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ABSTRACT: The flow behavior of oil in nanochannels has
attracted extensive attention for oil transport applications. In most, _ s00
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Stick-slip Poiscuille flow mediated by molecular alignment

if not all, of the prior theoretical simulations, oil molecules were ; ! W E
observed to flow steadily in nanochannels under pressure R E slip / S ewww !
gradients. In this study, non-equilibrium molecular dynamics % 30| : 7 Moving diréetion -1
simulations are conducted to simulate the Poiseuille flow of oil 3 lrrsssssrssssssrssssssogosss|
with three different hydrocarbon chain lengths in graphene ¢ 200 E - !
nanochannels. Contrary to the conventional perception of steady %"mo- l stick ‘4"“ ) i
flows of oil in nanochannels, we find that oil molecules with the :»:’ . i 73 oﬁﬂ‘;f}é@; ) i

longest hydrocarbon chain (i, n-dodecane) exhibit notable
stick—slip flow behavior. An alternation between the high average
velocity of n-dodecane in the slip motion and the low average
velocity in the stick motion is observed, with a drastic, abrupt velocity jolt of up to 40 times occurring at the transition in a stick—slip
motion. Further statistical analyses show that the stick—slip flow behavior of n-dodecane molecules originates from the molecular
alignment change of oil near the graphene wall. The molecular alignment of n-dodecane shows different statistical distributions
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under stick and slip motion states, leading to significant changes of friction forces and thus notable velocity fluctuations. This work
provides new insights into the Poiseuille flow behavior of oil in graphene nanochannels and may offer useful guidelines for other

mass transport applications.

1. INTRODUCTION

With the ever-increasing energy demand globally, the develop-
ment of oil industry has gained extensive attention."”
Investigating oil transport in porous materials remains one of
the most important topics since understanding the flow
behavior of oil is crucial to a wide ran%e_of applications
including oil exploitation and purification.”> Moreover, oil
spill and leakage occur frequently during offshore oil
production or marine transportation, leading to great
economic losses and significant damage to the marine
environment. Recovering oil spill also requires fast oil transport
in oil skimmers.”” Graphene-based materials have been
regarded as promising candidates for efficient oil transport
and recovery because of their high porosity and oleophilic/
hydrophobic features.*™' For instance, in our prior work,”’
graphene petal-based oil skimmers with micro- and nano-
channels were fabricated to achieve fast continuous oil
recovery from oil-contaminated water. However, the under-
lying physics of oil—graphene interactions remains largely
elusive, revealing that the fundamental mechanism is therefore
essential to further improve the oil recovery performance of
graphene skimmers.

In the past, pressure-driven flows of liquid hydrocarbons in
nanochannels have been extensively investigated by molecular
dynamics (MD) simulations,"'~*° which are a widely used tool
to study fluid transport at the atomic scale. When confined in
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nanochannels with a width of several molecular layers, oil
molecules exhibit unique structures, and intramolecular
interactions change dramatically due to the strong interactions
between the molecules and the confining channel walls.”' =’
As such, the flow behavior of oil can be changed by adjusting
the wall-liquid interactions. For instance, tuning the surface
chemistry of channel walls can greatly affect the wall-liquid
interactions and thus alter the transport in the channel.”*~°
Moreover, introducing a second phase (e.g., water) has also
been proven to efficiently enhance the oil transport rate
because of the reduced interactions between oil molecules and
the surfaces.”” >’ Among the reported theoretical research on
oil transport in nanochannels, oil molecules were observed to
flow with negligible velocity fluctuations under a constant
driving force or uniform pressure gradient under a steady state.
However, the flow behavior of oil in graphene channels is quite
complicated and can be affected by many factors such as oil
chain length, oil type, and surface chemistry. Investigation of
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the fundamental mechanisms governing oil transport in
graphene nanochannels is highly warranted.

In this study, systematic MD simulations are conducted to
investigate the flow behavior of oil with three different
hydrocarbon chain lengths in graphene nanochannels.
Contrary to the conventional perception that oil flows steadily
in nanochannels under a given pressure gradient, stick—slip
flow behavior of oil molecules is observed in graphene
nanochannels. Results show that the stick—slip motion
depends on the hydrocarbon chain length. Distinct stick—slip
motions (velocity jump of up to 40 times) can be observed for
oil molecules with the longest hydrocarbon chain of the three
chosen oils (i.e., n-dodecane), while the average velocity of oil
molecules with the shortest hydrocarbon chain, n-hexane,
barely changes with time (i.e., conventional steady flow).
Moreover, we reveal that the stick—slip motion of n-dodecane
molecules originates from the molecular alignment of oil near
the graphene wall, which affects the surface friction forces, and
thus leads to notable velocity fluctuations. This work provides
new insights into the flow behavior of nanoconfined liquids
and will offer useful guidelines for oil transport applications.

2. METHODS AND SIMULATION MODEL

Figure 1a shows a schematic of the simulation setup, in which
two graphene layers with a dimension of ~5 nm (x) X S nm
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Figure 1. (a) Schematic of the simulation setup in which oil
molecules are placed in the graphene channel formed by two
graphene layers. Three types of oil, n-hexane (C4H,,), n-nonane
(CyHsp), and n-dodecane (C;,H,4), are simulated in this work. (b)
Density profiles of equilibrated oil molecules along the z-direction.

(y) are used as the channel walls. Periodic boundary conditions
are applied in the x- and y-directions. Three kinds of oil
molecules with different lengths of hydrocarbon chains,
including n-hexane (C¢H,,), n-nonane (CyH,,), and n-
dodecane (C,H,4), are employed to investigate the effect of
oil type on the flow behavior in graphene nanochannels. The
number of each type of oil molecule is adjusted to maintain the
equilibrated channel width at ~4 nm.

Simulations are performed using the large-scale atomic/
molecular massively parallel simulator’””" with the time step
size chosen to be 1 fs. Oil molecules are modeled using the
polymer consistent force field,”” which has been widely used to
simulate a broad range of organic compounds.’>”*° The
Tersoff potential is employed to model the interactions
between carbon atoms in the graphene substrates.’® The
non-bond interactions between the atoms are simulated by the

Lennard—Jones (L—J) potential:*’~*’
12 6
E=4¢|2| -2
" g (1)
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where & and o are the energy and length constants,
respectively, and r; is the distance between two atoms i and
j. For cross-species pairwise L—] interactions, the Lorentz—
Berthelot rule is used:*"*

o t 0
G NG ()
where o; and ¢; are the distance parameters and energy

constants of the L—]J potential between type i and type j atoms,
respectively. All adopted force field parameters are listed in
Table 1. A cutoff distance of 12 A is used for the L—J

Table 1. L—] Potential Parameters for Different Atom
Species

atom & (kcal/mol) o (A)
graphene C 0.055 3412
oil C 0.054 4.010

H 0.02 2.995

interactions. The long-range electrostatic interactions in the
entire system are computed by the particle-particle particle-
mesh approach®’ with an accuracy of 1 X 1075,

First, the system is energy-minimized by the conjugate
gradient algorithm to minimize the potential energy of the
initial configuration. Subsequently, the system is equilibrated in
the isothermal—isobaric ensemble (i.e., NPT) at 300 K and 1
atm for 2 ns, with one side of the graphene channel fixed by a
spring force, while the other kept free to move. Oil molecules
in the graphene channel can thus achieve the desired pressure
of 1 atm. We then fix both sides of the graphene channel and
further equilibrate the system in the canonical ensemble (i.e.,
NVT) at 300 K for another 2 ns. A snapshot of n-dodecane
molecules in the graphene channel after the equilibration
processes is shown in Supplementary Figure S1. To check
whether the system has achieved equilibrium, another 3 ns
simulation is performed under NVT at 300 K to collect the
density profiles of different types of oil along the z-direction.
As shown in Figure 1b, the average densities of n-hexane, n-
nonane, and n-dodecane in the middle region of the graphene
channels are calculated to be 0.61, 0.68, and 0.72 g cm™,
respectively, which are closed to the experimental density data
for their bulk phases (0.655 g cm™ for n-hexane, 0.718 g cm ™
for n-nonane, and 0.749 g cm ™ for n-dodecane)** at the same
pressure and temperature. The results illustrate that these
systems have reached equilibrium after the balancing processes.

The flow behavior of oil molecules in the graphene channel
is studied by non-equilibrium molecular dynamics (NEMD),
which has been widely employed to study the Poiseuille flow of
nanoconfined fluids driven by pressure gradients.*>~** During
the simulations, both graphene channel walls are fixed, and
constant external driving forces along the x-direction are
applied to all the oil molecules in the graphene channel to
mimic the flow under a constant pressure. Such a method has
been widely used to simulate Poiseuille flow.*”*’ The NEMD
simulations last for 20 ns, during which the Nosé—Hoover
thermostat is applied in the vertical directions of oil flow***’ to
maintain the simulation temperature at 300 K. The simulations
are visualized by the Open Visualization Tool (OVITO)."!

3. RESULTS AND DISCUSSION

First, the velocities of different types of oil molecules flowing in
the graphene nanochannel are calculated and compared under

https://doi.org/10.1021/acs.jpcb.3c01805
J. Phys. Chem. B 2023, 127, 6184—6190


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c01805/suppl_file/jp3c01805_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01805?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01805?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01805?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01805?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c01805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

n-hexane, C;H,,

~~
o
~—

(b)

n-nonane, CyH,,

n-dodecane, C;,H,¢

~
o
~

"o Drag foree/x10™* keal-mol A" "o Drag force/x10* keal-mol'-A! B2 Drag force/x10* keal-mol*-A!

E 35 45 55 65| £ 3.5 45 55 —65| E 3.5 45 5.5 ——6.5

7 7501 = 750 3750

o 5 o

2 2 2

"5 500 5 500 '3 500

K o L

2 2 4 J

2250 250 250

s I & !

g s g )

< < < o PPlle T A vl B WA
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time/ns Time/ns Time/ns

Figure 2. Average velocities of (a) n-hexane, (b) n-nonane, and (c) n-dodecane molecules as functions of the simulation time under different
driving forces. n-Dodecane oil molecules exhibit apparent stick—slip motion, with the average velocity undergoing drastic, abrupt jumps.
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Figure 3. (a) Snapshot of n-dodecane molecules in the graphene channel during the Poiseuille flow and the corresponding density profile along the
z-direction. The red dashed lines show the layered structures of n-dodecane near the graphene substrates. (b) x—y cross-sectional view of one
layered structure, in which the molecular chains of n-dodecane are aligned parallel to the graphene substrate.

different external driving forces. During each simulation, x-
component velocities of all the oil molecules are collected and
averaged every 100,000 time steps (i.e., 0.1 ns). For each oil
type, the average velocities of oil molecules under driving
forces ranging from 3.5 X 107* to 6.5 X 107* kcal mol™" A™!
are plotted as functions of the simulation time, as shown in
Figure 2. The corresponding pressure gradients in the
nanochannels are calculated and presented in Supplementary
Table S1. The results indicate that the average velocity of oil
under the same driving force increases with the hydrocarbon
chain length, which can be attributed to the lower density of oil
with a shorter hydrocarbon chain length. A lower density
means a smaller total number of oil atoms in the channel,
leading to a lower corresponding pressure on oil and thus a
lower velocity under the same driving force. For instance, the
corresponding pressure values applied on n-hexane (C4H,,)
and n-nonane (C4H,,) under a driving force of 4.5 X 10™* kcal
mol™" A™! are 13.4 and 15.12 MPa, respectively, which are
lower than that (16.8 MPa) on n-dodecane (C;,H,¢) under the
same driving force (see Supplementary Table S1). Con-
sequently, the average velocity of C},H,s molecules surpasses
those of the other two types of oil under the same driving
force.

Moreover, the average velocities of oil remain relatively
stable during the 20 ns simulation for n-hexane (C¢H,,)
molecules under different driving forces. When the length of
the hydrocarbon chain increases, the average velocity of oil
fluctuates more drastically. In particular, for n-dodecane
(C;,Hyg), oil molecules exhibit apparent stick—slip flow
behavior under a driving force of 4.5 X 10™* kcal mol™ A7/,
with high average velocities (slip) and low average velocities
(stick) alternatively showing up for three times during the 20
ns simulation. At the transition of a stick—slip motion, the
velocity of oil molecules undergoes drastic, abrupt changes (up

6186

to a 40 times difference). The velocity distributions of C;,H,
molecules within the graphene nanochannel are plotted in
Supplementary Figure S2. Notably, the velocity of Cj,Hys
molecules remains nearly constant in the near-wall regions with
a thickness of 4 A. In the middle region, the velocity profiles
display a parabolic shape with low curvatures. For Cj,Hy4
molecules in both near-wall and middle regions, the velocities
exhibit significantly higher values in the slip motion than in the
stick motion. The flow behavior of C;,H,¢ molecules under the
same driving force but along the y-direction is also explored.
Results show that C;,H,4 molecules exhibit apparent stick—slip
behavior as well when flowing along the y-direction
(Supplementary Figure S3). Moreover, the magnitude of the
velocity jumps is highly dependent on the applied external
driving force and the length of the hydrocarbon chain. For
instance, although the stick—slip motion of C,,H,s weakens
under higher driving forces, it is still more notable than those
of C¢Hy, and CyH,y molecules under various driving forces.
To understand the underlying fundamental mechanisms of
such a stick—slip Poiseuille flow of oil molecules in graphene
nanochannels, we investigate the interaction between oil
molecules and the channel walls because it can affect the
properties of oil molecules at the interface and thus influence
the flow behavior. Notably, intense oscillations of oil density
can be observed near the graphene walls (Figure 1b),
indicating that dense layers of oil are formed in the near-wall
regions. Here, taking n-dodecane as an example, we visualize
the distribution of oil molecules in the graphene channel.
Figure 3a presents a snapshot of equilibrated n-dodecane
molecules in the graphene channel during the Poiseuille flow of
n-dodecane molecules and the corresponding density profile of
oil along the z-direction. In the near-wall regions, n-dodecane
molecules form layered structures with a thickness of ~4 A, as
indicated by the dashed lines. This structural layering
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Figure 4. (a) Average velocities of n-dodecane molecules as functions of simulation time under a driving force of 4.5 X 10™* kcal mol™" A", The
peaks and valleys of the velocity profile are highlighted, corresponding to the slip and stick motion of n-dodecane molecules, respectively. (b)
Statistical distribution of S of the n-dodecane molecules in the layered structure under the slip motion state. (c) Statistical distribution of S of the n-
dodecane molecules in the layered structure under the stick motion state. (d—1) Average velocity profiles and corresponding statistical S
distributions of n-dodecane under slip and stick motion states in repeated simulations.

phenomenon is caused by the strong non-bond solid—liquid
interactions' *>” between n-dodecane molecules and graphene
substrates. Figure 3b exhibits the x—y cross-sectional view of
one layered structure shown in Figure 3a. The chain-like n-
dodecane oil molecules are laying parallel to the graphene
substrate, with the molecular chains aligned in different
directions. Such a phenomenon also occurs in the equilibrium
state (i.e., the moment when the balancing processes are
completed), as shown in Supplementary Figure S1. Similar
layered structures can also be observed in the systems
containing n-hexane and n-nonane molecules (Supplementary
Figures S4 and SS). It has also been previously observed that
alkanes can form crystal domains as those shown in Figure 3b

6187

due to the lattice match between the graphene and the alkane
molecules.””** Note that the majority of the carbon chains in
the layered structure are aligned straight and in parallel to the
graphene wall, which can be attributed to the favorable
interfacial interaction energy’” and the effect of geometric
packing.s‘s’57 A few carbon chains are folded occasionally,
potentially caused by thermal vibrations during the simu-
lation.”® Moreover, the n-dodecane molecules display a greater
head-to-tail vector length in the near-wall region compared to
the middle region of the nanochannel (Supplementary Figure
S6), indicating that the n-dodecane molecules near the wall are
more preferable to be straight than those in the middle region.
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Will there be any correlation between the orientation of
molecular chains in the layered structures and the stick—slip
flow behavior of n-dodecane oil molecules in graphene
channels? To reveal the origin, the orientation parameter (S)
of each oil molecule is calculated by:**>’

1
écos2 60— —

° )
where 6 is the angle between the x axis and the head-to-tail
vector of the oil molecule. The value of S ranges from —0.5 to
1. § = 1 represents that the oil molecule is aligned parallel to
the flow direction (i.e., x axis), while S = — 0.5 represents that
the oil molecule is aligned perpendicular to the flow direction.
Under a driving force of 4.5 X 10~* keal mol ™! A7, n-dodecane
molecules exhibit distinct stick—slip behavior in the Poiseuille
flow, with high average velocities during the slip motion and
low average velocities under the stick motion alternating for
three times within the 20 ns of simulation time (Figure 4a).
We calculate the statistical distribution of the averaged S of the
n-dodecane molecules in the layered structure near the
graphene walls under slip and stick motion states separately.
As shown in Figure 4b, when the n-dodecane molecules are
slipping, more oil molecules in the layering structure are
aligned parallel to the flow direction (i.e., S = 1). In contrast,
the S distribution under the stick motion state exhibits a peak
around S = 0.65 (Figure 4c), corresponding to an angle of
~30° between the molecule and the flow directions. To
validate the reliability of such observations, another three
repeated simulations (cases 2—4) are conducted. Initially, for
each case, we maintain identical simulation settings during the
balancing processes, except for extending the processes by
random periods of time. As such, at the beginning of the
Poiseuille flow, oil molecules have different statistical
distributions of properties under identical conditions of
temperature and pressure (i.e., 300 K and 1 atm).
Subsequently, the same simulation parameters, such as driving
forces, are employed in all four cases during the Poiseuille flow
processes. As shown in Figure 4d—], n-dodecane molecules in
all the three additional simulations exhibit stick—slip motion
behavior, and similar statistical S distributions can be observed
for the oil molecules during stick and slip motion processes.

The different statistical S distributions of n-dodecane under
stick and slip motions suggest that the molecular alignment of
oil molecules can greatly affect their flow behavior in the
graphene channel. We further examine the friction forces
between the layered structure and the graphene wall in the four
repeated simulations shown in Figure 4. Friction forces are
collected through the x-component interaction forces between
the graphene substrates and the layered structures at every
time step. The friction forces between n-dodecane molecules in
the layered structure as functions of time in the four
simulations are shown in Supplementary Figure S7. Here,
the collected friction forces of n-dodecane molecules under
stick and slip motions in each case (Figure 4a,d,gj) are
averaged. As shown in Figure S, for all simulations, the friction
forces decrease distinctly when the n-dodecane molecules are
under the slip motion state (i.e., peaks of the velocity profile)
and restored to higher values when the n-dodecane molecules
are under the stick motion state (i.e., valleys of the velocity
profile). As such, we can conclude that for n-dodecane
molecules flowing in the graphene nanochannel, the stick—slip
behavior is dependent on the molecular alignment of oil in the
near-wall regions. When the oil molecules are aligned along the
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Figure 5. Average friction forces between n-dodecane molecules in
the layered structure and graphene channels under slip and stick
motion states in four repeated simulation cases.

flow direction, the friction force between the layering structure
decreases as the molecules can slide, leading to a high average
velocity (i.e., slip motion). In contrast, when the molecules
misalign with the flow direction, the molecules in the
neighboring layers need to overcome the corrugated landscape,
resulting in a lower average velocity (i.e., stick state).

4. CONCLUSIONS

In summary, we have conducted systematic MD simulations to
investigate the stick—slip Poiseuille flow behavior of oil
molecules in graphene nanochannels. Average velocities of
oil molecules with three different lengths of the hydrocarbon
chain are collected. Oil molecules with the longest hydro-
carbon chain (i.e., n-dodecane) studied exhibit distinct stick—
slip motions, in which high average velocities under the slip
motion state and low average velocities under the stick motion
state are observed to appear alternatively, showing apparent
velocity jumps (up to 40 times). The magnitude of velocity
jumps depends on the external driving force applied to oil
molecules. This phenomenon is quite different from the flow
behavior of oil with shorter chains and those reported in prior
work. The stick—slip oil flow is found to be correlated with the
molecular alignment of oil molecules in the near-wall regions.
In the slip motion, most of oil molecules in the layered
structure are aligned parallel to the flow direction, leading to
smaller friction forces and thus higher velocities, while in the
stick motion, the statistical molecular alignments of n-
dodecane molecules in the layered structure exhibit a quasi-
normal distribution (ie, S = 0.65 with an angle of ~30°
between the hydrocarbon chain and the moving direction),
resulting in larger friction forces and thus lower velocities. This
finding facilitates a better understanding of the Poiseuille flow
behavior of nanoconfined oil molecules in graphene channels
and may provide new insights into studying the stick—slip
motion of molecules in other mass transport applications.
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