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ABSTRACT: Nanoﬂuid of graphene-based amphiphilic Janus nanosheets produced high-eﬃciency tertiary oil recovery at a very low
concentration (0.01 wt %). The more attractive way is to use nanoﬂuid
during the secondary oil recovery stage, which can eliminate the tertiary
stage and save huge amounts of water, especially at times when the
price of oil is low. Here, we continue to report our ﬁndings on the
application of the same nanosheets in secondary oil recovery, which
increased oil recovery eﬃciency by ≤7.5% at an ultralow concentration
(0.005 wt %). Compared with nanoﬂuids of homogeneous nanoparticles, our nanoﬂuid achieved a higher eﬃciency at a much lower
concentration. The nanosize dimension of this two-dimensional carbon
material improves transport in rock pores. After single-side surface
hydrophobization of oxidized graphene with alkylamine, the partial
restoration of the graphitic sp2 network was detected by Raman,
ultraviolet−visible, etc. The amphiphilic Janus nature of nanosheets led to their unique behavior at toluene−brine interface. Oil
immersion testing clearly showed the change in the shape of the droplet. The three-phase contact angle decreased from 150° to
79°, indicating the change in the wettability of the solid surface from oleophilic to oleophobic. On the basis of the measured
three-phase contact angles, the interfacial tension in the presence of the nanosheets was further calculated and was lower than the
interfacial tension without the nanosheets. These interfacial phenomena can help residual oil detach from the solid surface, which
contributes to the improved oil recovery performance.

1. INTRODUCTION
The conventional production of crude oil from wells in oil
ﬁelds generally has three stages. The primary stage utilizes the
natural pressure diﬀerence between the wells and the reservoirs.
The improved, or secondary, stage uses water ﬂooding to
continually supply reservoir energy. The enhanced, or tertiary,
stage uses chemical ﬂooding (polymer, surfactant, polymer/
surfactant, alkali/polymer/surfactant, etc.) to reduce the
interfacial tension and control the mobility ratio of the ﬂuids.1
Currently, oil recovery using chemical methods is strongly
limited by the low price of crude oil, the potential pollution of
underground water, and harsh reservoir conditions. Flooding
with nanoﬂuids (solutions containing dispersed nanoparticles)
to improve or enhance oil recovery in reservoirs has attracted a
growing amount of attention as a promising alternative to
chemical ﬂooding.2−6 Recently, we reported a high tertiary oil
recovery factor of 15.2% using a simple nanoﬂuid (containing
only nanoparticles) of graphene-based amphiphilic Janus
© XXXX American Chemical Society

nanosheets at a low concentration (0.01 wt % nanosheet
loading), representing a substantial improvement over chemical
methods in terms of a lower cost and greater environmental
sustainability.7 The high performance was possibly due to the
unique interfacial behavior of these two-dimensional amphiphilic Janus nanosheets at the oil−water interface. We found
that the formation of climbing and interfacial ﬁlms at diﬀerent
conditions may lead to oil displacement, which is diﬀerent from
existing mechanisms for homogeneous nanoparticles, such as
oil−water interfacial tension reduction,8,9 rock surface wettability alteration,10−12 and production of a structural disjoining
force.13−16
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then injected. With successive ﬁltration and washing with 5 wt
% HCl and DI water until the pH reached 5.0, the dispersion
was subjected to strong sonication for 1 h for exfoliation, and
solid GO was obtained after drying. Following that, a mixture of
paraﬃn wax (80 g), GO (200 mg), and water (300 g) with 1 wt
% NaCl was subjected to vigorous stirring at 1800 rpm at 75 °C
and then cooled to room temperature. After being washed
sequentially with NaOH (pH ∼9), DI water, and ethanol, the
wax particles covered with GO were dispersed in the solution of
octadecylamine in absolute alcohol and stirred overnight. After
being washed with ethanol, wax particles were dissolved with
toluene, and amphiphilic Janus nanosheets were dried at 60 °C.
The nanoﬂuid was formed by stabilizing amphiphilic Janus
nanosheets in DI water.
2.2. Characterization. The morphology of amphiphilic
Janus nanosheets was examined by atomic force microscopy
(AFM) (Veeco Dimensions 3000 Atomic Force Microscope).
To prepare AFM specimens, samples were dispersed in DI
water ultrasonically to make a diluted suspension. A drop of the
suspension was placed on the silicon wafer and dried. The
microscope was equipped with AFM probes from Mikromasch
(HQ:NSC15/AL BS) with a tip radius of ∼8 nm, a force
constant of ∼40 N m−1, and a resonance frequency of ∼325
kHz. We used the tapping mode to perform imaging with
resolutions of 512 × 512. Optical microscopy (Olympus
CKX41) and scanning electron microscopy (SEM) (LEO 1525,
5 kV acceleration voltage) were used to examine the surface of
wax particles. Raman measurements were taken on a custombuilt confocal micro-Raman setup equipped with a HORIBA
iHR320 spectrometer and a Synapse CCD camera. A 532 nm
continuous-wave laser was used as the excitation source. The
samples of GO and amphiphilic nanosheets were placed on a Si
substrate for the measurement. UV−vis spectra were recorded
on a Cary 5000 UV−vis−NIR spectrophotometer. Fourier
transform infrared spectroscopy (FTIR) spectra were recorded
using a Nicolet iS50 FTIR spectrometer equipped with an
attenuated total reﬂectance (ATR) accessory. A Malvern
NanoSight NS300 instrument was employed to detect the
particle size and concentration. The chemical states of the GO
and the amphiphilic Janus nanosheets were also investigated by
X-ray photoelectron spectroscopy (XPS) (Physical Electronics
model 5700).
2.3. Formation of an Interfacial Film. To a glass bottle
were added 2 mL of brine (4 wt % NaCl and 1 wt % CaCl2)
and 2 mL of toluene. Nanoﬂuid of amphiphilic Janus
nanosheets was then injected into the brine. For comparison,
a GO suspension was injected into another bottle that had the
same composition of brine and toluene. Both systems were
then vortexed and settled to equilibrium for observation.
2.4. Oil Droplet Immersion Testing. A 1 μL portion of
crude oil was deposited on a precleaned microscopic glass
surface. Two cubic polydimethylsiloxane (PDMS) legs were
built in a transparent cell (5.2 cm length, 5.2 cm width, and 1.6
cm height) to support the glass slide. The slide was then
immersed in brine. The sessile drop was formed and
dynamically monitored by a CCD camera from the side.
After the crude oil drop had reached the equilibrium state, its
shape was captured. A certain amount of nanoﬂuid was then
injected into the brine to achieve a nanosheet concentration of
0.005 wt %. After the equilibrium state had been achieved, the
drop shape proﬁle was obtained.
2.5. Core Flooding Tests. Crude oil samples were
obtained from an oil ﬁeld in China. The viscosity was 75 cP

Nanoﬂuid ﬂooding for secondary oil recovery would be even
more attractive, because it could drastically reduce costs by
eliminating the need for the tertiary recovery stage and could
also save large amounts of water, especially while the price of oil
is low. For secondary oil recovery by simple nanoﬂuids, Ogolo
et al.17 tested the performance of diﬀerent kinds of
homogeneous nanoparticles in packed-sand ﬂooding setup,
including Al2O3, MgO, Fe2O3, Ni2O3, ZnO, ZrO2, SnO, and
silane-treated SiO2. In comparison with the eﬃciency achieved
with brine ﬂooding (3 wt % NaCl), 0.3 wt % Al2O3 nanoﬂuid
performed the best with an additional 5% oil recovery. Torsater
et al.18 also conducted core ﬂooding tests with 0.01 wt % SiO2
nanoﬂuid in a saline environment (3 wt % NaCl) for secondary
oil recovery. The averaged improved oil recovery factor was
∼4%.
Here, we demonstrate that compared with brine ﬂooding in
core ﬂooding tests, nanoﬂuid of graphene-based amphiphilic
Janus nanosheets at a concentration of 0.005 wt % increased oil
recovery by up to 7.5% in a salt environment (4 wt % NaCl and
1 wt % CaCl2) during the secondary stage. The obtained
eﬃciency was the highest to the best of our knowledge at such a
low concentration. In comparison with our previous application
of the same nanoﬂuid for tertiary oil recovery, although the
increase is smaller than that seen using a higher nanosheet
concentration (0.01 wt %) during tertiary recovery,7 this
method has unique advantages: it requires far fewer nanosheets,
saves a huge amount of water, and produces oil at a higher rate,
which is beneﬁcial for fast cost recovery.
We also identiﬁed the chemical feature of the amphiphilic
Janus nanosheets, which is essential for material application.
Raman spectra of this two-dimensional (2D) material display
two main peaks at 1342 and 1594 cm−1. The blue shift of the G
band of graphene oxide (GO) at 1599 cm−1 indicates the partial
restoration of the graphitic sp2 network. Ultraviolet−visible
(UV−vis) spectroscopy reveals a main adsorption peak of the
2D nanosheet at 264 nm, indicating a red shift in comparison
with GO due to the partial recovery of the π-conjugation
network. Gaussian convolutions of X-ray photoelectron spectroscopy (XPS) show that the amphiphilic Janus nanosheet has
an additional peak at 285.4 eV that is attributed to -C-N-, which
is formed via nucleophilic substitution.
In this study, the three-phase (oil/brine or nanoﬂuid/glass)
contact angle was also measured. The adsorption of the
amphiphilic Janus nanosheets at the oil−brine interface caused
the change in morphology of an isolated oil droplet. In
addition, the interfacial phenomenon was monitored in a
toluene/brine system, in which the nanosheets spontaneously
moved to the toluene−brine interface and formed a climbing
ﬁlm. After vigorous shaking, a strongly elastic interfacial ﬁlm
was generated at the interface by self-assembly, as described
previously in a system of aliphatic hydrocarbon and brine.7

2. EXPERIMENTAL SECTION
2.1. Synthesis of Nanoﬂuid. First, GO was synthesized by
an improved chemical oxidation method.19 First, 360 mL of
concentrated sulfuric acid and 40 mL of phosphoric acid were
mixed with 3 g of graphite powder for a few minutes, followed
by the slow addition of 18 g of potassium permanganate
(KMnO4). Then, the ﬂuid system was transferred to a water
bath, maintained at 45 °C, and mildly stirred for at least 14 h.
After that, the system was placed in an ice bath, and 300 mL of
deionized (DI) water was poured into it. To stop the reaction,
3 mL of a 30 wt % hydrogen peroxide (H2O2) solution was
B
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the amphiphilic Janus nanosheets changed to ∼4 nm. Such a
change could be attributed to the attachment of alkyl chains,
which is consistent with another report.20 The lateral
dimension falls in the range of hundreds of nanometers,
which was beneﬁcial for transport in rock pores with typical
sizes larger than that.26,27
3.2. Chemical Structure of Amphiphilic Janus Nanosheets. Natural graphite displays a G band at 1581 cm−1,
because of the in-phase vibration of the lattice.28 As depicted in
Figure 2a, after oxidation, the D band of GO emerges as a
broad peak at 1343 cm−1, resulting from the destruction of inplane sp2 domains and an increase in the number of defects as a
result of oxidation.29 The G band of GO shifts to 1599 cm−1,
due to the presence of isolated carbon double bonds vibrating
at frequencies higher than that of the G band of graphite.30
After alkyl chain conjugation, the G band is pushed to 1594
cm−1, indicating the partial restoration of the graphitic sp2
network. Previous reports showed that, after both surfaces were
functionalized with alkylamine, the G band of GO shifted to
1588 cm−1, much closer to that of pristine graphite.28,31 The
smaller shift in our case implied less recovery of graphitic
domains, which is in agreement with the fact that only one
surface of the GO was functionalized.
As shown in Figure 2b, the UV−vis spectrum of GO exhibits
a strong peak at 232 nm, attributed to the π−π* transitions of
graphitic CC bonds. The shoulder adsorption at ∼305 nm
can be explained by the n−π* transitions of CO bonds in
oxygen-containing groups.32 It can be seen that after
conjugation, the absorbance standing for π−π* transitions of
CC bonds shifts to 264 nm, while the peak for n−π*
transitions of CO bonds can no longer be observed. The
alteration in absorbance might be attributed to the increase in
the π-conjugation network,31 which is also reﬂected by the
Raman spectra.
FTIR spectra (Figure.S3a) further demonstrated the surface
functionalization of GO. Both GO and the amphiphilic
nanosheets show typical peaks at 1723, 1587, and 1230 cm−1,
corresponding to carbonyl/carboxyl, aromatic, and epoxy
vibrations, respectively.33 In the case of the amphiphilic
nanosheets, the strong asymmetric peaks at 2850 and 2925
cm−1, as well as the medium peak at 1470 cm−1, indicate the
presence of methylene groups. Moreover, the weak signals at
1380 and 2960 cm−1 imply methyl groups. Those peaks are also
present in the spectrum of alkylamine, which strongly conﬁrms
the successful conjugation of alkyl chains to the GO surface.
The nanoﬂuid needs to be injected in a well-dispersed state.
After settling for 30 days, neither GO nor the amphiphilic
nanosheets showed observable sedimentation. The stability of
the GO and amphiphilic nanosheet dispersions, both at a
concentration of 0.005 wt %, was measured by a light scattering
method. From the size distribution curves, it is evident that the
hydrodynamic diameter of the amphiphilic nanosheets did not
change much from that of GO (Figure S3b), indicating no
obvious aggregation after functionalization. In addition, the
modiﬁed DLVO model was built and also predicted the stable
dispersion of the nanoﬂuid.34
As shown in Figure 3, after Gaussian convolutions of the XPS
spectrum of the C 1s region of GO with a Shirley background,
it displays four ﬁtted peaks. Binding energies of 284.8, 286.6,
287.1, and 288.7 eV correspond to the carbon skeleton (−C−
C−), hydroxyl group (−C−OH), epoxy group (−C−O−C−),
and carboxyl group (−O−CO), respectively. In comparison,
the XPS spectrum of the amphiphilic nanosheets exhibits a new

at 25 °C. Nanoﬂuid of amphiphilic Janus nanosheets at a
concentration of 0.01 or 0.005 wt % was injected in a saline
environment to measure the improvement in the oil recovery
factor for rock cores with diﬀerent permeabilities by the
ﬂooding equipment as shown in Figure S1. The ﬂooding test
was conducted sequentially with the following steps: (a)
cleaning of the rock core with a Soxhlet extractor, (b)
saturation of the core with brine (4 wt % NaCl and 1 wt %
CaCl2), (c) establishment of initial brine and oil saturation by
crude oil injection until no more water was produced, (d)
ﬂooding with brine at a rate of 0.5 mL/min until no more oil
(i.e., 100% water cut) was observed, (e) cleaning of the same
rock core after brine ﬂooding, (f) repeating of steps b and c,
and (g) ﬂooding with nanoﬂuid at a rate of 0.5 mL/min until
no more oil (i.e., 100% water cut) was extracted. The total
injection volume of nanoﬂuid for each ﬂooding test was
approximately 4−5 times greater than the pore volume.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Amphiphilic Janus Nanosheets.
The amphiphilic nanosheets were fabricated via a modiﬁed wax
masking method, as depicted in Scheme 1.19−21 It was reported
Scheme 1. Synthesis of Nanoﬂuid Containing GrapheneBased Amphiphilic Janus Nanosheets

that GO alone can stabilize Pickering emulsion as solid
surfactants.22 Similarly, a wax-in-water emulsion was also
formed using GO as a stabilizer. The wax particles covered
by GO had varying sizes but were generally <50 μm (Figure
1a). Under SEM observation, the successful coverage of GO is

Figure 1. (a) Optical image of wax particles stabilized with GO. (b)
SEM image of a wax particle surface covered with GO.

indicated by the wrinkles on the surface of wax particles (Figure
1b), which is key for both preventing wax particles from
coalescing23 and the following surface functionalization. The
morphology of amphiphilic Janus nanosheets was then imaged
by AFM as shown in Figure S2. GO synthesized through
oxidation has an average thickness of ∼1 nm,7 which can be
considered a single layer.24,25 In comparison, the thickness of
C
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Figure 2. Chemical structure analysis of GO and graphene-based amphiphilic Janus nanosheets. (a) Raman and (b) UV−vis−NIR spectra of GO
and amphiphilic Janus nanosheets.

Figure 3. XPS analysis of (a) GO and (b) amphiphilic nanosheets.

peak with a binding energy of 285.4 eV, corresponding to the
−C−N− bond, conﬁrming the functionalization of GO with
alkylamine. 28 In addition, the peak at ∼400 eV also
demonstrated the existence of N (Figure S4). The conjugation
of alkylamine to GO was mainly through nucleophilic
substitution reaction on epoxy functional groups.35,36 The
ring opening of epoxy groups increased the amount of hydroxyl
groups, as indicated in the area ratio change of ﬁtted curves
from GO’s to that of amphiphilic Janus nanosheets.
3.3. Interfacial Behavior. Previously, we demonstrated
that amphiphilic Janus graphene-based nanosheets were able to
form climbing ﬁlm and interfacial ﬁlm in a heptane/brine
system. Heptane is a representative aliphatic hydrocarbon with
an interfacial tension to water higher than that of crude oil.37,38
Considering that the crude oil in reservoirs contains both
aliphatic and aromatic hydrocarbons, we decided to study the
behavior of nanosheets in a toluene/brine system, because the
toluene/brine interfacial tension is much closer to that of the
crude oil/brine system.39 As shown in Figure S5, GO
precipitated after injection into the toluene/brine system. In
contrast, the amphiphilic nanosheets formed an interfacial ﬁlm
between toluene and brine even after vigorous shaking.
Attachment of small pieces of amphiphilic interfacial ﬁlm was
observed on the hydrophilic glass surface in the toluene phase,
appearing as black dots. Upon introduction of a glass rod, the
interfacial ﬁlm of amphiphilic nanosheets did not break,
exhibiting resistance to the intrusion (Figure 4). After the
glass rod was removed, the interfacial ﬁlm recovered and
remained intact, demonstrating its elasticity. This ﬁlm was also
recovered even after being seriously disrupted, as described
previously in a heptane/brine system.7

Figure 4. Interfacial ﬁlm of amphiphilic Janus nanosheets at the
toluene−brine interface responding to the intrusion of a glass rod
(left) and schematic illustration of amphiphilic nanosheets at the oil−
brine interface (right).

Our nanoﬂuid with 0.005 wt % nanoheets has a surface
tension of ∼36.8 mN/m, much lower than those of common
nanoﬂuids such as TiO2, Al2O3, and SiO2 of ∼70 mN/m (Table
S1).40 To further investigate the interfacial behavior of the
amphiphilic nanosheets, we ﬁrst measured the interfacial
tension between crude oil and brine, γOL, using the pendent
drop method. The images of crude oil droplets were recorded
by dataphysics with a model OCA 15EC instrument as shown
in Figure 5a−c from three measurements under the same
conditions. The shape of oil droplets was balanced between the
buoyant force and oil/brine interfacial tension. Mathematically,
it gives41
γOL = ΔρgR 0 2/β

(1)

where Δρ is the diﬀerence in density between the oil and brine
phases, g is the gravitational acceleration, R0 is the radius of
curvature at the drop apex, and β is the shape factor.
D
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Figure 5. (a−c) Shape of crude oil in brine from three pendent drop measurements. (d) Contact angle of water on a graphene-based amphiphilic
Janus nanosheet-coated glass surface.

Meanwhile, R0 and β can be calculated from two parameters,
the equatorial diameter of drop (De) and Ds, the diameter
located distance De vertically from the vertex. Shape factor β
was found41
β = 0.12836 − 0.7577

hydrophilic, thus decreasing the contact angle of brine on the
glass slide.
To calculate the oil−brine interfacial tension in the presence
of nanosheets, a crude oil droplet was immobilized under a
glass slide and pressed into brine to mimic the reservoir
condition (Figure 6a). For the three-phase system (oil/water/

⎛ D ⎞2
⎛ D ⎞3
Ds
+ 1.7713⎜ s ⎟ − 0.5426⎜ s ⎟
De
⎝ De ⎠
⎝ De ⎠
(2)

For 0.1 < β < 0.5, R0 was calculated from the following
equation41
De
= 0.9987 + 0.1971β − 0.0734β 2 + 0.34708β 3
2R 0

(3)

where De and Ds/De were extracted from the shape of the
droplets. The averaged values from three measurements were
1.89 mm and 0.55, respectively. Therefore, shape factor β was
calculated to be 0.1572, while R0 was 0.9182 mm. With the
knowledge of the density diﬀerence, Δρ = (1.035 − 0.845) g/
cm3 = 0.19 g/cm3, the interfacial tension between crude oil and
brine was calculated to be ∼10.0 mN/m, which is within the
reasonable range of the previous reports.38
To calculate the oil−brine interfacial tension in the presence
of nanosheets, we performed the following procedures. First,
we placed a 1 μL brine droplet on the untreated glass slide and
observed a contact angle (deﬁned as the angle between the
glass surface and brine phase) of 42°. Young’s equation can be
expressed as
γSL + γL cos θ = γS

Figure 6. (a) Side-view illustration of a crude oil droplet under the
glass slide in brine. Side-view images of a crude oil droplet under a
glass slide in (b) brine and (c) nanoﬂuid and brine.

solid phases), right after the glass slide was immersed in brine,
the contact angle (deﬁned as the angle between the glass
surface and brine phase) was 150° (Figure 6b) and Young’s
equation can be expressed as

(4)

where γSL is the interfacial tension between the untreated glass
slide and brine, γL is the surface tension of brine, which is ∼72
mN/m, θ is the contact angle at equilibrium, and γS is the
surface tension of the glass slide.
After we coated the glass slide with our amphiphilic Janus
nanosheets (AJN) with the hydrophilic side facing upward, we
also placed a 1 μL brine droplet on the coated area and
observed a contact angle of 30°. Similarly, Young’s equation can
be expressed as
γSNL + γL cos θAJN = γS

γSO + γOL|cos 150°| = γSL

where γSO is the interfacial tension between the oil and glass
slide, γSL is the interfacial tension between the brine and glass
slide, and γOL is the interfacial tension between oil and brine.
After the nanoﬂuid was injected, gradually the nanosheets
moved to the glass surface in the oil/brine/glass three-phase
region, decreasing γSL as described above.16 Meanwhile, the
nanosheets would also move to the oil−brine interface,
reducing oil−brine interfacial tension γOL. Eventually, the oil
droplet shape changed and the contact was measured as 79° at
the equilibrium (Figure 6c). Equation 4 can be modiﬁed as

(5)

where γSNL is interfacial tension between the AJN-coated glass
slide and brine. Both γL and γS remain unchanged. The change
in the solid−liquid interfacial tension can be deﬁned as
γSL − γSNL = 8.85 mN/m

(7)

γSO = γSNL + γONL cos 79°

(8)

where γSNL is the interfacial tension between brine and the
AJN-attached glass slide, γOLN represents the interfacial tension
between oil and brine with nanosheets, and γSO remained
unchanged. Via combination of eqs 7 and 8, γOLN can be
derived as

(6)

The interfacial tension between the solid and brine decreased
because the coating of AJN made the glass surface more
E
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γONL cos 79° = γSL − γSNL − γOL|cos 150°|

area of interface between the oil and the water is larger at the
tertiary stage and requires more amphiphilic Janus nanosheets
to reduce the interfacial tension. The excess amphiphilic Janus
nanosheets would either concentrate at the oil−water interface
or further extend the climbing ﬁlm. Because the main limitation
to oil recovery at the secondary stage is insuﬃcient reservoir
energy or pressure, the excess nanosheets might increase the
ﬂooding resistivity, leading to a lower oil recovery factor.
Therefore, the nanoﬂuid at 0.005 wt % performs better. We
intentionally recorded the decrease in pressure in single-phase
ﬂuid (only nanoﬂuid) ﬂow for two similar rock cores with ∼50
mD permeabilities after injection of 0.5 pore volume (PV)
because the nanosheets were present in the rock core in certain
amounts. From Figure 7, we can ﬁnd that the decrease in

(9)

Via combination of eq 6, γONL was calculated to be 1.0 mN/m.
From the calculations mentioned above, it is evident that the
nanosheets altered the glass surface wettability from oleophilic
to oleophobic by spreading into the three-phase region.
Nanosheets also attached to the oil droplet surface to reduce
the oil−brine interfacial tension. Both factors contributed to the
evolution of the shape of the oil droplet, which led to
detachment of oil from the solid surface.42,43 Under stronger
hydrodynamic conditions in reservoirs, the formation of the
nanosheet interfacial ﬁlm may further decrease the oil−brine
interfacial tension.
3.4. Oil Recovery Eﬃciency. The oil recovery factor was
calculated as the ratio of the volume of crude oil produced by
ﬂooding with brine water or nanoﬂuid to the original volume of
injected oil. Four human-made sandstone rock cores were
chosen; their corresponding physical properties are listed in
Table 1. The liquid permeabilities of samples 1 and 2 were
Table 1. Physical Properties of the Rock Cores Used for
Flooding Tests
rock
core

length
(cm)

diameter
(cm)

porosity
(%)

average liquid
permeability (mD)

pore
volume
(cm3)

1
2
3
4

4.040
4.035
3.970
3.850

2.526
2.510
2.547
2.550

21.55
26.26
25.44
24.98

43.29
56.58
126.6
136.9

4.363
5.243
5.146
4.912

Figure 7. Pressure drop transient proﬁle by nanoﬂuid ﬂooding during
injection from 0.5 to 0.7 PV.

pressure with 0.01 wt % nanosheets was larger than that found
at 0.005 wt %, which indicated higher ﬂooding resistivity when
more nanosheets existed.

relatively low, whereas those of samples 3 and 4 were higher. As
shown in Table 2, all of the tests showed that nanoﬂuid
Table 2. Improvements in the Oil Recovery Factor Achieved
by Flooding with Diﬀerent Nanoﬂuid Concentrations
rock
core

nanoﬂuid
concentration
(wt %)

oil recovery
factor for brine
ﬂooding (%)

oil recovery factor
for nanoﬂuid
ﬂooding (%)

improved oil
recovery
factor (%)

1
2
3
4

0.005
0.01
0.005
0.01

67.5
63.0
64.0
69.1

75.0
68.8
70.5
73.8

7.5
5.8
6.5
4.7

4. CONCLUSIONS
In conclusion, nanoﬂuid containing graphene-based amphiphilic Janus nanosheets at an ultralow concentration can
improve secondary oil recovery by 7.5%, which is superior to
the performance of homogeneous nanoparticles even at higher
concentrations. The successful exfoliation and functionalization
of graphite give the nanosheets an amphiphilic property and a
Janus structure, resulting in the unique interfacial behavior in a
hydrocarbon/brine system that is responsible for eﬀective oil
displacement. In contrast to our previous method for tertiary oil
recovery, the use of the nanoﬂuid at a lower concentration in
secondary recovery eliminates the need for the tertiary stage,
which can signiﬁcantly reduce the overall cost to compensate
for the loss of oil recovery eﬃciency compared with the use of
the nanoﬂuid at the tertiary stage. Thus, our results provide the
petroleum industry with an important alternative to consider
when making decisions about the timing of oil recovery
implementation to maximize operating results in the current
economic environment.

ﬂooding was more eﬃcient than brine ﬂooding. The eﬃciency
of nanoﬂuid ﬂooding is due to the amphiphilicity of the
nanosheets, which, with the proper underground hydrodynamic
conditions, may reduce the interfacial tension, help to detach
oil from the rock surface by forming a climbing ﬁlm, and
displace the oil by generating a relatively strong, elastic,
interfacial ﬁlm.7
For both low- and high-liquid permeability rock cores, the oil
recovery performance was better at 0.005 wt % than at 0.01 wt
%. The results are diﬀerent from those of nanoﬂuid ﬂooding for
tertiary oil recovery, which produced the best results at a
concentration of 0.01 wt %.7 The diﬀerence could be explained
by the less isolated residual oil phase in the secondary recovery
stage. In the tertiary stage, after prolonged water ﬂooding, the
water becomes the continuous phase in the reservoir and
dominantly occupies most of the volume of the rock pores. The
oil phase is either trapped in dead-end pores, which cannot be
extracted even in the tertiary stage, or attached to the rock
surface in a scattered and isolated state. At the secondary stage,
however, the oil is often the continuous phase. As a result, the
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