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Abstract

Multilayer graphene membranes could be considered as an efficient membrane in water desalination processes based on
the reverse osmosis (RO) method. In this study, we designed multilayer graphene channels using the molecular dynamics
(MD) simulation approach. The effects of different parameters, such as channel width and length, and the pressure on the
operation of the designed channels were examined, in the absence and presence of electric fields with various amplitudes
and directions. The results indicated that the ion separation and water flow through the channels were modified under the
application of the electric fields. Additionally, it has been shown that salt rejection and water flow could be controlled by
the channel’s structural parameters mentioned above. The obtained results of this study at the molecular level can improve
the knowledge of designing membranes for water purification processes.

Keywords Water desalination - External electric field - Graphene channel - Molecular dynamics simulation

Introduction

Rapid population growth raises demand for fresh water
while the natural resources of fresh water are limited.
Desalination of seawater and saline groundwater can be
employed as the practical alternatives to overcome this
challenge. Reverse osmosis (RO) desalination is one of
the promising desalination methods by removing salts
and dissolved mineral particles from water with the aid of
pressure-driven membrane technology. Among the utilized
membrane in the RO desalination, carbon-based mem-
branes such as graphene sheets have attracted the most
attention due to their advantages, such as high water per-
meability and high salt rejection rate [1-4].

Designing and modifying graphene-based membranes
have been investigated in many computational and
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experimental studies [5—8]. Using the MD simulation
method, the characteristics of the graphene membrane,
such as nanoporous size, density, and its functionality,
have been controlled to increase their water permeability
and salt rejection (two important parameters of the mem-
brane efficiency) [9-12]. For example, hydrophilic and hy-
drophobic behaviors of the porous graphene have been
considered, by Cohen-Tanugi et al., as a key factor to con-
trol the water flow through the graphene membrane [13].
The electrical charges of nanopores edge were used as an-
other factor to enhance the membrane salt rejection [14].
Theoretically, water flow through a planar graphene
nanochannel was planned using the channel structural pa-
rameters to create high-speed flow [15, 16]. In some rele-
vant experimental studies, the filtration efficiency of
monolayer graphene membranes was examined by consid-
ering membrane structural parameters, such as pore density
and size [13, 17, 18]. Perreault et al. [19] have used mul-
tilayer graphene sheet as a highly ordered film. In some
other experimental investigations, the influences of
graphene sheets alignment and membrane hydrophobicity
on the water permeability were measured [20-23].

Due to the polar nature of water molecules, application
of a constant or alternating electric field could affect the
water molecules actions. So far, some influences of exter-
nal electric fields on the micro/nano-fluidic behavior of
water have been considered in several studies [23-30]. It
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has been reported that applying electric fields caused water
molecules to align along the field direction, which
perturbed the dynamic of water molecules, especially in
the nanoscale systems. In our previous studies [8, 29], the
influence of electric fields on the desalination process with
the aid of multilayer nanoporous graphene membranes was
investigated. In addition, the shape and motion of a water
droplet on the flexible graphene sheet was considered. So it
seems that investigation of the effects of electric fields on
the operation of the carbon-based membranes used in the
RO desalination processes could be valuable.

In the current research, a membrane made of a high-
efficiency graphene-based nanochannel was designed to
produce fresh water. The effects of different channel struc-
tural parameters on its operation were investigated by
employing the MD simulation method. Furthermore, the
influences of the application of constant electric fields on
the channel efficiency were considered. The obtained re-
sults indicated the motions of water molecules and salt ions
perturbed when the system was exposed to the external
fields. Therefore, the application of electric fields could
be used to improve the salt rejection and water flow
through the channel. The results of this study may be help-
ful for a better understanding of the nanoscale interactions
in such systems, and hence increase the knowledge of de-
signing high-performance membranes used in water desa-
lination processes.

Molecular models and simulation details

Our simulation setup consisted of a multilayer graphene
nanochannel, which connected the two water reservoirs
on both sides of the channel (Box I and Box II). The
nanochannel was made of the six-graphene parallel sheets
aligned in the y-direction, with a length of Le20, 30, and
40 A and the interlayer distance of he6 to 10 A, illustrated
in Fig. 1. Some similar multilayer graphene-based
nanochannels were experimentally used as nanochannels
in filtration processes [20-23]. At the start of the simula-
tions, box (I) was filled with saline water. The number of
water molecules changed between 2190 and 3315, and the
number of ions varied between 48 and 72 (depending on
the h value) to make salt water with the salinity of 35 g/L.
An additional graphene layer (a rigid piston) pushed the
solution toward the nanochannel (the applied pressure
range varied between 1 to 7 atm).

All MD simulations were performed using the Large-
scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) package [31], and NVT ensemble was
employed. The temperature of the system was maintained
at T=300 K using the Nose-Hoover thermostat, and the
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long-range electrostatic interactions were computed with
the particle-particle particle-mesh (PPPM) method. The
intermolecular interactions between the carbon atoms in
the graphene sheets were calculated with the adaptive in-
termolecular reactive empirical bond order (AIREBO) po-
tential. The transferable intermolecular potential 4 points
(TIP4P) model was employed to model the water mole-
cules interactions. Moreover, the extended single point
charge (SPC/E) water model was used. The Lennard-
Jones (LJ) potential described the nonbonding interactions
between particles and the related parameters are listed in
Table 1 [32], and the Lorentz-Berthelot mixing rule was
used for cross interactions. A cutoff radius of 10 A and
8.5 A were used to compute the van der Waals and the
Columbic interactions, respectively. The equations of mo-
tion were integrated via the velocity verlet method, with
the time-step of 1 fs, and the periodic boundary conditions
were imposed in all directions.

In all simulations, at first, the system was equilibrated
during 100 ps of simulation time, in which the velocity of
the rigid piston was kept at zero, and the water molecules
and the ions were not allowed to enter the channel. During
the equilibrium, the energy of the system was examined to
make sure the system had reached the equilibration.
Following this phase, several simulations of the period of
3 ns were carried out, to study the impacts of some channel
structural parameters, such as layer separation distance and
channels thickness on the nanochannel performance. To
investigate the influence of electric field orientation and
amplitude, the system was simulated in the presence of
the electric fields in the Y- and Z-directions with the am-
plitude of E=0, 0.04, 0.08, 0.12, and 0.16 V/A. In addi-
tion, the effect of the flexibility of the channel walls on the
membrane performance was studied by considering two
conditions; case (1) all atoms of graphene sheets were
fixed, case (2) some atoms of graphene sheets in the inter-
nal and external parts of the channel were fixed (atoms in
sections A and B were fixed as shown in Fig. 1a).

Results and discussion

As mentioned above, the saline water filtration using the
multilayer graphene nanochannel, with different structural
parameters, was investigated by performing MD simula-
tions. We explain the process for a typical case to obtain
a better understanding of the nanochannel operation:

By applying a pressure to the rigid piston along the y-
direction, the NaCl-solution pushed toward the channel.
The water molecules passed through the channel and en-
tered box II, while most of the positive and negative ions
within box I could not enter the channel, because their
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Fig. 1 The structure of the designed system components: (a) side view; (b) top view; (¢) front view. The nanofilter is composed of multilayer graphene
sheets, which connected the two water reservoirs

Table 1  Lennard-Jones parameters used in this study

Type Atom o (nm) ¢ (kcal mol'!) q(e)
Water (¢} 0.31589 0.1852 -0.834
Water H 0.0 0.0 +0.417
Graphene C 0.12 3214 0.0
Tons Na 0.22589 0.1684 +1.0
Cl 0.51645 0.117 -1.0

hydration radii were usually bigger than the channel inter-
layer separation (The radii of the hydrated Na* and CI™ are
about 3.6 and 3.3 A, respectively [33]). Therefore, only
dehydrated ions could enter the channel, and since the res-
ervoir could rarely supply the dehydration energy, only a
few of these ions can pass through the channel. Hence, the
less thick the channels, the less likely the ion passes and
the higher percentage of salt rejection will be achieved. On
the other hand, decreasing the channel thickness led to
reducing the water flow through the channel (movie 1.avi
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shows the dynamic of the saline water through the multi-
layer membrane).

The ion rejection values (umber of ﬁff,”“”;}}e"w‘;{; passed ions 1)) )

and water flow rate (linear slope of the number of passed
water molecules through the channel as a function of the
simulation time) for cases 1 and 2 with different inter-
layering distances are shown in Fig. 2a. As was expected,
increasing the interlayer distances enhanced the water flow
rate, while it decreased the ion rejection, especially in case
2 (the flexible channels). It might be due to the movement
of unfixed carbon atoms of the channel, which perturb the
dynamics of the ions and the water molecules inside the
channels. This perturbation may lead to increased passage
of ions through the membrane. Moreover, the water mole-
cules compression inside the channels was calculated in the
steady-state condition (the situation that the water flow rate
through the channel was nearly constant). The obtained
results for both cases, with different interlayer distances,
are presented in Fig. 2b. It can be seen that the minimum
water molecules compression was obtained at the interlayer
distance of 8 A, which was due to the water molecules
arrangement inside the channel. At the interlayer distance
of 7 A, the water molecules shaped a one-layer structure
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Fig. 2 (a) The water flow rate, and (b) the ion rejection values for the
cases 1 and 2 with different inter-layering distances
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during their transport across the channel, and at the inter-
layer distance of 9 A, they shaped a two-layer structure. So,
ath=8 A, the accessible channel interlayer space for water
molecules was more than the space to form the one-layer
and less than to shape the two-layer structure of the water
molecules. Therefore, at h=8 A the water molecules
flowed between the graphene layers with the lower com-
pression, in comparison with the interlayer distances ofh =
7 and 9 A. The schematic view of water flow through the
channels with different interlayer distances (at the steady-
state condition) and their corresponding water molecular
distribution profiles among the channels are shown in
panels of Fig. 3. The observed peaks in the distribution
profile correspond to the positions with the most water
molecules and imply that the water molecules inside the
channels formed layer structures during their transition
across the channels. It can be seen that at h=6 and 7 A,
the one-layer configuration was shaped, and at h=9 and
10 A, the two-layer pattern was formed, while at the chan-
nel width of 8 A, water molecules flowed through the chan-
nels in a special arrangement thicker than the one-layer
structure. Three channels of the lengths 20, 30, and 40 A
were examined, with the interlayer distance of 10 A, to
consider the effect of the channel’s length on the membrane
operation. The results reported in Table 2 indicate that the
water flow decreases by increasing the channel length,
while the ion rejection percent increases.

It should be noticed that, an external electric field was
exposed to the system to evaluate the effects of the electric
field on the operation of the membrane, and the field am-
plitude and direction were changed in the different simula-
tions (E=0, 0.04, 0.08, 0.12, and 0.16 V/A in the z and y
directions). Application of the electric field could effect
both the motions of ions and water molecules in the sys-
tem, which can perturb the general performance of the
channel (a movie entitled “Mov 1.avi” is provided to show
the dynamics of the system with h=7 A and under the
application of the electric field of 0.12 V/A). At first, the
z-direction electric field was applied on the channel of
width h=10 A for case 1, in which all carbon atoms of
the channel were fixed during the simulation. Figure 4
shows the water flow and salt rejection percentage as a
function of amplitude of the applied z-direction electric
field. It was observed that the channel performance en-
hanced when the amplitude of the electric field was in-
creased, i.c., the water flow and salt rejection percentage
were increased. The diffusion coefficient of the water mol-
ecule, D, in the channel was calculated (by using the ve-
locity of the water molecules) in the absence and presence
of the electric field, for different channel widths. The pre-
sented results in Fig. 5 show the ratios of D/D, for the
different channels, in which Dy is the diffusion coefficient
of the water molecule in the channel with h=6 A. It was



J Mol Model (2018) 24: 241

Page 50f 8 241

(a)

80

40

(c)

80

40

60

z-direction A

Fig. 3 The schematic view of water flow through the channels for different channels and their corresponding water molecular distribution profiles

Table 2 The average percentage of rejected ions and water flow
through the multilayer graphene membrane of the lengths of 20, 30, and
40 A, with interlayer separation of 10 A and applied pressure of 1.7 atm

Multilayer graphene membrane for NaCl solution

L=20A L=30A L=40 A
Ion rejection percentage 83.7 87.4 922
Water flow (L/cm? s) 2.69 2.57 2.49

found that this value, D/D,, was increased by enlarging the
channel, and was reduced under the application of the elec-
tric field. Moreover, it was seen that when the electric field
was applied, the water molecules generally aligned along
the field. The obtained results of the simulations showed
that the average alignment of water molecules in the three
division of the system, i.e., box (I), filter, and box (II),
were not similar in the presence of the external electric
field. It was found that the average angles between the
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Fig. 4 Water flow and salt rejection percentage when the electric field is
applied in the z-direction on the channel of width h=10 A

water dipoles and the applied field, 0, were decreased
whenever the water molecules passed the channel’s ends,
i.e., once they entered the channel from the first box and
during the exiting from the channel to the second box. The
average of cos(f) for various channels under the applica-
tion of the electric field of 0.12 V/A are listed in Table 3.
As can be seen, the maximum values of cos(@) were ob-
served in the first box, and the minimum values were ob-
tained in the second box. The variation of water molecules
orientation when the system was exposed to the electric
field of 0.12 V/A is shown in Fig. 6, for the channel widths
of 6 and 10 A.

Then the electric fields with different amplitudes were
applied in the y-direction. It was seen that during the simu-
lation, positive and negative ions separated from each other,
i.e., positive ions entered the second box while the negative
ions remained in the first box. The negative ions in the first
box experienced the additional force from the applied field
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Fig.5 The ratios of the diffusion coefficient of the water molecule for the
different channels (D) and the diffusion coefficient of the water molecule
in the channel with h=6 A (Dy), as a function of applied electric ficlds
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Table 3 The average of cos(f) for various channels under the
application of the electric field of 0.12 V/A

The average of cos(8) for the water dipoles and the applied field

Channel width (A) Box(I) Filter Box(1I)
10 0.71922 0.64186 0.56209
9 0.71699 0.62402 0.59214
8 0.71699 0.62402 0.59214
7 0.71699 0.62402 0.59214
6 0.72209 0.54699 0.55225

that pushed them toward the piston and caused them to ap-
ply an extra force on the piston. Therefore, more pressure
must be exerted on the piston to push the water toward the
channel. Figure 7 shows the water flow and the applied
pressure on the piston as a function of amplitude of the
applied y-direction electric field. Curves of Fig. 7 show
the variation of the water flow through the channel versus

Fig. 6 Variation of water molecules orientation, cos(8), when the system
was exposed to the electric field of 0.12 V/A, for the channel widths of
6 A (a)and 10 A (b)
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Fig. 7 Variation of the water flow through the channel with h=10 A
versus the needed pressure corresponding to the applied fields

the applied pressure, for the different fields and channel
width of h=10 A. It can be seen that by increasing the
applied field, more pressure was required to create the near-
ly fixed water flow rate across the channels. For example,
when the electric field of 0.08 V/A was exposed to the sys-
tem, a pressure of 4 atm needed to be applied to the piston,
while exposing the field of 0.16 V/A caused the pressure to
increase to about 6.29 atm, to create the same water flow
rate through the channels.

To examine the effect of channel thickness on the dy-
namics of particles, in the absence and presence of the elec-
tric fields, we calculated the average deceleration of water
molecules. For this purpose, during the steady-state condi-
tion the applied pressure was removed, reducing the aver-
age velocity of water molecules inside the channel. The
computed average decelerations of water molecules are
shown in Fig. 8 for different channel thicknesses in the
absence and presence of E=0.12 V/A. As can be seen,
exposing the channel to the electric field caused the average
deceleration of water molecules to increase, which could be
due to the water molecules response to the applied field.

Finally, some more simulations were conducted to consider
the performance of the channel for KCI, CaCl,, MgCl,, and
FeCl; solutions. The very similar results of NaCl solution
were obtained, which are presented in Table 4. It was found
that the membrane separated the positive ions (K/Ca>*/Mg**/
Fe**) and negative ions (Cl ) from each other, with nearly the
same water flow rate of NaCl solution.

Table 4  Ton separation percentage for KCl, CaCl,, MgCl,, and FeCl;
solution and water flow percentage for NaCl solution under an applied
pressure of 2 atm

L=20A,h=10A,E=0.12V/A KCl  MgCl, CaCl, FeCls
Ion rejection percentage 94.74 9474 9474 9737
Water flow (L/cm?s) 370 3.93 3.61 3.57
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Fig. 8 Average of water molecules deceleration as a function of channel
thicknesses in the absence and presence of E=0.12 V/A

Conclusions

In this study, we considered the influences of some struc-
tural and environmental parameters on the operation of the
multilayer graphene channels, which can be used in water
purification processes. For this purpose, the deterministic
MD simulation method was employed to model the dy-
namics of the system and examine the influence of the
interlayer separation distance and application of external
electric fields on the channel efficiency.

We found that, as far as the interlayer separation dis-
tance was concerned, the water flow through the channel
was increased by enhancing the separation distance, while
the ion rejection percentage was reduced. Also, it was
shown that the water flow and ion rejection percentage
depend on the channel thickness. We also observed that
exposing the system to the suitable external electric field
can lead to an improvement in the water flow and ion
rejection by influencing the arrangement of water mole-
cules in the channel. Furthermore, our simulation results
indicated that we could use the axial electric fields to sep-
arate positive and negative ions, increasing the needed ap-
plied pressure on the system.
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