32,262 4,546 406 1,948 60,838 100,000 (10 wt%)
3 48,393 6,819 609 2,922 91,257 150,000 (15 wt%)
4 64,524 9,092 812 3,896 121,676 200,000 (20 wt%)

Fig. 5. The hydrodynamic diameter of nano-composite distribution in different
salinities of simulated brine at room temperature. PolyNPs concentration was
0.05 wt% and betaine was 0.1 wt%. Fig. 6. Particle size distribution at different temperatures. (a) In DI water at

room temperature; (b) In 15 wt% simulated brine at room temperature; (c) In
15 wt% simulated brine at 60 °C; (d) In 15 wt% simulated brine at 80 °C.

Fig. 7. The average particle size after the identical samples were placed at 60 °C
and 80 °C respectively in 15 wt% simulated brine.
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obvious aggregation or sedimentation was observed. Afterwards, the
particle size remained stable for both temperatures, 39.0 ± 2.4 nm
(60 °C) and 41.0 ± 2.6 nm (80 °C), respectively. Considering 30-day is
an enough of a time period for nanofluid application, no further time
period was tested. The results showed the PolyNPs based nano-fluid
was stable enough for further EOR application. Therefore, the higher
temperature of 80 °C is determined for the application of the developed
nano-fluid in recovering oil.

The nano-composite remained stable in high salinity brine at high
temperatures due to two factors in addition to the strong temperature-
resistant property of polymer nanoparticles. First, the zwitterionic
surfactant itself has a strong chelation interaction with divalent metal
ions and good salinity resistance [46]. Therefore, these kinds of che-
micals can remain stable at high salinity and high temperature. Second,
the surfactant molecules adsorbed on the surface of the nanoparticles
provided a strong steric repulsion which stabilized the nano-composite
further [47–48].

3.3.3. Interfacial tension of oil–water in nano-fluid
Lower interfacial tension between oil and water would provide

higher oil mobility in the reservoir, which is conductive in recovering
oil. Given this consideration, the designed PolyNPs based nano-fluid
was expected to lower the oil–water interfacial tension. To test whether
this designed purpose was achieved, we conducted two separate mea-
surements. First, the betaine surfactant was tested with Bakken crude
oil in 15 wt% simulated brine at 80 °C as described in experimental
Section 2.6. The results are shown in Fig. 8A. Without the betaine

surfactant, the oil–water interfacial tension between 15 wt% simulated
brine and the Bakken crude oil was 16.22 mN/m. When the different
concentration of betaine surfactant was added to the simulated brine,
the interfacial tension reduced significantly. As the 0.1 wt% betaine
surfactant was applied, the interfacial tension was reduced to a steady
value of 0.83 mN/m, only 5.1% of the original value. This result in-
dicated that the concentration of betaine surfactant should be higher
than or equal to 0.1 wt%.

Next, the interfacial tension of developed nano-fluid formed by
adding different amounts of PolyNPs into 0.1 wt% betaine surfactant
solution was further reduced (Fig. 8B). The reduction percentage was in
line with the concentration of the PolyNPs. As the concentration of
PolyNPs increased to 0.08 wt%, the interfacial value reached as low as
0.082 mN/m, merely 0.51% of the original value, and achieved a steady
trend. Compared with the starting point with the final point in Fig. 8B,
the nano-fluid significantly reduced the water–oil interfacial tension of
the Bakken crude oil by 99.49%. Based on this result, we could expect
the nano-fluid would enhance oil recovery significantly. The con-
centration of PolyNPs in the following core flooding experiment will be
selected for higher than or equal to 0.08 wt%.

3.3.4. Contact angle of Berea rock samples saturated the Bakken oil
Wettability is an important parameter in reservoir evaluation, re-

servoir dynamic analysis, and EOR. It determines the microscopic dis-
tribution of the original fluid of the reservoir and the microscopic dis-
tribution of the residual oil after water flooding to a certain extent. This
determines the size and direction of the capillary pressure and affects
the oil recovery rate and ultimate recovery [49,50]. As descripted in
experimental Section 2.7, the original contact angle in the simulated
brine without the betaine surfactant was measured to be 51.3° (Fig. 9A),
indicating the oil-wet surface [51]. With the increase of the betaine
surfactant concentration, the contact angle increased rapidly. When the
surfactant concentration reached 0.07 wt%, the contact angle in-
creasing extent became insignificant. Eventually, the contact angle
reached 101.3° when the concentration of betaine surfactant was
0.12 wt%, increasing by 97.47% compared to the original value. In the
following core flooding test, the concentration of betaine surfactant was
chosen to be ≥0.07 wt%. Combined with interfacial tension test result,
the concentration of betaine surfactant was chosen to be 0.1 wt%
eventually.

The contact angel of the PolyNPs based nano-fluid was then mea-
sured (Fig. 9B). At the starting point without nanoparticles, the contact
angle was 100.5° indicating that betaine surfactant alone could have
altered the oil-wet formation to an intermediate wet [51]. When the
PolyNPs concentration lowered than 0.06%, the contact angle of the
nano-fluid continually increased rapidly with increment concentration
of the PolyNPs. Then, the contact angle increased slowly in the con-
centration range of 0.06–0.10% of the PolyNPs. Finally, the oil contact
angle slowly reached a plateau of 115.8° after 0.08% of the nano-
particles was used, indicating the water-wet formation. In the following
experiments, the concentration of PolyNPs was 0.08 wt% in the nano-
fluid. Compared with the simulated brine, the wettability of the oil
saturated Berea core sample was significantly changed from oil-wet to
water-wet. The nanoparticles played a significant role in this wettability
transition.

3.4. EOR using the nano fluid

3.4.1. Berea core sample analysis
The purpose to develop this nano-fluid was for EOR applications.

The Bakken crude oil and Berea core rock samples were selected for the
EOR study. Prior to the EOR study, the Berea core samples were tested
regarding its porosity and permeability. The methods of these tests were
described in experimental Section 2.9. Afterwards, the Berea core rock
samples were saturated with simulated brine and Bakken oil as de-
scribed in the first paragraph of experimental Section 2.9. The rock

Fig. 8. Oil-water interfacial tension for Bakken crude oil in 15 wt% simulated
brine at 80 °C. (A) Different concentrations of betaine surfactant. (B) Different
concentrations of PolyNPs in nano-fluid.
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sample properties are shown in Table 2. The porosity of over 19% and
permeability of over 80 × 10−3 μm2 would provide sufficient space for
nano-fluid penetration while greater than 80% oil saturation would
provide abundant oil for the EOR study.

3.4.2. Core flooding test
The above property of withstanding high salinity and high tem-

perature and measurements of interfacial tension and contact angle
indicated a promising potential of the PolyNPs based nano-fluid for
EOR. Then, the nano-fluid was applied to the core flooding experiment
using the oil saturated Berea core samples. The 0.1 wt% betaine sur-
factant was prepared as a control for the nano-fluid. As described in the
second paragraph of experimental Section 2.9, the core flooding ex-
periments were carried out using three flooding steps. The first step was
simulated brine flooding and the second step was chemical flooding
(nano-fluid flooding or the control of surfactant flooding) and the third
step was subsequent brine flooding. The oil recovery results are shown
in Table 3. At the beginning, the first flooding of simulated brine
flooding was performed. The oil recoveries of the two rock samples in
this flooding process were very close (45.80% and 46.56%), which

Fig. 9. Contact angles of Berea rock samples saturated the Bakken oil in different solutions. (A) Different concentrations of betaine surfactant. (B) Different con-
centrations of PolyNPs in the nano-fluid.

Table 2
Properties of Berea core samples.

Sample Length cm Diameter cm Porosity % Permeability 10−3 μm2 Oil saturation %

C1 7.5 3.8 19.52 89.67 81.23
C2 7.5 3.8 19.22 88.59 80.84

Table 3
Oil recovery of core flooding test.

Rock core
sample

Oil recovery (%)

1st flooding
(Brine

flooding)

2nd flooding
(Chemical
flooding)

3rd flooding
(Subsequent brine

flooding)

Total
recovery

C1 45.80 7.91 3.48 57.19
C2 46.56 15.03 4.92 66.51
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indicated that one rock could be used as a control for the other rock.
Thus, the rock sample C1 was conducted with surfactant flooding. The
result showed an enhanced oil recovery of 7.91%. Meanwhile, the rock
sample C2 was conducted with nano-fluid flooding. The oil recovery
was enhanced by 15.03%. This result was 7.12% higher than that of
surfactant flooding in the second flooding process. Finally, a subsequent
brine flooding was conducted for both rock samples. Comparing with
the surfactant flooding in rock C1, the nano-fluid flooding in rock C2
enhanced oil recovery by 1.44% in this subsequent brine flooding step.
In total, the oil recovery was 66.51% when the nano-fluid was used in
the second flooding step while a lower recovery of 57.51% was ob-
tained when the surfactant was used in the same step without PolyNPs.
This result indicates that the PolyNPs based nano-fluid is a highly
promising oil displacing agent for EOR.

3.4.3. Dynamic displacing process
The mechanism of the developed nano-fluid for enhanced oil re-

covery was preliminarily studied through the analysis of the dynamic
displacing process. The dynamic characteristics, including the variation
of oil recovery, water-cut of produced liquid and the pressure differ-
ence, can partly reveal the mechanisms of the oil displacing agent.
Major oil fields in the world have successively carried out water
flooding development to maintain the reservoir pressure after relying
on natural energy development [52]. With the development of water
flooding, the oil recovery gradually increases, with only oil and no
water first for a short time and then slowly a mixture of oil and water is
produced. After the water-cut of produced liquid increases gradually, a
significant percentage of oil is trapped or bypassed by the injected
water, and the injection pressure (or pressure difference at the injection
end and production end) gradually declines. At the end of the water
flooding development, there is a dominant channel between the injec-
tion end and the production end, and the injected water cannot sweep
the remaining oil in the reservoir effectively. Therefore, the injection
pressure, the oil recovery and the high water-cut of produced liquid
tend to be stable. At this time, further development of the reservoir
requires EOR methods which mainly include increasing the microscopic
displacement efficiency and macroscopic swept coefficient, and redu-
cing interfacial tension or eliminating interface effects between the
displacing agent and crude oil [53]. After the EOR methods worked, the
oil recovery of the oil reservoir is gradually increased with the re-
maining oil being produced, the water-cut of the produced liquid will
be decreased to some content, and the injection pressure will fluctuate
depends on the oil displacing agent. At the end of the EOR production
stage, the trend of dynamic characteristics is the same as that at the end
of water flooding development. Subsequent water flooding is a con-
ventional displacement method after the EOR stage [54]. At this stage,
due to a certain degree of the adsorption retention of the previous EOR
agent, subsequent water flooding will play a role to a certain extent,
which can displace some of the remaining oil in the reservoir. This
results in further incrementation in oil recovery and fluctuations in
water-cut of produced liquid and injection pressure. At the end of this
stage, the same trend of dynamic characteristics happened as before,
and the reservoir development was completed.

To better understand the mechanism of nano-fluid enhanced oil
recovery, the dynamic curves in the oil displacement process, including
the oil recovery, the water-cut of produced liquid and the pressure
difference, were further investigated. As shown in Fig. 10, at the be-
ginning of simulated brine flooding, the oil recovery, pressure differ-
ence, and water-cut of produced liquid were very similar for both C1
and C2 Berea core samples. However, when 0.5 PV flooding volume
was used in the second flooding step, both the oil recovery (Fig. 10A
cure (b)) and pressure difference (Fig. 10B cure (b)) of the nano-fluid
were much higher than those of surfactant flooding (Fig. 10A cure (a),
Fig. 10B cure (a)). The result demonstrated a much higher capability of
the nano-fluid to extract oil than the surfactant alone. Additionally, the
water-cut of nano-fluid (Fig. 10C cure (b)) was reduced greater than

that of surfactant flooding (Fig. 10C cure (a)). This result indicated that
the nano-fluid can displace the remaining oil area that the surfactant
cannot reach. In the third flooding step (subsequent brine flooding),
although the oil recovery and pressure difference trends were slowing
down for both floodings, the C2 core sample with nano-fluid flooding in
the second flooding step still had a little higher pressure difference than
the C1 core sample with surfactant flooding in the same step because of
some nano-composites retained in the formation. When adding PolyNPs
to the pure surfactant system, a wedge film would be formed in the oil/

Fig. 10. Dynamic curve of oil displacement using Berea core samples. (A) Oil
recovery of surfactant flooding (a); and PolyNPs based nano-fluid flooding (b).
(B) Pressure difference of surfactant flooding (a); and PolyNPs based nano-fluid
flooding (b). (C) Water-cut of produced liquid of surfactant flooding (a); and
PolyNPs based nano-fluid flooding (b).
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nano-fluid/rock confined three-phase contact region. Nano-composites
inside the wedge film tend to form more ordered structures in the
confined region, that is to say the nano-composites would be self-
structuring in the confined region. The wedge-shaped film of nano-
composites within the structure provides excess pressure i.e., the dis-
joining pressure [55–57]. It is high near the vertex. This may result in
larger oil droplets being able to move, as shown in Fig. 11. The nano-
composites can also be found in the SEM image (see Fig. 12) which was
cut from the completed rock sample C2 with nano-fluid flooding.

The above experimental data demonstrated that low interfacial
tension assisted in oil droplets deformation and flow in the porous
media. Meanwhile the improved wettability reduced the adhesion work
of the remaining oil, which contributed to more of the remaining oil to
be stripped from the hole surface inside the rock. Many remaining
stripped oil droplets produced in oil bands generated high seepage flow
resistance, resulting in the displacing pressure increase. Once more oil
was displaced, the water-cut of produced liquid falls. As a result, the
remaining stripped oil droplets into the oil bands increased the injec-
tion pressure greatly and thus benefited EOR. The disjoining pressure
also contributed to EOR.

4. Conclusions

In conclusion, the synthesized PolyNPs was negative charge with
average hydrodynamic diameter of 23.1 ± 2.6 nm. With the PolyNPs
and a betaine-type zwitterionic surfactant, the synthesized nano-com-
posite remained sable in high salinity brine at high temperatures due to
two factors. First, the zwitterionic surfactant itself has a strong chela-
tion interaction with divalent metal ions and good salinity resistance.
Second, the surfactant molecules adsorbed on the surface of the

nanoparticles provided a strong steric repulsion which stabilized the
nano-composite further. Then a novel nano-fluid was developed by
using the nano-composite. The developed nano-fluid significantly re-
duced interfacial tension assisting in deformed oil droplets with an
increased contact angle between oil and nano-fluid contributing to
more remaining oil being stripped from the rock surface. After the
PolyNPs based nano-fluid was applied to recover oil, the oil recovery
reached 15.03% OOIP, which was 7.12% OOIP higher than the pure
betaine surfactant solution. A possible mechanism for remaining
stripped oil droplets incorporated into oil bands was proposed to ex-
plain the increase in oil recovery. Also the disjoining pressure of the
nano-composites provided excess pressure in the oil/nano-fluid/rock
confined three-phase contact region, which were beneficial for EOR.
The results showed the PolyNPs based nano-fluid has a promising po-
tential for enhanced oil recovery. This work also had a very important
significance on how to improve the temperature and salinity resistance
of nano-fluids, and the mechanism of nano-fluids to improve oil re-
covery. This provides technical ideas for the development of novel
nano-fluids suitable for tight or ultra-low permeability reservoirs.

CRediT authorship contribution statement

Yanxia Zhou: Conceptualization, Methodology, Data curation,
Writing - original draft, Visualization, Investigation, Validation. Xu
Wu: Conceptualization, Methodology. Xun Zhong: Visualization,
Investigation. Sarah Reagen: Writing - review & editing. Shaojie
Zhang: Visualization, Investigation. Wen Sun: Visualization,
Investigation. Hui Pu: Supervision. Julia Xiaojun Zhao:
Conceptualization, Methodology, Supervision.
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Fig. 12. SEM images of Berea core sample after PolyNPs-based nano fluid flooding. (A) Overall image. (B) Zoom image of red area in (A).
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