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Janus nanoparticles (NPs) hold great potential in enhanced oil recovery (EOR), although the mechanism
remains unclear. In the study, the displacement dynamics of trapped oil in the rough channel by Janus
NPs are unraveled through atomistic modeling. The results indicate that Janus NPs with large polar faces
significantly recover more oil from the nano-pocket (nano groove of the surface). The structure of
adsorbed NPs on the wall of oil-trapping nano-pockets strongly causes the local wettability alteration,
which ultimately determines the oil recovery. The crucial events in oil recovery by Janus NPs, termed
‘adsorption invasion process’, are identified, which comprise of anchoring onto the surface, pinning at
the edge, and entering inside the pocket. The controlling factors are further detailed, including identi-
fication of the residual oil, displacement pressure, and the geometry of the oil-water interface inside
nano-pockets. With the proposed analysis, the “huff-n-puff” mode is verified as the optimized appli-
cation method for Janus NPs. For the first time, our results bring to light the dynamic wettability
alteration on the rough surface by Janus NPs from atomistic insights. The findings reveal the intrinsic EOR
mechanism of Janus NPs, which could guide the design and application of Janus NPs in EOR.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

It is expected that global energy consumption will increase by
30% or more by 2040, led mainly by fossil fuels [1]. Owing to the
aggressive exploration of easily recoverable oil by the primary and
secondary flooding, the current high cost and low efficiency in oil
recovery have been calling for the new generation of economical
and effective enhanced oil recovery (EOR) technologies, for the
purpose of extracting the huge amount of remaining oil in the
available reservoirs [2e4]. Such desires are greatly driven by the
huge challenges encountered by the traditional oil recovery
methods, including but not limited to high energy and chemicals
cost, gravity override, fingering and early breakthrough, formation
damage, etc. [5e7]. On addressing the challenges, nanoparticles
(NPs) are believed to possess promising potentials, thanks to their
ultra-small size, high surface-to-volume ratio, low costs, and
environmental friendliness [8e10]. Utilizing nanofluids, namely
flooding liquids with NPs, has been a focus of interest in petroleum
research and applications starting from the end of the last century
anying.he@ntnu.no (J. He).
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[11e14].
The promising EOR effect of nanofluid flooding has been

confirmed in multi-scale experiments [15,16], and also in a number
of field trials in Colombia, Saudi Arabia, and China [17e19].
Accordingly, multiple possible mechanisms for the nanofluid EOR,
including wettability alteration, interfacial tension (IFT) reduction,
structural disjoining pressure, and viscosity adjustment, have been
proposed in different studies [9,20]. However, because of the lack of
knowledge on atomistic interactions among NPs, fluids, and rock
surfaces, the intrinsic nanoscale basis for deciphering the nanofluid
EOR mechanism is still missing. Furthermore, the published con-
clusions were obtained based on various experimental schemes,
which complicated the understanding of the NP function in EOR
[19]. Hence, more fundamental research inputs are urged to
accelerate the wide-ranging oilfield applications for nanofluid EOR.

It is well accepted that the chemistry and distribution of func-
tional groups on the surface determine the behavior of NPs [21,22].
With the unique characteristic properties (polarity of two distinct
hydrophobic and hydrophilic parts on the surface), Janus NPs were
found to play a crucial role in EOR, with application potential
proven to significantly exceed unmodified NPs [23e27]. Particu-
larly, there are a good number of studies devoted to uncovering the
excellent performance of Janus NPs at the oil-water interface
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

Term Meaning
25JNP Janus nanoparticle with nonpolar beads covering

25%
50JNP Janus nanoparticle with nonpolar beads covering

50%
75JNP Janus nanoparticle with nonpolar beads covering

75%
DPD Dissipative particle dynamics
EOR Enhance oil recovery
IFT Interfacial tension
JNP Janus nanoparticle
LJ Lennard-Jones
mW Monoatomic water
MD Molecular dynamics
NEMD Non-equilibrium molecular dynamics
PMF Potential of mean force
SW Stillinger�Weber
TraPPE-UA The Transferable Potentials for Phase Equilibria

united-atom
Fig. 1. The initial structure of the simulation system. The white arrow shows the
flooding direction. The colors for different components: water (green), oil (orange),
surface (white), the hydrophobic part (yellow), and the hydrophilic part of Janus NP
(blue).
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[27e32]. Janus NPs were proved to be more effective in the
reduction of IFT if compared with other NPs with similar sizes [32].
Using dissipative particle dynamics simulations (DPD), A. Striolo
et al. presented that the reduction of the IFT was determined by the
surface coverage, shape, and ratio of polar/nonpolar beads of Janus
NPs [29e31]. To the best of our knowledge,Wang X et al. carried out
the only reported molecular study on the interactions between
Janus NPs, fluids, and solid substrate [28]. Their results indicated
that Janus NPs were able to hinder the oil displacement and
capillary pressure was found to be the crucial factor of the process.
Nevertheless, the above results were obtained in smooth channels,
which could potentially be deviating or even invalid in channels
with rough surfaces in real reservoirs [33e35]. Elucidating the EOR
mechanisms of displacing trapped oil on rough surfaces is highly
desired [36], especially with the injection of Janus NPs.

Herein, molecular dynamics (MD) simulations were employed
to investigate the displacement of residual trapped oil in the rough
channel by Janus NPs. Specifically, oil recovery efficiency of Janus
NPs with varied fractions of nonpolar beads on the surface was
presented. The detailed motion characteristics of Janus NPs on
anchoring onto the solid surface, sweeping trapped oil, pinning,
and entering oil trapping pockets were revealed. Crucial parame-
ters for optimizing the EOR effect of Janus NPs were proposed. The
findings of the study open out the residual oil recovery mechanism
on the rough surface and are thus desired by the design and
application of Janus NPs in EOR.

2. Model and simulation details

All the MD simulations were carried out using the LAMMPS
package [37]. The visualization and analysis were implemented
with the OVITO software [38]. As shown in Fig. 1, the atomic system
representing the important feature of trapped oil on the rough
surface was constructed. It had periodic boundaries and contained
residual trapped oil in a nano-pocket and nanofluids. The grooved
surface, namely the nano-pocket with the dimensions of
100 � 70 � 51 Å3, was created by removing the atoms in the solid
substrate of silicon crystals. In order to eliminate periodic effects,
the minimum height of the surface was set as 11 Å, which was
2

larger than the cutoff distance (10 Å). The height of residual oil film
on the upper surface was around 5 Å. A number of 1004 hexane
molecules were absorbed on the solid surface and in the nano-
pocket to mimic the residual trapped oil after initial water flood-
ing and had an oil density same as experiments. For the flooding
phase, 48 spherical Janus NPs with a diameter of 10 Å and 21,399
water molecules were used for constructing the nanofluid with an
NP concentration of 3.9%. The initial pressure was around 24.6 MPa.
Three systems, with Janus NPs of the varied ratio of nonpolar beads
covering 25%, 50%, and 75% of the surface areas, were built,
respectively. The three corresponding Janus particle types were
termed the 25JNP, the 50JNP, and the 75JNP in the following text if
not otherwise specified.

The mW water model was employed for the water molecules
while the Transferable Potentials for Phase Equilibria united-atom
(TraPPE-UA) description of hexane is chosen for oil molecules.
The mW is able to reproduce the important properties of water
(like energetics, density, and structure) with better accuracy than
most other water models, at an extremely low computational cost
[39]. The TraPPE-UA is well suitable for the phase separation pro-
cess involving alkanes by using pseudo-atoms [40]. To be specific,
the mW water model used the Stillinger�Weber (SW) potential to
feature the many-body non-bonded interactions, while the water-
oil and oil-oil non-bonded interactions adopted the standard
pairwise 12-6 Lennard-Jones (LJ) potential. In our simulation, the
main purpose is to study the displacement dynamics of the residual
oil by JNPs on the oil-wet surface, rather than demonstrating a
designed material of JNPs or the influence of the specific surface.
Therefore, materials for the surface and JNPs were not specified in
the work. Based on our previous study [41], the characteristic en-
ergy εws (water-surface) was set as 0.3 kcal/mol to form a hydro-
phobic surface. The characteristic energy for interactions involved
by Janus NPs was selected with reference to other previous studies
[28,42], with the specific values listed in supporting information
Table S1.

In carrying out simulations, the systems were first energy-
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minimized using the steepest descent method and followed by a
0.5-ns equilibrium stage in the NVT ensemble at 350 K. The
Nos�eeHoover thermostat with a coupling coefficient of 100 fs was
used to maintain the aimed temperature [43,44]. In order to mimic
the nanofluid flooding process, another 60-ns non-equilibrium MD
simulation (NEMD) was conducted in each system. A constant force
along the x-axis (0.01 kcal/mol/Å in the reference system) was
applied to each atom of water molecules. Besides, to speed up the
simulation, Janus NPs were treated as the rigid body and the rough
surface was positionally fixed. Five independent simulations were
run for each system to improve the accuracy of results.
3. Result and discussion

3.1. Displacement of residual oil in nano pockets

The inclusion of Janus NPs into the flooding significantly
affected the displacement of the trapped oil in the nano-pocket. As
the snapshots of residual oil in the nano-pocket shown in Fig. 2,
pure water flooding (JNP-free) led to an almost non-observable
displacement effect. In contrast, Janus NPs actively interacted
with the solid substrate and the trapped oil during the flooding, not
only adsorbing on the rough surface but also invading into the oil
pocket depending on the surface nonpolar bead ratio. 25JNPs
adsorbed on the solid substrate and were able to enter the nano-
pocket along the solid wall. Thanks to the large area of the polar
bead on the surface, 25JNPs also brought water molecules into the
nano-pocket and extracted a significant amount of oil molecules
out of the pocket. The 50JNP also featured the behavior of the 25JNP
in oil recovery. Furthermore, 50JNPs greatly altered the oil-water
interface tension in the nano-pocket by stably dwelling at the oil-
water interface [26]. 75JNPs entered the oil-trapping nano-pocket
by immersion into the oil phase, thanks to the large portion of
surface nonpolar beads. As such, a certain amount of oil molecules
was displaced by 75JNPs due to volume exclusion in the nano-
pocket.
Fig. 2. System snapshots of the displacement process with different flooding. The x-axis indi
better visualization, only the area near the nano-pocket was shown in the snapshots.
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Because of the different behaviors of Janus particle types
detailed above, the final performance of oil recovery varied corre-
spondingly. The recovery efficiency defined by the percentage of oil
molecules displaced out of the nano-pocket at the end of the
simulations was shown in Fig. 3(a). The 25JNP and the 50JNP
possessed the most obvious displacement effect, yielding a recov-
ery efficiency of ~34.7% and ~36.9%, respectively. In comparison, the
75JNP showed a much lower recovery efficiency of ~8%. Pure water
flooding resulted in the lowest recovery efficiency (~1.7%) as ex-
pected given that the mobility of residual trapped oil was known to
be highly limited after primary and secondary flooding [45,46]. The
surface properties of the Janus NPs determined their final distri-
bution in the nano-pocket after flooding. As shown in Fig. 3(b, left
panel), all the Janus NPs favored accumulating on the left-side wall
of the nano-pocket. Both 50 JNPs and 75JNPs appeared in the center
of the nano-pocket, as they either adsorbed at the oil-water inter-
face or immersed into the oil phase. In contrast, there were almost
no 25JNPs in the center of the nano-pocket. The three kinds of Janus
NPs also exhibited varied migration depth into the nano-pocket, as
depicted in Fig. 3(b, right panel). The bigger the surface nonpolar
area, the deeper invasion of the NPs into the nano-pocket, given the
same flooding condition. Obviously, the distinct motion patterns
and adsorption positions of Janus NPs underlay the displacement
mechanism and subsequently the recovery efficiency, which will be
discussed in detail in the following sections.
3.2. Migration characteristics of Janus NPs

3.2.1. The structure of adsorbed NPs on the wall of the nano-pocket
The migration of Janus NPs into the nano-pocket along the solid

wall underpinned recovery of trapped oil, either by leading inva-
sion of water, alteration of the oil-water interface, or simply volume
exclusion as discussed above. Hence, it is of great importance to
further characterize the linkage between the dynamic oil recovery,
illustrated by the real-time oil molecule numbers in Fig. 4(a), and
the change in the distribution and the behavior of the NPs in the
cates the simulation time, and the y-axis represents the types of injected Janus NPs. For



Fig. 3. Oil recovery efficiency and NPs distribution. (a) Recovery efficiency with different types of Janus NPs; (b) Distribution of NPs, quantifying by the density profiles of the atoms
belong to the Janus NPs along the flooding direction (x-axis, left panel) and the depth of the nano-pocket (z-axis, right panel), respectively. The position of the walls and the
entrance of the nano-pocket were marked in the figure. Representative system snapshots were shown as the inset with different perspectives for visualization.
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nano-pocket in Fig. 4(c). Three quantities were adopted here for the
analysis of the NPs’ structure, namely the surface coverage 4 of the
pocket wall, the average centroid depth D, and the ratio of hydro-
philicity Rhydrophilic. The detailed definitions of the three quantities
were given below, with the sketch given by the snapshot in
Fig. 4(b).

The surface coverage 4 reflects the adsorption quantity of the
NPs on the wall of the nano-pocket (Fig. 4(c, ①①)), which is calcu-
lated as:

4¼N � pd2

4A
(1)

where N is the number of adsorbed NPs, d is the diameter of NPs
and A is the surface area of the wall (dotted area in Fig. 4(c)). The
higher the 4 value, the more NPs adsorbed and migrated on the
solid wall inside the nano-pocket. For all the Janus NPs, 4 featured
an obvious increasing pattern during the displacement process,
with the 50JNP being the most outperforming in reaching a satu-
rated plateau and in the number of absorbed NPs (Fig. 4(c, ①①)). The
depth of the adsorbed NPs directly quantifies the migration of the
NPs along the solid wall into the nano pocket, which was charac-
terized by the average centroid depth D. As shown by Fig. 4(c, ②②),
Fig. 4. Oil recovery and the underpinning behaviors of Janus NPs. (a) The number of oil mole
NPs on the wall of the nano-pocket and sketch of the Vhydrophobic definition. The snapshot on
right indicated the volume of hydrophilic beads in a Janus NP used for the calculation; (c) C
namely ①① surface coverage, ②② average centroid depth, and ③③ the ratio of hydrophilicity fr

4

all the Janus NPs gradually moved down inside the nano-pocket
during the displacement. 50JNPs were able to migrate the deep-
est distance at the end of the displacement. Interestingly, the 50JNP
took the shortest time to reach the deepest position in the nano-
pocket (Fig. 4 (c, ②②)) and the highest 4 value (Fig. 4(c, ①①)), which
directly resulted in the highly effective oil displacement (Fig. 4(a)).
The orientation of the NPs adsorbed on the solid wall directly
caused the local surface wettability alteration. The solid substrate
was parameterized to be relatively hydrophobic in this work. As
such, adsorbed Janus NPs with their polar faces toward the liquid
phase resulted in an increase of hydrophilicity of the surface,
namely making the surface more water-like. The contribution of
the Janus NPs in wettability alteration was indicated by the ratio of
hydrophilicity Rhydrophilic, which is defined as:

Rhydrophilic ¼
Vhydrophilic

Vhalf
(2)

As sketched in Fig. 4(b), Vhydrophilic accounts for the volume of
the hydrophilic (polar) beads in the half of NPs, Vhalf , away from the
solid wall. Taking the 50JNP for example, the Rhydrophilic would have
a value of 0 or 1 if the polar and nonpolar faces cross-section surface
was parallel to the solid wall and the polar faces were facing to or
cules inside the nano pocket during the displacement. (b) Adsorption and migration of
the left indicated the specific NPs of interest for the analysis, and the example on the

hanges in three important quantities of the Janus NPs migrating into the nano-pocket,
om top to bottom.
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against the solid wall, respectively. Otherwise, the Rhydrophilic had a
value between 0 and 1. Given that the 25JNP and the 75JNP were
not symmetric in surface polarity like the 50JNP, the absolute value
of Rhydrophilic was not the only focus of interest for comparison but
also the pattern of changes. As shown in Fig. 4(c, ③③), the adsorbed
25JNPs had the highest Rhydrophilic as expected, given their highest
portion of polar beads in the NP. 50JNPs also exhibited a high value
of Rhydrophilic, indicating their effectiveness in converting their
adsorbing surface area into hydrophilic. Both the 25JNP and the
50JNP featured a common slowing increase pattern of Rhydrophilic
during the displacement. Despite that the 50JNP yielded an obvious
lower Rhydrophilic (0.68) than the 25JNP (0.95), their oil recovery
efficiency was still superior (Fig. 4(a)), which could be attributed to
more adsorbed 50JNPs on the sidewall (i.e. higher 4 and lower D).
The 75JNP had the lowest and a decreasing pattern of Rhydrophilic in
the three Janus NPs, owing to their relatively small polar faces. As a
result, the 75JNP did not show significance in surface wettability
alteration, which could be a reason for their low oil recovery
(Fig. 2).
3.2.2. Motion pattern of adsorbed Janus NPs
The motion pattern of Janus NPs on the surface is the key to

elaborate themechanism of oil recovery. The Janus NPswere able to
slide on the substrate and spontaneously invade into the nano-
pocket, which suggested an underlying special energy landscape.
To verify this phenomenon, the potential of mean force (PMF) was
calculated using umbrella sampling. The PMF quantified the energy
differences of one adsorbed Janus NP at different positions on the
surface with the oil film without external flooding force, as the
calculation system can be seen in Fig. S1. Similar to the umbrella
sampling in other studies [28], the NP was anchored to positions
with constant interval distances along the oil film plane by a har-
monic potential for sampling in equilibration simulations. The
displacement distance of the NP from its original position and the
corresponding force from the harmonic potential were recorded
and processed using the WHAM algorithm [47,48]. Due to the
symmetry of the system, the calculation only covered the first half
of the system in the x-direction. As shown in Fig. 5(a), the PMF
featured fluctuations at different positions on the solid substrate
and flatted out at the oil-water interface over the nano-pocket. The
fluctuations of the PMF were attributed to the lattice structure ef-
fect of the substrate, namely the matching atomic structure be-
tween the Janus NPs and the surface. Good matching can lead to
low energy valley of the PMF. If the atomic radius of the solid
substrate increased, thus smoother surface, the amplitude of fluc-
tuation decreased, as confirmation results showed in Fig. S2.
Interestingly, there was the minimized energy at the entrance of
Fig. 5. Motion pattern of adsorbed Janus NPs. (a) The PMF of an NP transporting from the lef
energy well resulting in pinning effects of Janus NPs is highlighted in the figure. (b) Local str
motion of Janus NPs at the entrance of the nano-pocket for better visualization.
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the nano-pocket, and a subsequent high energy barrier for the Ja-
nus NPs to directly migrate along the oil-water interface over the
nano-pocket, as highlighted in Fig. 5(a). Correspondingly, as indi-
cated in Fig. 5(a), the Janus NP was stably pinned at the edge of the
solid substrate. Taking the applied flooding force into consider-
ation, such pinning effect enabled the further downward invasion
of the Janus NPs into the nano-pocket and oil recovery. Without the
pinned Janus NPs, the flow direction of pure water displacement at
the edge of the surface didn't change much from the flooding di-
rection. In comparison to the local streamlines of water plotted in
Fig. 5(b), the adsorbed Janus NPs at the edge of the substrate altered
the local wettability and resulted in the transformation of the
waterflood direction. In other words, adsorbed Janus NPs on the
plane solid surface and slid by the external flooding force were
highly likely to stay at the rough edges of the surface and further
migrate into the rough structures, which has been observed and
confirmed in the experiments [49,50].

With the above analysis, the key events in the motion of Janus
NPs adsorbed on the solid surface can be summarized as Fig. 6.
There were four stages involved in the ‘adsorption invasion pro-
cess’, namely oil-water interface identification and surface
adsorption, edge pinning, invasion, and collision and pushing. More
specifically, the Janus NPs were able to identify the oil-water
interface and further adsorbed on the solid surface relying on
their hydrophobic face. Driven by the flooding flow, the Janus NP
slid on the surface and pinned stably at the edge of the substrate
owing to the local deep energy well, termed pinning effect.
Impelled by the local flooding currents, the NP initially invaded into
the entrance of the nano-pocket along the solid wall. With given
more Janus NPs adsorbing on the substrate and following the above
route, multiple Janus NPs entered the nano-pocket and pushed the
NPs in front to move down inside the nano-pocket. Owing to the
unique surface wettability polarity, the Janus NPs can rotate and
adjust their position in this process and alter the wettability of the
solid wall. Such motion pattern resembled the appearance and
growth of climbing film observed in the previous experiment [27],
and provided atomistic details for a better understanding.
3.3. Controlling factors analysis

The representative motion pattern of Janus NPs on the solid
surface can be specifically termed the ‘adsorption invasion process’
here (Fig. 6), which determined the arrangement of NPs inside the
nano pocket and greatly influenced the amount of extracted oil. For
a given rough surface of similar nature, three factors dominate the
‘adsorption invasion process’: identification of the residual oil, the
driving force for migration, and geometry of oil-water interface
t side of the surface to the middle of the nano-pocket along the oil-water interface. The
eamlines of water molecules around adsorbed Janus NPs. The red arrows indicated the



Fig. 6. Schematic diagram of the ‘adsorption invasion process’ of Janus NPs in the flooding. From left to right are ➀ oil-water interface identification and surface adsorption, ➁ edge
pinning, ➂ invasion, and ➃ collision and pushing.
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inside the pocket.
The 25JNP and the 50JNP behaved effectively in oil displace-

ment, as indicated by Fig. 4, and were taken for illustrating the
“adsorption invasion process” in detail. Firstly, the more Janus NPs
adsorbed onto the flat substrate, the higher probability of gathering
of NPs inside the nano-pocket and the higher the oil recovery. As
the surface coverage of Janus NPs on the flat substrate monitored in
Fig. 7(a), 50JNPs were able to adsorb and populate swiftly at the
beginning of the displacement process, namely to fast identify the
residual oil, which led to the fast recovery of a large number of oil
molecules from the nano-pocket (Fig. 4(a)). In comparison, the
25JNP took a much longer time to populate the flat substrate area,
which resulted in slower oil recovery (Fig. 4(a)). The fast adsorption
of the 50JNP can be attributed to the strong interaction potential of
their nonpolar faces with the oil molecules, as shown in Fig. S3.
Adsorption of the 50JNP resulted in the fast decrease of the system's
total energy, which was energetically favorite. In contrast, adsorp-
tion of the 25JNP led to a much less obvious contribution of system
energy minimization owing to the much smaller nonpolar faces on
NPs. Sufficient surface coverage of the 25JNP only happened in the
later stage of displacement and subsequently the effective ongoing
events of the “adsorption invasion process”. Nevertheless, the high
surface coverage of NPs either by the 25JNP or the 50JNP increased
the collision and pushing of the fourth stage in Fig. 6, and so forth
oil recovery. The encouraging result of residual oil recovery high-
lighted the importance of the identification of the residual oil by
the Janus NPs.

The main driving force interplayed with other factors for the
migration of Janus NPs, i.e., the displacement force, was also
essential to oil recovery. There was an optimal threshold range of
driving force, neither monotonically high nor low, for the highest
Fig. 7. Key factors determining oil recovery. (a) Dynamic surface coverage ∅ by the 25JNP an
varied applied force. The sketch solid line in the plot is for visualization.
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oil recovery efficiency. The relationship between the applied
external force and the recovery efficiency (ratio of the reduced oil
molecules to the total) was recorded in Fig. 7(b), with the final
system snapshots under the corresponding forces provided in
Fig. S4. Under low driving forces, the Janus NPs diffused slowly and
had a sufficient time to adsorb on the flat substrate. Meanwhile, the
Janus NPs gained low pushing force at the pinning position at the
edge of the substrate to enter the nano-pocket. On the other hand,
the excessive driving force was more likely to overpower the
pinning effect and forward push the NPs over the nano-pocket, in
addition to decreasing the possibility of NPs adsorbing on the flat
substrate. This was highly detrimental to the accumulation of NPs
on the solid wall of the nano-pocket. As such, only the suitable
displacement force enabled the promotion and acceleration of the
‘adsorption invasion process’ (Fig. 7(b)).

The alteration of the oil-water interface in the nano-pocket by
the Janus NPs is worth further noting. As presented in Fig. 2, the
50JNP led to the tilted oil-water interfaces inside the nano-pocket,
of which the 25JNP resulted in horizontal ones. Given the same
invasion depth of Janus NPs, the horizontal oil-water interface
means more oil recovery. By the analysis shown in Fig. 4(c), the
most obvious wettability alteration by 25JNPs also contributed to
the horizontal oil-water interface, as the large polar faces of the
invaded 25JNPs encouraged more water molecules to enter the
nano-pocket. It is also important to mention that the 50JNP could
potentially raise NPs jamming effect in the nano-pocket. There
were a considerable number of 50JNPs stably adsorbed at the oil-
water interface and even at the exit edge of the nano-pocket. The
accumulation of 50JNPs could further prevent the intrusion of the
nearby water molecules into the nano-pocket. The less stability of
the 25JNP at the oil-water interface greatly eliminated such effects.
d the 50JNP on the flat substrate in the displacement. (b) The recovery efficiency by the
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3.4. Optimization demonstration

The results and analysis above opened rational avenues for the
optimization of oil recovery. Taking the 25JNP for example,
enhancing the initial adsorptions of Janus NPs on the flat substrate
can improve their performance in oil recovery under the previously
applied force. For demonstration, a new displacement process with
the 25JNP was carried out with a 30-ns equilibration simulation for
adsorption of as many 25JNPs onto the flat substrate as possible
prior to applying external force. The reason for employing no
external driving force in the initial stage (equilibrium stage) was
that low to no displacement force contributed to the increased
recognition probability of residual oil by NPs. In other words, the
displacement working mode of the simulation changes from con-
stant flooding to a cycle of “huff-n-puff”. Following such an opti-
mized flooding approach, the oil recovery effect was greatly
elevated, as results shown in Fig. 8.

As shown by the change in the amount of residual oil in the nano
pocket in Fig. 8(a), the optimized flooding approach promisingly
increased the final oil recovery efficiency to almost 70%. For the
same given flooding time under the same driving force, the opti-
mized approach also extracted more oil than the original flooding
cases. Besides the excellent oil recovery effect, the system snap-
shots during the displacement process shown in Fig. 8(b) further
confirmed more NPs adsorbed on the flat substrate after the
equilibrium simulation. Furthermore, the optimized flooding
resulted in higher values of 4 and Rhydrophilic and at the same time,
lower value of D by adsorbed Janus NPs (Fig. 8(c)) if compared with
the original flooding (Fig. 4(c)). The results suggested that the
introduction of an extra equilibration was highly beneficial for
promoting the ‘adsorption invasion process’, which made the solid
wall in the nano-pocket more hydrophilic and led to more oil re-
covery. The demonstration carried out using the 25JNP should
apply to other Janus NPs. The “huff-n-puff” flooding approach could
be a favorite operating mode for such trapped residual oil in the
reservoir. As such enhancing the ‘adsorption invasion process’ can
be a key consideration in the design of Janus NPs and the modifi-
cation of flooding working mode.
Fig. 8. The optimization approach for outperforming oil recovery. (a) The number of resid
displacement process. Performance by the 25JNP and the 50JNP in the original displacemen
after optimized displacement process; (c) Dynamic surface coverage 4, centroid depth D, a
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4. Discussion

Atomic modeling and MD simulation provide nano-level infor-
mation, especially the detailed interaction between components in
the complex nanofluid system, which is formidable to obtain in
large-scale oil displacement experiments. Such knowledge is
essential for the design and application of JNP in nano-enabled
petroleum engineering. This work adopts the coarse-grained
modeling approach to achieve faster sampling by reducing the
degree of freedom of the system. The selected force field has been
proven to successfully reproduce the nature of the components in
nanofluid systems, including physical characteristics of the fluid,
the amphiphilicity of JNP, and the hydrophobicity of the surface.
The modelled topography of the rough surface, here represented by
the rectangular groove as in the previous studies, is able to serve
the purpose of stably trapping residual oil. The periodic boundaries
of the simulation systems enable an infinitely long rough surface
with the trapped oil film, which is beneficial to the continuous
capture and investigation of the displacement behavior of JNPs.
Thus, the designed model is eligible to be a basic case for the study
of the displacement of nano-scale trapped oil by JNPs, which cor-
responds to the nanoscale locations in the rough throats or in the
internal channel of nanopores in the actual reservoir.

Unlike the previous atomistic simulations focusing on smooth
channels [28], the result is more relevant to the experimental re-
sults [23e25] on deciphering the excellent EOR effect of JNP.
Regarding the understanding of the EOR mechanism of JNP, pre-
vious experiments have confirmed the IFT reduction and wetta-
bility alteration caused by JNP without evaluating their
contributions in the process. Giraldo et al. believe that reducing IFT
is the decisive factor in this process rather than the wettability
alteration [25,26]. The present work further details the dominating
contribution of wettability alteration in the nanoscale oil film
displacement effect. The simulations provide atomistic resolution
for observing key steps of JNPs dynamics in the process of the oil-
film type of residual oil displacement. Such resolution is obvi-
ously missing in the experiment where it is impossible to distin-
guish the specific role played by JNP for various remaining oil types
ual oil molecules in the nano-pocket with the injection of 25JNPs with the optimized
t process is shown (grey curves) for comparison. (b) System snapshots of oil exaction
nd the ratio of hydrophilicity Rhydrophilic following the optimized flooding.



Fig. 9. The framework of the multiscale EOR research techniques. The CFD is short for Computational Fluid Dynamics.
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(clustered, columnar, droplet, etc. [51]). As such, simulations of this
kind provide the possibility for the refined interpretation of the
EOR mechanism of JNP. Furthermore, this work reveals the dy-
namics of wettability alteration (ie, the ‘adsorption invasion pro-
cess'), which is highly valuable to nanoparticle design in EOR.
Interestingly, the ‘adsorption invasion process' observed in this
work features the previous proposed ‘climbing film’ of Janus
nanosheets [27]. However, the intrinsic mechanisms of the two are
different. As the so-called Marangoni stress is the key to ‘climbing
film’, the pinning effect driven by local energy minimum governs
the ‘adsorption invasion process' in the migration of JNP on the
solid surface and into the nano-pores.

It should be noted that this work focuses on the displacement of
oil film by JNPs on a rough surface with simplified parameter sets.
Key factors such as oil type properties, water salinity, rock prop-
erties, the concentration of JNPs, pore geometries and size, and
system temperature and pressure, await intensive investigation
and discussion. Nevertheless, it is foreseeable that some of these
factors have their synergy to the ‘adsorption invasion process’ of
JNP on the EOR. Further extensive atomistic modeling and simu-
lations are needed for answering such questions. Lastly, upscaling
the results and eventually bridging them to the reservoir scale is
the ultimate goal in future work. It's undeniable that the obtained
motion pattern and the optimal fraction of hydrophilic parts for JNP
can qualitatively guide the design and fabrication of JNP in EOR.
What's more, the results can provide a design basis of the bottom
layer parameters for the final effect prediction at the reservoir scale.
As illustrated in the framework of the multiscale EOR research
method (Fig. 9), the work contributes to the fine-tuning of the
parameters for microscale experiments or fluid simulations such as
roughness and JNP properties. Based on this, the microscopic study
can verify the displacement effect of JNP and further extend the
displacement characteristics to the core scale. Finally, the predic-
tion of the displacement effect of JNP under actual reservoir con-
ditions is carried out in the reservoir numerical simulationwith the
help of the evaluation of the performance of JNP in core flooding.
Besides, combined with the increasingly mature machine learning
technology, a large number of MD simulation results can also be
adopted to construct a screening chart of JNP properties and
displacement effects, which can be directly utilized in the design of
EOR applications.
5. Conclusions

Oil recovery from the rough surface by displacement of Janus
NPs was investigated using atomistic modeling and MD simula-
tions. The study found that Janus NPs with larger polar faces
(25JNPs and 50JNPs) achieved a more notable oil recovery effect
than those with smaller polar faces (75JNPs) or pure water (JNP-
8

free). The structure of adsorbed NPs on thewall of the nano-pockets
strongly affected oil recovery efficiency. Altering the solid wall to be
more hydrophilic by adsorbed Janus NPs can lead to deeper
migration of the NPs into the nano-pocket and more oil recovery.
Furthermore, an ‘adsorption invasion process’was identified in this
work, highlighting the key mechanism of the oil recovery effect of
Janus NPs. Specifically, Janus NPs adsorbed on the solid surface by
first identifying the oil-water interface. Constrained by the pinning
effect, the adsorbed Janus NPs slid and stayed on the edge before
entering oil trapping nano-pockets. Under the impelling local water
flow, the pinned Janus NPs were forced into the nano-pocket along
the solid wall. With the continuous collisions and pushing, more
Janus NPs could further migrate deep into the nano-pockets.
Moreover, controlling factors, including identification of the re-
sidual oil, displacement pressure, and the geometry of the oil-water
interface inside nano-pockets, were proposed for the ‘adsorption
invasion process’. Utilizing the new results and analysis, an opti-
mization flooding approach, namely the “huff-n-puff” working
mode, was proposed, which yielded outstanding oil recovery per-
formance. The findings of this work directly correlated critical
factors with oil recovery on the rough surface by Janus NPs for the
first time and shed light on the intrinsic EOR mechanism of Janus
NPs. The results provided guidance not only for designing the
suitable Janus NPs, but also for modifying the targeted displace-
ment strategy in the practical applications of EOR.
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