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ABSTRACT: In this study, we used nonequilibrium molecular dynamics priving Force 0 i 0 4

[ 2 T i §

(NEMD) simulation to study the pressure-driven flow of oil in surface- = Methyloctyldisulfide %
functionalized graphene channels. We found that oil transport velocity 2 : CoH2082 %
could be improved by introducing water into the channel. Further study Egs ‘
reveals two possible different mechanisms for the increased transport 3 Nonane I;:
velocity of the water—oil system: On the one hand, the water film is %Q C9H20 F

formed between the oil and graphene substrates under driving force,
which blocks the significant intermolecular interaction between the
graphene layers and the oil molecules; on the other hand, the apparent
viscosity of the liquid mixture is reduced by introducing water in the
channel, which improves the efficiency of transport. Further comparative
analysis on surfaces with different functional groups and oil with different
polarities proves the universality of this water-induced flow transport
enhancement of oil. The results may be useful for optimizing existing oil
recovery devices to improve oil transport efficiencies.

AR
AARAAY  ARARA AR

-COOH [g¥&
OH

|.,¥..~(’.--i._,.(.....{..ﬁ;-u£.q..(")/ -NH2

R

1. INTRODUCTION

Petroleum will continue to be an inevitable part of the global

designed by them could couple with renewable solar energy to
enhance oil transport, which ensured the continuous,
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energy landscape for the foreseeable future. Their exploitation
and transportation have long been the focus of scientific
research and engineering design. In order to address the
challenges of the depleting conventional oil resources,
unconventional oil such as shale oil"* and offshore oil”* has
received increased attention.”® Despite advances in equipment
and technologies, the transport efficiency limits the recovery of
the shale oil.”™' In addition, oil spills and leakage during
offshore oil production or marine transportation can lead to
tremendous losses of valuable resources and damage the
environment.''~"* Addressing these challenges calls for the
understanding of fundamental oil transportation mechanisms
in relevant conditions.

Over the past decade, nanofluid devices have attracted wide
attention for their excellent performance and potential
applications."*™'® Holt et al.'” and Xie et al'® reported
extremely fast water transport in carbon nanotubes and
graphene nanofluidic channels, suggesting their excellent
potential for efficient fluid transport. To achieve enhanced
oil recovery, nanoflooding using graphene has been stud-
ied."””” For instance, Sikiru et al.”' reported the great potential
of graphene-driven oil recovery. Khoramian et al.”* introduced
graphene oxide nanosheets as a candidate for enhanced oil
recovery. Wu et al.”® also showed that the enhanced siphoning
and capillarity of graphene nanostructures could be useful for
energy-free oil spill recovery, and the oil spill recovery device
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spontaneous oil transport in the recovery procedure.

Oil transport rate is influenced by the molecular level
interactions between the oil molecules and the channel walls.”*
Stronger such interactions can lead to a stronger capillary
effect, but on the other hand, it can also increase the resistance
to the pressure-driven flow near the boundary, which can
degrade the transport efficiency, especially inside nanochannels
where the surface-to-volume ratios are large.”**> Tuning the
surface chemistry of graphene nanosheets by chemical
functionalization can change the wettability of the reservoir
from oil-wet toward neural-wet or even water-wet*>*’ and
effectively alter the interaction between oil and channels walls
and thus influence the transport efficiency inside the
channel.”®* ' In addition, the introduction of water has been
widely adopted in oil recovery and has been proven to be an
effective and economical technique for enhanced oil
recovery.”” Recent studies have shown that the role water
plays in oil transport in shale inorganic nanopores was
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underestimated and the introduction of water may also reduce
the intermolecular interactions between oil molecules and the
shale surfaces during transport.”® However, the underlying
mechanisms of the oil—water two-phase transport still need to
be thoroughly understood.

In this work, molecular dynamics (MD) simulations are used
to study the transport of oil molecules in the functionalized
graphene nanochannels. Representative nonpolar and polar oil
molecules are chosen for the simulations. Equilibrium
molecular dynamics (EMD) simulations are performed to
analyze the spatial distribution of water and oil molecules in
the channel. The velocity distribution, density distribution, and
viscosity of oil are calculated using nonequilibrium molecular
dynamics (NEMD) simulations. We further investigate the
effects of driving force, functional groups, and oil molecular
polarity on the transport dynamics. The introduction of water
molecules is found to significantly increase oil transport
velocity under the same pressure. These results may provide
new insights to the understanding of the mechanism of oil
transport in graphene nanochannels.

2. MODELS AND METHODS

In this study, the model used for MD simulations consists of a
nanochannel formed by two graphene sheets, in which oil and
water molecules are placed. The system contains 160 oil
molecules and 540 water molecules in total. Two kinds of oils,
including methyloctyldisulfide™ and nonane, are simulated to
respectively represent polar and nonpolar oils (Figure 1).

z

~L,

Graphene Nanosheets

Bt 208 T 2 T T S B

§
1}
1}

Qil Molecules

dﬁ' Methyloctyldistj@ R

@0

WY AR AR

3 9

i"“ CHyS, 22 .
(= o > W
3o 9

§ PP I
Nonane ‘%1 %

N

CQH20 - o

[efefectedaatadaadlad]

c
c
c
c

c

Figure 1. Simulation model (the channel functionalized by -COOH is
shown as an example). Two different oils are simulated in this study:
polarized methyloctyldisulfide (CyH,,S,) and nonpolarized nonane
(C4H,y). Three different functional groups on the graphene surfaces
are studied: -COOH, -OH, and -NH,.

When the polar oil is simulated, the mass fraction of oil is 76%
in the oil—water mixture, and it is 68% when the nonpolar oil
is simulated. The entire system is contained in a simulation box
with dimensions of approximately 50 X 25 X 90 A*> (Figure 1),
and periodic boundary conditions are employed in both the x
and y directions of the simulation system. In the z direction,
nonperiodic boundary conditions are used. To study the
influence of interfacial interaction effect at the channel walls,
three different functional groups with different hydrophilicities
are adopted on the graphene sheets. These include the
carboxyl group (-COOH), the hydroxyl group (-OH), and the
amino group (-NH,), and the surface densities of these
functional groups are set at 0.0128/A>.
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All simulations are conducted using the large-scale atom/
molecule massively parallel simulator (LAMMPS).>* The
PCFF force field* is used to model the interactions between
oil and the functional groups, while the Tersoff potential®® is
used to describe the interaction between carbon atoms in
graphene layers. The SPC/E model is used for water,”’ ~*" and
the SHAKE algorithm42 is used to constrain the bond lengths
and angles in water molecules. The nonbond interactions
between different molecules are modeled using the Lennard-
Jones potential with parameters derived from the Lorentz—
Berthelot mixing rule:***

o + 0

E.E

1 & = G

v 2 y (1)

where o; and ¢; are the distance parameters and energy
constants of the Lennard-Jones interactions between type i and
type j atoms. The specific constants of each species are
presented in Table 1.

Table 1. Pair Coefficients for the Oil—Water System

phase site € (kJ/mol) o (A)
graphene C 0.054 4.010
oil C 0.054 4.010

S 0.071 4.027
H 0.020 2.995
water (@) 0.155 3.166
H 0.000 0.000
-COOH C 0.120 3.810
01 0.267 3.300
02 0.240 3.420
H 0.013 1.110
-OH O 0.240 3.420
H 0.013 1.110
-NH2 N 0.065 4.070
H 0.013 1.098

The simulation is divided into the equilibrium stage and
simulation stage. Once the molecular structures are con-
structed, we use the conjugate gradient algorithm to minimize
the potential energy of the initial configuration. In order to
determine the distance between the two graphene sheets, we
kept the lower graphene stationary and adjusted the position of
the upper one. An NPT run at 300 K and 1 atm for 2 ns adjusts
the distance between the two graphene sheets so the fluid in
the nanochannel can achieve the target pressure at a given
temperature.”*® When the distance between two nanosheets
is stabilized, the systems are then further equilibrated in the
NVT ensemble for 1 ns at the setting temperature, where a
Nose—Hoover thermostat'’ holds the temperature at 300 K.
Finally, we run the simulation for 100 ps under the NVE
ensemble so that the atomic motion can recover the natural
statistics without the influence of thermostats. For all
simulations, a timestep size of 1 fs is used.

Since our purpose is to investigate the oil transport
phenomenon in the channel and the effect of the introduction
of water and the functional groups on the channel walls, the
influence of temperature needs to be excluded, and the
temperature of the liquid phase that is continuously driven by
external force will blow up under the NVE ensemble.
Therefore, after equilibration, EMD and NEMD simulations
are performed under the NVT ensemble. The distance
between the two graphene layers is fixed in these simulations.

https://doi.org/10.1021/acs.jpcc.2c07081
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Figure 2. (a) Snapshot of the equilibrated system of the -COOH functionalized graphene nanochannel (the dark region represents the oil
molecules, and light regions represent the water molecules); (b) static density distributions of water and oil in channels.

The EMD simulation is performed for 3 ns, and the trajectories
are collected for analyzing the density profile in the channel. In
the NEMD simulation, a constant external driving force along
the x direction is applied to all the liquid molecules in the
channel for 2 ns to simulate the flow driven by a uniform
pressure. The magnitude of driving forces is determined by the
relation:

AP = F-n/A ()

where A is the sectional area of the channel, AP is the pressure
difference between two ends of the channel, and n represents
the number of atoms in the liquid phase. Four different
pressure differences are simulated in this work, which are 2
MPa (0.4 MPa/nm), 10 MPa (2 MPa/nm), 20 MPa (4 MPa/
nm), and 40 MPa (8 MPa/nm). The corresponding driving
forces applied on the liquid atoms are 1 X 107 § X 107, 1 X
1073, and F = 2 X 1073 kcal/mol-A. In the MD simulations,
fluid temperature is usually calculated from atomic kinetic
energy. However, the particle velocity along the direction of
the driving force could be decomposed into the thermal
velocity (the random movement related to temperature) and
the flow velocity of center of mass (COM)* of the flowing
particles. Therefore, we need to exclude the influence of COM
movement when it comes to controlling and calculating fluid
temperature in the NEMD simulations. Both using the velocity
perpendicular to the flow direction*>*>** and subtracting the
COM velocity® can help accurately control the temperature.
Based on the works of Delhommelle et al.,”"** the first strategy
would have better performance, which is adopted in the
present study.

3. RESULTS AND DISCUSSION

3.1. Structural Properties. We take the model consisting
of polar oil and -COOH functionalized graphene as the
primary system and change the functional groups on the
surface of the graphene and the types of oil in the channel to

Table 2. Viscosities of Oil in Bulk State and Confined States

confined confined confined
state bulk (-COOH) (-OH) (-NH,)
viscosity (mPa-  0.6810 0.7336 0.7021 0.6933

s)
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explore the influence of the hydrophilicity of the graphene
sheets and the polarity of oil molecules. Figure 2a shows the
configuration of the system after equilibration. Water is more
likely to stay near the boundary of the liquid phase due to the
hydrophilic functional group of -COOH. However, water
molecules do not spread over the entire graphene surface but
cluster like droplets close to the boundary of graphene (Figure
2a). Figure 2b shows the density profiles of water and oil
molecules along the z direction inside the channel. The density
of oil in the central region is constant but it starts to show
layered structures near the graphene surface. The layered
structures near the graphene surface are related to the fact that
the oil molecules can be absorbed by the graphene layer, and
the chain-like oil molecules can lay flat on the graphene
surface. As some oil molecules lay flat on graphene, all atoms in
these molecules are in close contact with graphene atoms and
thus they have strong nonbond interactions between them. At
the same time, it can be seen that high-density oil layers exist
close to the graphene surface, which also suggests that the
strong interaction between oil and graphene could be a
significant resistance during pure oil transport.

We use equilibrium molecular dynamics (EMD) based on
the Green—Kubo relation to calculate the viscosity of the oil in
the bulk state and in the confined state, respectively. The
confined state is represented by the same channel model with
pure oil phase filled in it. Table 2 lists the results of viscosities.
It can be seen that the viscosity of the oil confined in the
channel differs slightly from the viscosity of oil in the bulk
state. As the interaction between oil and wall increases, the
viscosity of the confined state also increases slightly. Therefore,
the viscosity of the oil in the nanochannel will change with the
interaction between oil and the nanochannel wall. However, in
these cases, the differences are very small.

3.2. Velocity Analysis and Apparent Viscosity. Figure 3
shows the density profile of the polar oil and water molecules
in the -COOH-functionalized graphene channel under differ-
ent driving forces. The distribution is obtained by averaging
the collected data over time during the last 2 ns of the NEMD
simulation. Under a low driving force, the density profiles of oil
and water are similar to those in the stationary state (Figure
2b) and not strictly symmetric. This is because we find the
state of water and oil cannot remain stable near the two solid—
liquid interfaces. Therefore, the two ends of the liquid region

https://doi.org/10.1021/acs.jpcc.2c07081
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Figure 3. Density distributions of water and polarized oil molecules in a -COOH-functionalized graphene channel under different driving forces:
(a) F=1x 10"*kcal/mol-A; (b) F = 5 X 10™*kcal/mol-A; (c) F=1 X 1073 kcal/mol-A; (d) F = 2 X 107 kcal/mol-A. (e, f) States of fluids before
and after applying driving force of F = 2 X 107> kcal/mol-A. There are two obvious and stable water films formed between oil and channel wall as

seen in panel (f).

cannot maintain a consistent and stable distribution during the
time of data collection. As the driving force increases (Figure
3a—d), both the density profiles of water and oil become more
symmetric. The water density peaks at 5 A away from the
graphene surface start to emerge, which is related to the
formation of two continuous water films in these locations
(Figure 3e,f). With the formation of a continuous water films,
the second peaks of the oil molecule distribution curves on
both sides gradually flatten, suggesting that the intermolecular
interactions between the oil molecules (except for the surface-
attached oil molecules) and graphene nanosheets have been
significantly reduced by the blocking effect of these water films,
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which leads to a lower drag force as oil molecules transport in
graphene channels.

Under different driving forces, we plot the density
distribution and velocity distribution profiles of oil along the
z direction at the same time, as shown in Figure 4. The oil flow
velocity increases with the increase of the driving force, which
is not only related to the magnitude of driving force but also
due to the formation of the stable water films that reduce the
drag force at the oil—water boundaries and block the
interaction between oil and the graphene channel walls. The
velocity distribution tends to be more symmetric with the
increase in the driving force as well, which is also due to the

https://doi.org/10.1021/acs.jpcc.2c07081
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Figure 4. Velocity and density profiles of oil under different driving forces in the -COOH-functionalized channel: (a) F = 1 X 107* kcal/mol-A; (b)
F=5x 10" keal/mol-A; (c) F =1 X 1072 kcal/mol-A; (d) F = 2 X 107% kcal/mol-A. In the region of constant density, the velocity of oil could be

fitted as a parabolic relation for calculating the apparent viscosity.
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Figure 5. Comparison between the velocity of pure polarized oil and
oil—water systems in -COOH-functionalized channel. The open
symbols represent the velocity of pure oil, and the filled symbols
represent the velocity of oil transport with water.

formation of stable water films that make the flow condition in
the channel to be more steady.

As a comparison, we have studied pure oil flowing in the
-COOH-functionalized nanochannel under the same driving
forces. Figure S shows the oil velocity distribution for both the
pure oil and oil—water mixture cases. Obviously, under the
same driving forces, the oil flow velocities of the oil—water
mixture cases are consistently higher than those in the pure oil
cases, and larger driving force leads to greater differences in oil
flow velocities. When the driving force is increased to 2 X 107
kcal/mol-A, water molecules can spread over the whole
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Table 3. Calculated Apparent and Center Portion
Viscosities of Oil in Pure Oil and an Oil-Water Mixture
Flowing in the Graphene Nanochannel”

pure oil oil & water
apparent central apparent central
driving force viscosil viscosil viscosi viscosi
(kcal/mol-A) (mPa~3 (mPa~3 (mPa~3 (mPa~3
bulk 0.6810 0.6810
1x107™* 0.6433 0.6441 0.6382 0.6433
sx 107 0.6360 0.6401 0.6097 0.6357
1x1073 0.6131 0.6337 0.5181 0.6285
2 x 1073 0.5816 0.6300 0.4640 0.6201

“The viscosity of bulk oil is from Riddick et al.

graphene surfaces and form stable water films (Figure 3f). In
this case, the oil flow velocity in the channel center can differ
by nearly six-fold in these two cases. For the oil—water mixture
cases, in the central region of the channel, the oil density
remains constant and close to the bulk density of CoH,,S, in
the natural state (Figure 4), that is, the oil in this region can
still maintain its intrinsic properties in the transport. The
viscosity can be calculated by fitting the velocity with a
parabolic function as shown by eq 3.%

(©)

where a and ¢ are fitting parameters. The apparent viscosity of
the oil in the channel can then be obtained by

2
v=az" +c¢

https://doi.org/10.1021/acs.jpcc.2c07081
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Fp
2a

(4)

where F is the driving force along the x direction and p is the
density of oil.

We extract the overall apparent viscosity and the center
portion viscosity by fitting all the velocity data points over the
whole width of the channel and only the center portion where
density profiles are constant (two cases are shown later in
Figure 8), respectively. The results are shown in Table 3
together with the comparison to the viscosity of bulk oil from

3676

Table 2. Our calculated viscosities are close to the calculated
value of bulk oil. Both the apparent viscosity and the center
portion viscosity decrease as the driving force increases, which
can be attributed to the shear thinning phenomenon. The
apparent viscosities are always lower than their center portion
counterparts. This is because oil molecules close to the
graphene walls tend to have reduced velocities (e.g, see Figure
5). For the center portion viscosities, both the values and the
decreasing trends are similar for the pure oil and oil—water
mixture cases. Interestingly, comparing the apparent viscosities
in these two cases, it is obvious that the decrease in viscosity as
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Figure 8. Fitting for oil velocity under different driving forces: (a) F =2 X 107> kcal/mol-A and (b) F = 1 X 10~ kcal/mol-A. Obvious divergence
between central viscosity and apparent viscosity fitted by center velocity and all the velocity can be observed. In addition, under large driving force,
the -OH-functionalized channel shows an exceptional performance of oil transport, while under relatively lower driving forces, oil transport velocity

is still consistent with the hydrophilicity of channel walls.
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Figure 9. Density distribution in the -NH, channel under different driving forces: (a) F = 1 X 10—4 kcal/mol-A; (b) F = 5 X 10—4 kcal/mol-A; (c)

F =1 X 10—3 kcal/mol-A; (d) F = 2 X 10—3 kcal/mol-A.

driving force increases is much more dramatic in the oil—water
mixture case than in the pure oil case. This should be related to
the observed water film formation phenomena in the high
driving forces in the oil—water mixture. These formed water
layers greatly reduce the interatomic interactions between oil
molecules and the graphene walls. The oil molecules in these
cases mainly interact with the water layer, which is fluidic and
flows. Therefore, the oil can flow with less boundary resistance
and thus shows lower apparent viscosity. Such an observation
is not obvious for the center portion viscosities since their
calculations have excluded the boundary effects.
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The width of the channels also potentially has an effect on
the transport of oil. Under the same driving pressure (20
MPa), three channels with different widths (as shown in Figure
6a) are filled with the same ratio of oil and water molecules.
The velocity profiles of the oil are shown in Figure 6b. It can
be seen that as the channel width decreases, the oil transport
velocity increases. This may be attribute to the weaker wall
effect in wider channels.

To verify that the transport enhancement effect caused by
the water film is universal for channel surfaces with different
hydrophilicities, we performed the same simulation in the
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Figure 10. Density distributions of water and nonpolarized oil molecules in the -COOH-functionalized channel under different driving forces: (a) F
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Figure 11. (a) Velocity profiles of pure oil and water—oil systems in the -COOH-functionalized graphene channel. The oil here is nonpolarized
nonane. (b) Snapshot of flow conditions under F = 2 X 107> kcal/mol-A. Water molecules have entered the central region of the channel and

formed a water cluster flowing with oil.

-OH-functionalized and the -NH,-functionalized graphene
nanochannels. Figure 7 compares the velocity of oil in pure
oil and oil-water mixture cases for both channels. In both
channels, larger driving force leads to higher flow velocities,
and more importantly, the introduction of water can
significantly increase the oil flow velocity. It is noteworthy
that with the decrease of the functional group hydrophilicity
(-COOH > -OH > -NH,), the oil flow velocity decreases as
well under low driving force (F < 1 X 107 kcal/mol-A), as
shown in Figure 8b, but when the driving force is increased to
2 X 107 kcal/mol-A, the transport velocity in the -OH-
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functionalized channel becomes extremely large (shown in
Figure 8a). This may be because in this case, the water film can
still form stably, but the intermolecular interaction between oil
and the functional groups is greatly reduced, which could be
seen from the fact that the velocity of pure oil in the -OH
channel is larger than that in the -COOH channel under larger
driving force. Therefore, even though the shielding effect of the
water film in this case is not as good as that in the -COOH
channel, the overall transport velocity can be greatly increased.

Another interesting phenomenon is that in the -NH,
channel, although the flow velocity has increased, it is not
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Figure 12. Velocity profiles of pure oil and oil—water in the (a) -OH channel and (b) -NH,-functionalized channel. The oil here is nonpolarized

nonane.

attributed to the water film shielding effect. Figure 9 shows the
density profile of oil and water in the -NH, channel. With the
increase in the driving force, water molecules do not spread to
form continuous films. Instead, they aggregate into a water
cluster, which floats inside the oil phase. This is related to the
weaker interaction between the -NH, group and water
molecules compared to the other two more hydrophilic
functional groups (i.e., -CH, and -COOH).

We further simulated the transport of nonpolar nonane
(CyH,y) molecules in the graphene nanochannel. We first
simulate the -COOH-functionalized channel and apply differ-
ent driving forces to study the velocity and density profiles.
Figure 10 shows the density profiles of oil and water in the
channel. It can be seen from the absorption peaks, which have
significant oscillations, that for nonpolar alkane, there is a more
intimate contact between graphene layers and the oil
molecules. Therefore, in the competition between oil and
water at the graphene surface, oil molecules can cover more
space and thus water molecules are more difficult to be held by
the -COOH groups on the graphene surface. This weakened
interaction allows water molecules to move to the center of the
channel instead of forming clusters or continuous films in the
vicinity of the graphene surface, which can be seen in Figure
10¢,d.

However, the introduction of water can still increase the
flow velocity of oil. Figure 1la shows the oil flow velocity
profiles in the pure oil and oil—water mixture systems under
different driving forces. Under low driving forces (F=1 X 107*
and 5 X 10™* kcal/mol-A), the introduction of water does not
significantly affect the flow velocity because it does not weaken
the strong intermolecular interaction between oil and
graphene. As the driving force increases, water molecules
migrate to the center of the channel and form a cluster (Figure
11b), increasing the oil flow velocity.

We also simulated the flow of nonane in the other two
graphene nanochannels modified by -OH and -NH,. Figure 12
shows the flow velocity profiles. In both cases, the oil flow
velocity also greatly increases after the introduction of water,
especially with the large driving forces. The velocity profile of
the nonpolar alkane is not as symmetric as the polar oil, which
indicates that the oil flow in the channel is not stable. This
finding agrees well with the fact that stable water films cannot
be formed. Therefore, for nonpolar alkanes, the enhancement
in the transport velocity is caused by water clusters in the
center of the channel rather than the water films at the
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boundary. It is known that mixing water with oil can lead to
reduced viscosity.”*

4. CONCLUSIONS

In summary, when oil transports in graphene channels, if
hydrophilic functional groups are added to the graphene
surface and water is introduced into the channel, the oil
transport velocity will be greatly increased under the same
driving force. If the hydrophilicity of functional groups on the
surface is high or the adsorption of oil molecules on the
graphene surface is not significant, water molecules will form
water films at boundaries, thus shielding the interaction
between the graphene layers and oil molecules. Therefore, the
transport velocity of oil in the channel is greatly increased.
However, when the hydrophilicity of functional groups is lower
or the adsorption of oil molecules on graphene layers is
significant, water will not be stable at the boundary and will
move into the central region of the channel to form clusters. In
this case, the oil transport velocity will also increase due to
reduced effective viscosity of the oil—water mixture. Therefore,
the introduction of hydrophilic functional groups and water
can greatly improve the recovery efficiency of oil. Our research
results can provide new insights for the optimization of existing
oil spill recovery devices and greatly improve the efficiency of
oil spill recovery.
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