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Molecular dynamics simulations were employed to investigate water desalination through functional-
ized nanoporous graphene membranes. Six graphene membranes were considered in which the carbon
atoms of the pores were terminated by hydrogen or hydroxyl functional groups. The results demonstrate
that water desalination occurs under external pressure and water flux permeating the membranes scales
linearly with external pressure and pore diameter. The hierarchy of water flux through the functionalized
graphene membranes was explained by potential of mean force. The salt rejection from smallest pore
was 100% and decreases as pore diameter increases. Both Na*™ and CI~ ions permeate through membrane
with the largest pore, and the selectivity of the ions permeating exhibits a significant correlation with
functional group. The designed graphene membrane shows excellent performance in terms of both salt
rejection and water transport. Ultrahigh water permeance of 785.6 L per m?-h-bar obtained is two or
three orders of magnitude higher than current commercially available reverse osmosis (RO) and nano-
filtration membranes. This simulation study provides a microscopic insight into water desalination in
various functionalized graphene membranes and reveals governing factor for water flux and also sug-

gests a potential candidate as a RO membrane.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Recent water crisis has attracted much attention in the globe
owing to the rapid growth of world population, accelerated
industrialization and environmental pollution [1—6]. Desalination
is known to be one of the most promising sustainable approaches
for water treatment to supply fresh water. Currently, reverse
osmosis (RO) membranes have been prevalent in commercial
desalination systems worldwide mainly due to its energy-
efficiency, flexible installation, high-resistant and lower cost.

As membrane materials play a key role in desalination perfor-
mance, carbon structures with various dimensionality such as
carbon nanotubes (CNTs) [7—18], graphene [19—31] and covalent
triazine frameworks (CTFs) [32—34] as well as metal organic
frameworks (MOF) [35—38] have been previously investigated as
promising membranes. Although CNTs are expected to possess high
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water permeability and exhibit a high salt rejection, it is currently
difficult to fabricate well aligned and high density CNTs with large
lengths [39,40]. Despite the three dimensional networks of zeolites
that can effectively reject salt ions, the water permeability is low
[35,36]. Furthermore, the CTFs [34]| possess a high water per-
meance of 642 L.-cm 2.day !-MPa~! similar to graphene
(66 L-cm—2-day~!-MPa~1) [19], however, the salt rejection is lower
than graphene. To search a potential membrane for desalination,
we should consider overall performance in terms of both per-
meance and salt rejection.

Recently, with the development of experimental technologies,
large-area graphene nano sheets have been successfully prepared
[41]. In such a two dimensional sheet of sp?>-bonded carbon atoms
forming a hexagonal honeycomb lattice, the delocalized electron
clouds of m-orbitals take up the voids of aromatic rings in graphene
sheet, which is able to prevent the permeation of even atomic
helium [42,43]. Nevertheless, heavy ions were reported to bombard
monolayer graphene film and produce operated nanopores, which
have been more commonly known as nanoporous graphene [44].
Existing studies have already found potential applications of
nanoporous graphene in fields such as gas separation [45—56] and
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DNA sequencing [57—61]. Generally, functionalization of pores is
associated with the formation of sp> carbon network structure
through the rehybridization of existing one or more sp? carbon
atoms accompanied by simultaneous loss of electronic conjugation
[28,62]. The functionalizations of nanoporous graphene sheets with
various active groups and inorganic nano particles make the
properties of the pristine graphene to be engineered as a class of
new and exciting materials for specific applications, such as desa-
lination. As is well known, the water flux varies inversely with
membrane thickness, so the exfoliated graphene as single atomic
layer membrane could be promising for desalination. The first
attempt to investigate functionalized graphene as desalination
membrane was reported by Cohen-Tanugi and Grossman [19] using
molecular dynamics (MD) simulations. They demonstrated that the
functionalized nanoporous graphene membranes could perform
more than 99% salt rejection and provide water permeance up to
66 L-cm2-day~!-MPa~! which is 2—3 orders of magnitude higher
than that of current commercially available RO membranes and
nanofiltration membranes [63]. Therefore, there is a large oppor-
tunity to further explore functionalized graphene materials for
excellent desalination performance.

In this work, we have performed MD simulations for seawater
desalination by further considering three types of nanoporous
graphene membranes with hydrogenated (-H) and hydroxylated
(-OH) terminations. Thus, the role of pore sizes and pore func-
tionalization under induced pressure can be exclusively revealed.
Following this introduction, the models and methods used are
briefly described in Section2. In Section 3, salt rejection and water
permeance through the graphene membranes are presented and
compared with other membranes. Finally, the concluding remarks
are summarized in Section 4.

(b)P2_H

(a)P1_H

¢

2. Models and methods

Fig. 1 shows the atomistic structure of three types of graphene
nanopores. It is clear that the nanoporous graphene membranes are
different in terms of pore size and chemical functional group. Two
different functionalized nanopores named hydrogenated pore (P_H
pore) and hydroxylated pore (P_OH pore) were used in this work.
For practical purposes of the real liquid, hydrogen bonds will be
formed if the separation of the oxygen atoms on neighboring water
molecules is less than 3.5 A, and about 3.58 hydrogen bonds per
water molecule are obtained at ambient conditions [64]. Thus, the
diameter of the water molecular cluster is about 5.0—6.5 A. On the
other hand, to effectively reject ion transport across graphene
membrane, the pore diameters should be chosen to be similar or
smaller than the diameters of hydrated Na™ and Cl~ ions which are
6.4 and 7.7 A respectively [65]. Because the pore diameter plays a
key role in governing water transport through the nanoporous
graphene membrane, the pore diameters are appropriately chosen
as 8.2, 5.6, 5.2, 6.6, 4.6 and 3.8 A for membranes of Fig. 1(a)—(f),
respectively. In-plane dimensions of the functionalized nanoporous
graphene membranes are 29.8 x 29.5 A% with a pore density of
11 x 102 cm™2,

Water desalination through each graphene membrane was
simulated in a system schematically illustrated in Fig. 2. The mem-
brane was located at the center of a simulation box at 30 A since
simulation box length is 60 A along z dimension. The simulation box
was filled with 0.5 mol/L NaCl aqueous solution, corresponding to a
salt concentration of 33 g/L which is slightly lower than seawater of
35 g/L. Each system was initially subjected to energy minimization
using the steepest descent method, then velocities were assigned
according to the Maxwell-Boltzmann distribution at 300 K. Finally,

(©)P3_H

Fig. 1. Functionalized pores in graphene membranes: (a) P1_H pore, (b) P2_H pore, (c) P3_H pore, (d) P1_OH pore, (e) P2_OH pore, and (f) P3_OH pore. (A colour version of this

figure can be viewed online.)
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Fig. 2. Schematic diagram of simulation cell for P1_H pore system. (A colour version of this figure can be viewed online.)

non-equilibration molecular dynamics (MD) simulation was con-
ducted at 298 K. For all runs, the functionalized graphene membrane
was held flexible except the carbon atoms at the edge of the gra-
phene sheet, meanwhile, the water, Na* and Cl~ ions were allowed
to move freely during the MD simulations. The effective potential
energy of intermolecular interactions is given by the sum of Len-
nard—Jones (LJ) and Coulomb potentials for long range and short
range interactions, respectively, following the

12 6
expression:U, = e | (D) —(E) |+
p -Unonbond = Eij | | 7 T Treory?

rij refers to the distance between atoms i and j, ¢ and gjj represent
the L] parameters, and g; and gj represent the partial charge assigned
to atoms i and j, respectively. A cutoff of 14 A was used to calculate
the L] interactions, and the particle-mesh Ewald method was used to
evaluate the electrostatic interactions with grid spacing of 1.2 A and
real-space cutoff of 14 A.

All simulations were performed using GROMACS 5.0.4 software
[66]. The MD simulations were implemented in the NVT canonical
ensemble with the total time of 30 ns and the periodic boundary
conditions were imposed in all directions. To create a pressure drop
across the graphene in the form of hydrostatic pressure, external
forces were applied to all the water molecules [67], which have
been also applied to investigate Poiseuille flow [68], where the
constant field acts in the same way as a gravitational force. How-
ever, in such simulations the energy added to the system by the
external force is dissipated thermally through the walls in order to
perturb the dynamics of the fluid as little as possible. This is ach-
ieved by applying a thermostat to the wall particles only, rather
than the fluid. The methods of thermostating fluids in simulations
involving flows have been discussed previously [69] which con-
cludes that thermostating the fluid directly will alter the dynamics
of the fluid. It should also be noted that even when applying a Nosé-
Hoover thermostat in the case of a system undergoing a net flow,
the streaming velocity of the particles should be taken into account
when calculating the temperature, although this effect may be
small. A more reasonable way is to apply a force to water in a thin
slab with a suitable distance away from the membrane, which has
been employed in other works [70—73].

The method used here is commonly employed for pressure
driven flow [74,75]. Recently, Richard et al. [76] compared the
method by using a graphene sheet as a rigid piston to exert external
pressure with the method of applying external pressure in present

where

work. They found that no significant difference was observed be-
tween different methods. Thus, we hope the water permeability
will not be affected by choosing the method in this work. Then, the
water gradient can be performed in MD simulations by applying a
constant force F in the z-direction on one water molecule, which is
given by F = AP-A/n, where AP is the chosen pressure, A is the
membrane area, n is the total number of water molecules in the
box. In our simulations, the pressure was selected in the range of
10—200 MPa. Water was modeled using the TIP3P potential [77],
and the short-range interactions for atomic species were modeled
by the LJ potential and Coulombic terms. All the parameters
employed in this desalination system for all the interaction types
are summarized in Table S1 (supplementary materials). The partial
charges and L] parameters used for the functionalized graphene
membrane and Na*t, CI~ were taken from the CHARMM?27 [78] and
AMBERO3 [79] force fields, respectively.

3. Results and discussion

We first studied the number of water molecules N, filtered by
graphene membranes as a function of time with pressure ranges
from 10 to 200 MPa. It can be seen from Fig. 3 that N,y increases
almost linearly with time despite small fluctuations due to the
random thermal motion of water molecules. The linear curves
indicate that water molecules permeate across the membrane at a
relatively constant rate. Moreover, higher the pressure, larger the
Nw. As we shall see below, the diameter and the functional group of
nanopores play a key role in governing water transport through the
graphene membrane. The radius of -H group is smaller than -OH,
thus the pore size of hydrogenated membrane is a little larger than
that hydroxylated membrane for the same pore. However, the hy-
drophobic and hydrophilic properties also affect the desalination.
For small diameter, the water molecule goes through the pore
modified with hydrophilic functional group easier than the hy-
drophobic pore. More specifically, N,y across the hydrogenated
membrane is higher than that hydroxylated one as shown in
Fig. 3(a) for P1 at the same given pressure. The hydrophobic pore
(-H functional) possessing higher N,y compared to hydrophilic (-OH
functional) is due to the dominance of size effect over functionality
specially for large pore P1. This is because the pore size of P1
membrane is much larger than the water molecule. Nevertheless,
Ny of the hydrogenated membrane is smaller than that from hy-
droxylated membrane for graphene layers with P2 (Fig. 3(b)) and
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Fig. 3. The number of water molecules passing through the (a) P1_H and P1_OH pores, (b) P2_H and P2_OH pores and (c) P3_H and P3_OH pores at the pressures of 10, 50, 100 and

200 MPa. (A colour version of this figure can be viewed online.)

P3 (Fig. 3(c)) pores at the same given pressure, indicating that the
functionalized group plays an important role for a relatively small
pores. On the basis of Ny, as a function of time t, the water fluxes
permeating across the hydrogenated and hydroxylated pores of
nanoporous graphene membranes are calculated and tabulated in
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Fig. 4. Water flux in six graphene membranes at the pressures of 10, 50, 100 and
200 MPa. (A colour version of this figure can be viewed online.)
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Fig. 4. The hierarchy of fluxes is the same as Ny (Fig. 3). Following
the trend of pore size as P1 < P2 < P3, both N,y and water flux
decrease in the same order. Obviously, with larger pore P1 than P2
and P3, both Ny, and water flux are much higher.

To judge the performance of the graphene membranes, it is
desirable to analyze the slat rejection in addition to water flux. Keep
in mind that the diameters of the Na* and CI~ are about 2.0 A and
3.6 A, respectively, which are larger than the smallest pore size of
the studied membrane. However, both Na* and Cl™ are not found to
cross through P2 and P3 pores. It is because that the water mole-
cules will be gathered around the Na™ and CI~ ions and form hy-
drated structures by means of hydrogen bonds. The average number
of water molecules for hydration is about 5.2—7.1 in the first hy-
dration shell around the Na™ and CI~ ions [80]. Thus, the diameters
of the hydration structures for Na™ and CI™~ ions are larger than the
P2 and P3 pores. Nevertheless, ions are able to pass through larger
pore P1. Fig. 5 shows the number of Na* and CI~ ions across the large
P1_H and P1_OH pores of graphene membranes. With increasing
pressure, both Nat and Cl~ ions flow increase, while the ion
permeation rates are quite difference for hydrogenated and hy-
droxylated membranes. In Fig. 5(a), almost no Cl~ ions can pene-
trate the P1_OH pore of graphene membrane, but they can pass
through the P1_H pore of graphene membrane due to the positively
charged hydrogen functional groups. Analogously in Fig. 5(b), Na™
ions can go through P1_OH pore more smoothly than that in the
P1_H because the hydroxyl functional groups carry the negative
charge. In 2008, Sint and coworkers showed computationally that
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Fig. 5. The number of CI~ and Na* passing through the P1_H pore and P1_OH pore at the pressures of 10, 50, 100 and 200 MPa. (A colour version of this figure can be viewed online.)
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graphene was selectively permeable to certain solvated ions and
impermeable to others when nano sized pores exist in the mem-
brane [81]. The authors claimed that the chemical functional groups
at the edge of the nanopores play a key role in determining ion
rejection, which is in consistent with our finding.

To quantitatively characterize the motion of the water mole-
cules, Fig. 6 presents the density distributions along the z-direction.
As time lapses, the density distribution curves of water shift from
left side to right side under induced pressure, which is consistent
with the direction of the applied pressure. Around z = 3 nm, there is
a minima in density profile that is corresponding to position of
graphene membrane. A large number of water molecules stay in
the left side of the graphene membrane under induced pressure,
therefore, the density distribution curve of the water in the left side
is higher than that in the right side. Moreover, upon increasing the
pressure from 10 to 200 MPa, water molecules move faster and
faster along the z-direction, thus the density in the left side is
increased with increasing pressure, and the opposite trend can be
observed in the right side because the passed water molecules
move away to the membrane quickly under the induced pressure.
Meanwhile, by comparing Fig. 6(a) with (b), it can be seen that the
density on the left side in the former is larger than that in the latter
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under same applied pressure. This is due to the hydrophilic nature
of the hydroxyl group in the P1_OH in contrast to the hydrophobic
nature in P1_H membrane. The similar behavior can also be
observed through other graphene membranes (Fig. S1).

In order to shed light on the penetration mechanism across the
functionalized nanoporous graphene, the potential of mean force
(PMF) which is the free energy profile of a water molecule passing
through the membrane was calculated. The PMF of one water
molecule passing through the graphene membrane under equilib-
rium conditions was determined using Boltzmann sampling. The
energetic barriers for water molecules at different positions along z
direction were calculated by F(r) = —RTIn[p(r)], where R is the gas
constant, T is the temperature and p(r) is the density at position r.
The method is a quick way to calculate the free energy profiles and
frequently used in other works [82—84]. Please note that another
way is to use umbrella sampling to calculate PMF in the equilibrium
state [22], however, it is also not for non-equilibrium systems.
Firstly, we figure out the PMF for graphene membranes with the
hydrogenated and hydroxylated P1, P2 and P3 pores at the pressure
of 50 MPa as shown in Fig. S2. Obviously, there is an energy barrier
faced for water molecules to penetrate the membrane (z = 3 nm). It
is well known that smaller the energy barrier, easily molecules go
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Fig. 6. Density profiles of water in the z-direction of the system for the (a) P1_H pore and (2) P1_OH pore at the pressures of 10, 50, 100 and 200 MPa in the time stage of 29—30 ns.

(A colour version of this figure can be viewed online.)
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Fig. 7. PMF of water for (a) P1_H and P1_OH, (b) P2_H and P2_OH pores at the pressure of 50, 100 and 200 MPa in the time stage of 29—30 ns. (A colour version of this figure can be

viewed online.)
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Fig. 8. Performance chart for functionalized nanoporous graphene (for P1, P2 and P3 pores) versus existing technologies. (A colour version of this figure can be viewed online.)

through. The energy barrier for water molecule passing over the
membrane increases with the decreasing of pore size. Therefore, the
N,y and water flux decreasing in the order of P1 < P2 < P3 in Figs. 3
and 4 for both hydrogenated and hydroxylated membranes can be
explained. Generally, it can be seen that there are different infil-
tration performances between P1 and P2 and the same perfor-
mances between the P2 and P3 regarding the hydrogen and
hydroxyl groups. Herein, the calculated PMFs for P1 and P2 pore
membranes under the induced pressures of 50,100 and 200 MPa are
plotted in Fig. 7. From the inset of Fig. 7(a), we can see that the energy
barriers of P1_OH are always larger than those of P1_H, however, the
opposite trend can be observed in the inset of Fig. 7(b) and Fig. S3.In
addition, the energy barrier will be decreased with the induced
pressure increasing for the both P1 and P2 membranes. All the
findings are consistent with the trends that demonstrated in Fig. 3.

From all above results, we demonstrated that our functionalized
nanoporous graphene could act as a RO membrane by simulta-
neously allowing for water permeation (Fig. 3) and rejecting salt
ions (Fig. 5). We also calculated the water permeance and estimated
salt rejection for all the designed graphene membranes, and the
results are plotted together with the experimental performance of
RO in Fig. 8. Among the P1, P2 and P3 configurations that shown
both high water permeance and salt rejection rate (per 878.5 A for
both hydrogenated and hydroxylated for one pore), the water
permeance is ranged from 82.3 to 785.6 L per m?-h-bar. As a
comparison, graphene membranes which we used have higher
permeance than MFI zeolite [35], UiO-66 [38], seawater RO,
Brackish RO, nanofiltration and high-flux RO [63]. Especially, P2 at
low pressure and P3 membranes at all pressures show 100% salt
rejection and a water permeance of 2—3 orders of magnitude
higher than those of available RO membranes. However, the
membranes in this work have a slightly lower permeance than ZIF-
8 [37] and previously examined graphene [19], because of the lower
pore density than the two latter membranes. This indicates that
functionalized nanoporous graphene membrane has great poten-
tial for water desalination.

4. Conclusion

Herein, we have investigated nanoporous graphene membranes

with three pore diameters which were further functionalized by
hydrogen or hydroxyl groups for water desalination. Both water
flux and salt rejection were found to be sensitive to the pore
diameter and chemical functionalization. The water flux increases
with increasing external pressure due to decrease in energy barrier
of water molecules. With largest pore P1 among three pores, water
flux is highest, however, sacrificing the salt rejection compared to
smaller pores P2 and P3. More specifically, the Na™ ions prefer to go
through the P1_H membrane and Cl~ ions prefer to P1_OH mem-
brane because of favorable electrostatic interactions of the func-
tional groups. Moreover, both Na* and Cl~ ions cannot penetrate
the P2 and P3 membranes. Furthermore, compared to existing
technology, two or three orders of magnitude higher water per-
meance of 785.6 L per m?-h-bar baris obtained. This simulation
study reveals that functionalized graphene membrane might be a
fascinating RO membrane material for water desalination.
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