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a b s t r a c t

Asymmetrically modified Janus graphene oxide (JGO) has attracted great attention due to its unique
physical chemistry properties and wide applications. The modification degree of Janus nanosheets
inevitably affects their interfacial activity, which is essential for their performances in enhanced oil re-
covery (EOR). In this study, the interfacial properties of Janus graphene oxide (JGO) with various
modification degrees at liquid-liquid and liquid-solid interfaces were systematically evaluated via the
measurements of interfacial tension (IFT), dilatational modulus, contact angle, and EOR efficiency was
further assessed by core flooding tests. It is found that JGO-5 with higher modification degree exhibits
the greater ability to reduce IFT (15.16 mN/m) and dilatational modulus (26 mN/m). Furthermore, JGO
can construct interfacial and climbing film with the assistance of hydrodynamic power to effectively
detach the oil from the rock surface and greatly enhance oil recovery. Moderately modified JGO-2 can
highly improve recovery of residual crude oil (11.53%), which is regarded as the promising EOR agent in
practical application. The present study firstly focuses on the effects of modification degrees on the JGO
interfacial properties and proposes diverse EOR mechanisms for JGO with different modification degrees.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

In recent years, nanofluid displacement technology has attrac-
ted extensive attention in the oil and gas upstream industry
(Alnarabiji et al., 2018; Jia et al., 2021a, b; Pal and Mandal, 2020a;
Sikiru et al., 2021; Suleimanov et al., 2011; Sun et al., 2017; Tian
et al., 2021; Toda et al., 2015; Zhao et al., 2018). The nano-
particles, whose sizes delicately match with the formation nano-
pores, can deeply penetrate into the pore-throat (Ali et al., 2020,
2021; Maurya and Mandal, 2016; Zhang and An, 2018). Then
nanoparticles spontaneously adsorb at the rock surface to generate
entional Oil & Gas Develop-
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structural disjoining pressure and alter rock surface properties,
leading to the highly enhanced recovery of residual oil (Al-Anssari
et al., 2016, 2017; Fang et al., 2016; Giraldo et al., 2019; Maurya and
Mandal, 2018; Wei et al., 2017; Yin et al., 2019; Zhang et al., 2018).

Graphene oxide (GO) nanosheets are the products of chemical
oxidation shedding of graphite powder (Shamaila et al., 2016),
which has been widely investigated as a novel nanofluid
displacement agent for EOR due to its fabulous physicochemical
properties (Cao et al., 2022; de Vasconcelos et al., 2022; Jafarbeigi
et al., 2020; Periasamy et al., 2017; Yoon et al., 2013). Barrabino
et al. evaluated the potential of GO as a CO2-based foam stabilizer to
improve oil recovery (Barrabino et al., 2018). Liu et al. demonstrated
that GO could be an efficient demulsifier for heavy oil-in-water
emulsions (Liu et al., 2015). Although the GO nanosheets exhibit
remarkable properties in many fields, their poor interfacial activity
caused by the excessive hydrophilicity seriously restricts their po-
tential applications. There are a considerable number of active
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function groups with high chemical reactivity (epoxy group, hy-
droxy, carboxyl, and carbonyl groups) at the surface of GO nano-
sheets (Dimiev and Tour, 2014; Dreyer et al., 2010; Shams et al.,
2019). Then the chemical modification of GO should be a feasible
approach to solve the problem (Chen et al., 2021; Kumar et al.,
2019; Lonkar et al., 2015; Wang et al., 2012, 2020; Zeng et al.,
2020; Zhang et al., 2019).

Many literatures reported the symmetric modification of GO
nanosheets could significantly improve their specific properties,
such as heavy mental adsorption capacity (Sherlala et al., 2018),
catalytic performance (Pei et al., 2021), and amphiphilicity regu-
lation (Wu et al., 2015). Zhang et al. investigated the mechanisms of
the improved thermal and mechanical performances of idealized
GO modified by poly (dopamine) through molecular dynamics
simulation (Zhang et al., 2021). Tadjarodi et al. designed a novel
adsorbent of 2-pyridinecarboxaldehyde thiosemicarbazone modi-
fied GO to remove the mercury (II) from aqueous solutions
(Tadjarodi et al., 2016).

Recently, researchers proposed and demonstrated the unique
advantage of the asymmetrically modified GO (Ng et al., 2018). The
heterogenous wetting distribution of asymmetric nanomaterials
greatly enhanced their ability to bind to the interface (Tohidi et al.,
2022). Furthermore, the amphiphilicity of nanosheets can be pur-
posively adjusted to further promote their interfacial properties.
Luo et al. first discovered that asymmetrically modified amphiphilic
Janus graphene oxide (JGO) could self-assemble at the oil-water
interface to fabricate a solid-like film (Luo et al., 2016, 2017). They
suggested that the interfacial film formed by JGO could displace oil
via piston-like oil displacement to achieve excellent EOR perfor-
mance. Chen et al. reported that the high ability of JGO to stabilize
the emulsion and induce wettability alteration for EOR in ultra-low
permeability reservoirs (Luo et al., 2017). Lv et al. employed JGO as a
shale inhibitor to reduce the filtration loss, which was attributed to
its spontaneous adsorption at clay surface (Lv et al., 2020).

Previous literatures primarily concentrated on the JGO nano-
sheets with a single degree of modification to explore their per-
formances and mechanisms. The modification degrees of JGO
nanosheets will inevitably affect their interfacial activity, wetta-
bility, adsorption, and other properties. Our group synthesized
various JGO nanosheets with different modification degrees and
found their discrepant colloid stability in aqueous solutions (Huang
et al., 2021). Then we attempt to explore the influence of chemical
grafting degrees and the relative amphiphilicity on the interfacial
properties of JGO nanosheets and their EOR efficiency, which is
scarcely reported (from our knowledge).

In this work, a series of JGO with different modification degrees
were synthesized and characterized via UV-vis spectra, X-ray
photoelectron spectroscopy (XPS) analysis, and transmission elec-
tron microscope (TEM). Then dynamic interfacial tension, dilata-
tional rheological, and contact angle measurements were
performed to investigate the interfacial properties of JGO. Based on
the results of core flooding tests, the diverse EOR mechanisms of
JGO nanosheets with different modification degrees were
proposed.

2. Experimental

2.1. Materials

Ethanol (> 99.7%), dodecylamine (> 98%), NaCl (> 99.5%),
paraffin wax which melting point is around 59 oC, and chloroform
(> 99%) were brought from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd., China. Graphene oxide was purchased from Turing
Evolution Technical Company, China. The crude oil was obtained
from the Daqing Oil Field.
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2.2. Synthesis of JGO with various modification degrees

A series of dodecylamine modified JGO with different modifi-
cation degrees were prepared based on the method (Pickering
emulsion template) mentioned in the report of Huang et al. (2021).
And the synthesis of JGO with different modifications were
controlled by adjusting the proportion of dodecylamine to GO
nanosheets. Detailed procedures of the modification process could
be found in Supplementary Material. The obtained samples were
identified from JGO-1 to JGO-5 with the increasing modification
degrees.

2.3. Characterization of JGO

Cary 8454 UV-spectrophotometer (Agilent, USA) was employed
to display the UV-vis spectra of samples. The XPS analysis (Thermo
Scientific Escalab 250Xi, USA) was utilized to quantificationally
calculate the grafting rates of dodecylamine at JGO surface. After
that, the signal fitting software of XPSPEAK Version 4.1 was used to
draw GO and JGO C1s fitting peaks. The sample morphologies in
their aqueous solutions were observed by JEOL JEM-1400 trans-
mission electron microscope (Japan). The zeta potential of GO and
JGO in aqueous dispersion was measured by Malvern Zetasizer
Nano ZS (Malvern, UK).

2.4. Interfacial tension and interfacial rheology tests

A dynamic interfacial oscillatory drop tensiometer (Tracker,
Teclis, France) was used to detect the interfacial properties of GO
and JGO, including IFT and interfacial rheology. The inverted needle
was prepared to inject the octane droplet (20 mL) into the GO or JGO
aqueous solutions. And a syringe was attached to a mechanical
system oscillating in a sinusoidal wave to alter volume of the oil
droplet. The IFT of the droplet could be reflected by its sinusoidal
variation volume recorded by camera. Therefore, the Laplace-Young
equationwas utilized to acquire the IFTof octane droplet. Moreover,
the dilatational modulus (E) is calculated using the following
equation (Kovalchuk et al., 2019):

E¼ dg
dln A

(1)

where g is the interfacial tension (mN/m), A is the interface area
(m2).

The relationship among E, E0ðelastic modulusÞ, and E
00
(viscous

modulus) could also be represented in the plural form:

E¼ E0 þ iE} ¼ E0 þ iuhd (2)

where u is the interfacial dilatation frequency, hd is the interfacial
dilatation viscosity.

For a viscoelastic interface, there is a phase angle (q) between
the sinusoidal variation of IFT and sinusoidal variation of interface
area. E0 and E

00
can be calculated with E and q by the following

equations:

E0 ¼ E cosðqÞ (3)

E} ¼ E sinðqÞ (4)

2.5. Contact angle measurements

The contact angle goniometer (JC2000D5M, Zhongchen, China)
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was utilized to access the contact angles. The sand stone was cut
into slabs and soaked in crude oil for oneweek to obtain the oil-wet
slabs (detailed procedures in Supplementary Material). The slab
was taken directly from the crude oil, followed by hand shaking to
remove the oil at surface. Then, the slab was placed in the rectan-
gular glass cell filled with 20 mL GO or JGO aqueous solutions. A
small crude oil droplet was naturally dripped to the slab surface,
and the image of the oil droplet surface at the intersection point
was captured to reflect the contact angle.
2.6. Core flooding tests

The properties of artificial cores were summarized in Table S1.
The oil was themixture of crude oil fromDaqing Oil Field andwhite
oil, with the viscosity of 9.8 mPa$s. The concentration of GO or JGO
was 50 mg/L. The core flooding test was conducted with the sub-
sequent operations: 1) the dried core was vacuumed in a core
holder and then saturated with deionized (DI) water; 2) the oil was
pumped into the core before the water cut fell below 1%; 3) DI
water was injected up to the water cut above 98%; 4) 0.75 PV GO or
JGO nanofluids was injected; 5) the injection was stopped with a
soaking time of 12 h; 6) DI water was injected again until no oil was
displaced.
3. Results and discussion

3.1. Characterization of JGO

Fig. 1 presents the UV-vis spectra of GO and JGO with different
degrees of modification. It is obvious that both GO and JGO have
two typical absorption peaks at 232 nm and 302 nm, which are
ascribed to the p-p* transition of C]C and the n-p* transition of
C]O, respectively (Xiao et al., 2013). The higher energy for the
electron transition of C]C should be responsible for the greater
absorption peak at 232 nm. The increased modification degrees
hardly change the positions of both peaks but distinctly decrease
their intensity. The chemical grafting of dodecylamine at the JGO
surface results in the reduction of C]C in GO. In addition, the re-
action between dodecylamine and carboxyl group causes a slightly
decreased number of C]O.
Fig. 1. UV-vis spectra of GO and JGO.
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The measurement of UV-vis spectra can qualitatively confirm
the different modification degrees of JGO. XPS analysis is further
applied to distinguish the specific chemical composition of JGO and
quantify the grafting ratios of dodecylamine at GO surface. As
shown in Fig. 2a, there are five fitted peaks obtained from the C 1s
signal of GO, which correspond to 284.8 eV (CeC), 286.2 eV (CeOH),
286.8 eV (CeOeC), 287.6 eV (C]O), 289.0 eV (OeC]O). Mean-
while, the slight deviation of binding energy for each chemical
bond fromGO to JGO-5 should be attributed to the recovering of the
sp2 network (Li et al., 2011). In addition, the presence of CeN peak
(Liu et al., 2012) in all JGO samples indicates that dodecylamine
reacted with the epoxy group at the GO surface. The percentage
occupied by CeOeC, CeOH, and CeN in the plot is equal to the
proportion of individual peak area of a single group to the sum of
the areas covered by each group (Table 1). It is calculated that the
gradually increased rates of CeOH and CeN against the proportion
of CeOeC from JGO-1 to JGO-5, further verifying that the decrease
in the number of epoxy groups at the surface is triggered by the
ring-opening reaction. The conjunction ratios of dodecylamine at
JGO surface are 0.0643 (JGO-1), 0.198 (JGO-2), 0.301 (JGO-3), 0.426
(JGO-4), and 0.498 (JGO-5).

Moreover, the TEM images reflect the similar morphologies of
GO and JGO in their aqueous solutions (Fig. S1). Themonodispersity
of GO nanosheets is great, whereas the slight aggregates of JGO
should be attributed to their increased hydrophobicity. The intro-
duction of dodecylamine evidently decreases the absolute values of
the zeta potential of the samples (Fig. S3), which is attributed to the
alkyl chain shielding the ionization of oxygen-containing group on
the nanosheets. While the absolute values of the zeta potential of
all samples are greater than 35 mV, reflecting their favorable
stability.

3.2. Effects of modification degrees on the interfacial properties of
JGO

The interfacial properties of JGO are crucial for its application in
improving oil recovery, which could be inevitably affected by the
modification degrees. The octane-sample aqueous solution IFT and
the dilatational interfacial rheology are shown in Fig. 3. JGO with
higher modification degrees exhibits greater IFT reduction ability,
indicating that higher content of dodecylamine grafted on JGO
imparts it stronger amphiphilicity (Fig. 3a). However, the dilata-
tional modulus (E) of the interface decreases obviously with
increased modification degrees. Furthermore, the oil-water inter-
face in the JGO system becomes more viscous, which is demon-
strated by the ever-larger viscous modulus and phase angle from
GO to JGO-5 (Fig. 3b). The largest E of GO system is ascribed to the
generated rigid GO film at the interface (Fig. 3c). The E reduction
from GO to JGO-5 can be interpreted from two aspects: 1) E is
defined as the ratio of interfacial tension gradient (dg) to interface
area gradient (dlnA), and JGO with superior amphiphilicity can
adsorb at oil-water interface to rapidly and greatly reduce dg,
which causes the lower E value (Maurya et al., 2017); 2) JGO can
construct film at the interface, JGO-5 for instance (Fig. 3c), but with
less rigidness than GO film. The adsorbed nanosheets at the inter-
face overlap each other. The hydrogen-bond and p-p interaction
between the overlapped parts of GO reinforce the GO interfacial
film, whereas the overlapped parts of JGO may be relatively loosen
due to the hindrance of dodecylamine. Thus, the JGO film is easy to
deform, resulting in lower E and more distinct viscous features.

The adsorption of GO and JGO at the oil-water interface with
increased hydrodynamic power is depicted in Fig. 4. Initially, the
oil-water interface is concave due to the high octane-water IFT.
There are no obvious changes for the interface in GO and JGO-1
system after shaking for one time. However, the adsorption of



Fig. 2. XPS analysis of GO (a), JGO-1 (b), JGO-2 (c), JGO-3 (d), JGO-4 (e), and JGO-5 (f).

Table 1
Relative percentage of the integrated area of fitted peaks in GO and JGO.

Peak type GO, % JGO-1, % JGO-2, % JGO-3, % JGO-4, % JGO-5, %

CeOeC 59.63 36.84 33.24 29.43 24.35 19.83
CeOH 5.43 6.53 9.15 9.83 10.24 12.37
CeN 0 6.43 19.78 30.11 42.62 49.82

Fig. 3. Interfacial properties of GO/JGO. (a) Interfacial tension between octane and sample aq
interface; (c) Drop images in the dilatational experiments of GO and JGO-5 after compression

H. Jia, X. Wei, Q.-X. Wang et al. Petroleum Science 20 (2023) 1217e1224
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JGO with higher amphiphilicity evidently decrease the curvature of
the oil-water interface (Jeon et al., 2019; Luo et al., 2016). Increased
hydrodynamic power motivates the adsorption of nanosheets, and
the climbing film is constructed by the abundant adsorption of JGO-
5. This is ascribed to the weak interaction among the JGO-5 at the
interface, thus the preferentially adsorbed JGO-5 will be pushed to
ueous solutions; (b) Dilatational interfacial rheology of GO and JGO at the octane-water
and the schematic of the interfacial films of GO and JGO at the octane-water interface.



Fig. 4. Adsorption of GO and JGO with different modification degrees at the octane-water interface with increasing hydrodynamic power.
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the oil-glass interface to provide space for the subsequent
adsorption of JGO-5. Further increasing the hydrodynamic power,
JGO-3 also fabricates the climbing film. Meanwhile, the bilayer or
3D structures are constructed at the interface due to the massive
adsorption of JGO-4 and JGO-5. However, GO cannot fabricate the
climbing film due to its high affinity to water. It is believed that JGO
with higher modification degrees can construct the climbing film
under appropriate hydrodynamic power, which is critical for its
performance in EOR process.

Apart from the liquid-liquid interface, the impact of modifica-
tion degrees on the property of JGO at the solid-liquid interface is
also explored (Fig. 5). The initial oil contact angle (IOCA) of the
sandstone slab immersed in the GO solution is 13.0�, reflecting the
strong oil-wet surface of sandstone slab after aged in crude oil.
After immersed for 48 h, the final oil contact angle (FOCA) increases
to 37.5�, which should be attributed to the adsorption of GO with
slight amphiphilicity at the rock surface. For sandstone slabs
immersed in JGO solutions, the slabs become more hydrophilic
from JGO-1 to JGO-5, with the IOCA increasing from 17.3� to 43.5�

and the FOCA increasing from 37.5� to 125.8�. The Janus structure of
JGO might be responsible for their great wettability alteration
ability. The hydrophobic interaction between the dodecylamine
modified side of JGO and the organic materials initially adsorbed at
the rock surface promotes the adsorption of JGO at the oil-wet
surface, which can be facilitated by higher modification degrees
of JGO. Thus, the hydrophilic side on JGO with higher modification
Fig. 5. The contact angle of oil-wet sandstone slab immersed
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degrees can cover the oil-wet rock surface more effectively to
achieve the wettability alteration.

3.3. Effects of modification degrees on the EOR efficiency of JGO

The above results demonstrate that the modification degrees of
JGO significantly impact their interfacial activity at both liquid-
liquid and liquid-solid interface, which is critical for the EOR
application of JGO. Then, core flooding tests are conducted to
further specify the EOR efficiency of JGOwith differentmodification
degrees. The results are summarized in Table 2 and Fig. 6. It should
be pointed out that the soak time is 12 h after the injection of
nanofluids, which is essential for the formation of interfacial films
(Fig. 4).

The recovery after first water flooding (FWF) in all experiments
is in the range between 61.05% and 64.62% due to the similar
physical parameters of these cores. During the injection of GO so-
lution, the recovery is only improved by 2.5%, and further improved
by 0.83% after chase water flooding (CWF). As shown in Fig. S4, JGO
exhibits the greater ability to reduce the water/crude oil interfacial
tension with the increase of modification degrees. Meanwhile, the
interfacial tension of crude oil system is higher than that of the
simulated oil system (Fig. 3a), which is ascribed to the complex
components of crude oil (Pal and Mandal, 2020b). The improve-
ment of oil recovery after the JGO nanofluids flooding (NFF) grad-
ually raises with the increased modification degrees, which should
in sample aqueous solutions (50 mg/L) toward crude oil.



Table 2
Results of core flooding tests.

No. Nanofluids Recovery, %

After water flooding After nanofluids flooding After chase water flooding Improved by nanofluids Improved by chase water

a GO 63.33 65.83 66.67 2.50 0.83
b JGO-1 63.29 65.82 68.61 2.53 2.79
c JGO-2 64.62 68.00 71.08 3.38 3.08
d JGO-3 61.44 66.67 71.90 5.23 5.23
e JGO-4 62.89 68.19 74.46 5.30 6.27
f JGO-5 63.15 68.40 73.24 5.25 4.84
g JGO-2 64.62 70.00 76.15 5.38 6.15
h JGO-2 61.05 64.05 65.10 3.00 1.05

Fig. 6. Results of core flooding tests using different sample nanofluids. (a) GO; (b) JGO-1; (c) JGO-2; (d) JGO-3; (e) JGO-4; (f) JGO-5; (g) nanofluid is JGO-2 and the injection rate
during NFF stage is 0.3 mL/min; (h) nanofluid is JGO-2 and the CWF starts right after the NFF.
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be attributed to their enhanced interfacial activity (Fig. 3a) and
wettability alteration ability (Fig. 5). Furthermore, the CWF is much
more effective in the JGO involved tests, especially the best per-
formance (6.27%) of JGO-4. It is speculated that the remarkable
efficiency of CWF in the presence of JGO might be related to the
formation of interfacial films and climbing films. In the stage of
CWF, the formed interfacial film can push the oil slug to the outlet,
and the climbing film may insert in to the space between oil and
rock surface, detaching the oil from the rock surface (Jeon et al.,
2019; Luo et al., 2016). As discussed above, JGO with higher
modification degrees easily construct interfacial and climbing films
(Fig. 4), so the efficiency of CWF is gradually increased from JGO-1
1222
to JGO-4. JGO-5 may form 3D structures at the oil-water interface
under such hydrodynamic power to plug some pores and reduce
the flow channel for oil, which may be responsible for its reduced
EOR efficiency (4.84%) at the CWF stage.

The pressure variation during the displacement process (Fig. 6)
can provide more insights into the EOR mechanism of JGO. During
the NFF, the injection pressure in all experiments rises in different
degrees, which is due to the enhanced flow resistance caused by
the nanosheets. In the CWF stage of GO involved test, the pressure
drops instantly and the final pressure (PCWF) exceeds the pressure
(PFWF) after the FWF, reflecting no interfacial films formed by GO.
The similar phenomenon is also observed in JGO-1 and JGO-2
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involved tests that the pressure drops immediately at the beginning
of CWF, whereas the PCWF is lower than PFWF. The lower pressure
means the rock surface becomes more hydrophobic to reduce the
resistance of rock surface to water. It is demonstrated that the JGO
exhibits the great ability to change hydrophilic surface to hydro-
phobic surface (Fig. S2). Then, the JGO might be effective for EOR in
the aspect of step-down augmented injection. In the experiments
of JGO-3 and JGO-4, the pressure gradually builds up in the CWF
process, which should be attributed to the well-constructed inter-
facial films. Nevertheless, the PCWF in the two experiments is no
greater than PFWF due to the superior wettability alteration ability
of JGO-3 and JGO-4. For JGO-5, it is worth noting that the PCWF is
larger than PFWF, which might be attributed to the more dominant
plugging effects of the formed 3D structures at oil-water interface
than the wettability alteration of JGO-5. The pressure variation
further confirms the proposed EOR mechanism of JGO and reveals
the potential of JGO as “smart” wettability alteration agent.

It is believed that the ability of JGO to construct interfacial films,
climbing films, and alter the wettability of rock surface is critical to
its remarkable performance in EOR. The intensity of hydrodynamic
power is another critical factor to facilitate the formation of JGO
interfacial films. Therefore, the impact of hydrodynamic power on
the EOR efficiency of JGO is further investigated. In the control
experiment used JGO-2 with the relatively low modification de-
gree, the change of hydrodynamic power is achieved by increasing
the injection rate of nanofluids from 0.2 mL/min to 0.3 mL/min. As
shown in Table 2 and Fig. 6, similar recovery is obtained after water
flooding. Compared with the improved oil recovery (3.38%) in JGO-
2 system at low injection rate, the higher flow rate moderately
increases the oil recovery to 5.38%. Besides, the pressure rises at the
beginning of CWF and the greater PCWF than PFWF are closely related
to the interface film and the 3D structure of JGO-2, respectively.
More importantly, the recovery enhancement after the CWF stage
increases from 3.08% to 6.15%, although the injection rate keeps the
same. It is concluded that rising the injection rate can be an
effective way to improve the EOR performance of JGO with lower
modification degrees. Correspondingly, the injection rate of JGO
with higher modification degrees should be carefully controlled to
avoid the blocking of flow channels. In the other control experi-
ment used JGO-2 nanofluids, the CWF starts immediately after NFF
without soaking (Fig. 6h). The much lower recovery in the stage of
CWF in this test directly verifies the extreme necessity of soaking
for the EOR performance of JGO.

4. Conclusions

In this study, we synthesized a series of dodecylamine grafted
JGO with different modification degrees and evaluated their inter-
facial properties and EOR performances. It is found that JGO shows
the great oil-water interfacial activity (large IFT reduction and low
dilatational modulus) to generate 2D interfacial films and 3D
climbing films, which can be evidently improved by increased
modification degrees and enhanced hydrodynamic power. More-
over, the JGO-5 with higher modification degree exhibits superior
wettability alteration efficiency at the liquid-solid interface. Both
the generation of climbing films and the great ability of wettability
alteration can improve the insertion of JGO to the space between oil
and rock surface and effectively detach the oil from the rock sur-
face, which is verified via the core flooding tests. The variations of
the injection pressure reflect the JGO with high modification de-
grees can easily fabricate 3D structures to block the flow channels,
and the JGO with moderate modification degrees are more suitable
for the EOR application with carefully controlled injection rate. The
present study provides novel insights to the microscopic EOR
mechanism of alkylaminemodified JGOwith different modification
1223
degrees, which is highly essential for the practical application of
JGO in EOR.
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