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ABSTRACT: High desalination efficiency in principle could be achieved by layer-by-layer graphene
oxide (GO) membranes, which benefits from their entrance-functionalized channels assembled by
edge-functionalized GO nanosheets. The effects of these edge functional groups on desalination,
however, are not fully understood yet. To study the isolated influence of three typical edge functional
groups, namely, carboxyl (-COOH), hydroxyl (-OH), and hydrogen (-H), molecular dynamics
simulation was used in this work. The results revealed that the edge volumetric blockage effect,
resulting in ion permeability at G-H > G-OH > G-COOH membranes, was the dominant mechanistic
effect inside the GO membranes with 7 Å interlayer channels. The OH edge has the same effect as the H edge in NaCl/water
selectivity because of a unique “ion pulling” effect. Moreover, the OH and H edge-functionalized membranes with 7 Å interlayer
channels showed preferential Na+ and Cl− rejections, respectively. This kind of preference leads to a cycle of charging and
neutralization in the penetrant reservoir throughout the filtration process. The results from this work suggested that it would be
strategic to keep the COOH and H edge functional groups, to maintain the size of interlayer channels in order to stimulate the
effects of edge functional groups, and to increase the membrane porosity for designing higher desalination efficiency GO
membranes.

KEYWORDS: graphene oxide membranes, edge functionalization, COOH edge, OH edge, H edge, desalination performance,
preferential ion rejection

■ INTRODUCTION

Membrane-based filtration technology has seen increasing
growth to desalinate saline water and reduce freshwater
shortage because of its low energy consumption and operation
cost but high desalination efficiency.1−3 Commercial desalina-
tion membranes are currently made of polymers,4−6 whose
structures are hard to be controlled and may be easily
destroyed for their low chemical tolerance. The two-dimen-
sional (2D) graphene oxide (GO)-based membrane, compared
with polymeric membranes, has higher chemical and physical
stability.7 2D GO nanosheets, which play a similar role as the
cross-linked polymer inside the membrane, can naturally be
assembled into a well-packed layer-by-layer structure. This
unique structure inside the membranes provides trans-
membrane molecules with winding channels in a controlled
and uniform size. These confined channels, which can be
adjusted by nanosheet functionalization, are dominant in ion
rejection. Meanwhile, different interactions among ions, water
molecules, and functional groups of nanosheets further change
the membrane water/salt selectivity. Therefore, through
geometry and chemistry interaction with ions, GO membranes
theoretically have great potential to achieve high water/salt
selectivity for industrial water treatment applications.8

The effects of GO nanosheet functionalization are mainly
dependent on their locations. A large number of functional
groups are linked on the nanosheet surface. These surface
functional groups can change the properties of interlayer

channel surfaces and adjust the channel size. A higher
nanosheet oxidation degree can enlarge the channel size as
demonstrated by atomic force microscopy and transmission
electron microscopy from experimental works at the micron
scale.9,10 At the edge of nanosheets, functional groups form the
entrance of the interlayer channels and sieve ions out of water
molecules after nanosheets are assembled.11 Although a major
factor in membrane desalination, edge functional groups are
barely studied. Experimental investigation is quite limited due
to their nanoscale size. Furthermore, the effects of different
kinds of functional groups on desalination are very hard to
identify because only the overall composition of functional
groups on the nanosheets can be tested.10,12 Therefore,
numerical molecular dynamics (MD) simulations are utilized
instead to zoom into the nanoscale membrane in order to
study the effects of edge functional groups on desalination.
MD simulation has been widely used for elucidating the

effects of surface functionalization in the layer-by-layer GO
membranes.10,13−17 The edge functional groups, whose sieving
effect has been proposed to behave with the rejection effect in
experimental works,18,19 are rarely studied in simulation work.
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The comparison between different kinds of edge functional
groups is hitherto only limited to water transport perform-
ance.20,21 No work has ever compared their effects on
desalination performance yet. Similar studies have been widely
done on single-layer porous GO membranes, whose pore edges
were functionalized by neutral or ionized carboxyl and
hydroxyl22−24 or were passivated with nitrogen,23,25 hydro-
gen,26−28 or fluorine26,29 atoms through etching or guiding
growth perforation.30 When these functionalized groups are
linked at the edges of 2D nanosheets, however, they control
the intermembrane channels whose entering areas (Å × μm)8

are much wider than the etched pores (nm × nm).30 These
edge functional groups influence the water permeance and ion
rejection in absolutely different ways. Furthermore, the layer-
by-layer membrane structure assembled by 2D nanosheets has
better potential on large-scale preparation for commercial
products with lower associated costs.30 Therefore, to provide
strategies for higher 2D-GO layer-by-layer membrane desali-
nation efficiency, the study of ion rejection effects of edge
functional groups on layer-by-layer GO membrane is
necessary.
To address the gap in knowledge, three typical edge

functional groups, which are carboxyl (COOH), hydroxyl
(OH), and hydrogen (H),7,31 were compared in this work.
They were fully positioned at the edges of GO nanosheets.
Three kinds of membrane structures mimicking different
membrane porosities and interlayer channel sizes were used for
investigating the influence of edge groups on the desalination
performance. The first section of this work analyzes the overall
NaCl rejection of these edge-functionalized membranes. The
following section further investigates preferential ion rejection
caused by the edge functional groups during the filtration
process. In the new molecular insights gained from this study,
the COOH edge rejected ions well, while OH and H edges had
similar ion/water selectivity. The isolation effects of different
kinds of edge functional groups of the GO nanosheets will help
to develop high-efficiency GO membranes for saline water
desalination.

■ METHODOLOGY
Nanosheet Structures. All-atom molecular structures of

the edge-functionalized GO nanosheets were built by
VEGA_ZZ 3.1.1. COOH groups, OH groups, or H atoms
were linked at all-edge carbon atoms of a graphite nanosheet in
random orientations and charged based on the Gasteiger
method32,33 (Figure S1). Although GO nanosheets are highly
wavy in nature, in the nanometer scale that could be simulated
with MD simulation, nanosheets are quite flat.8 Therefore, the
GO nanosheets used in this work were approximated as flat
sheets for simplicity.
Membrane Filtration System. To elucidate the effects of

the edge functional groups on ion sieving, the membrane gap

width and interlayer distance were adjusted (Figure 1a). The
gap width is defined as the distance between the closest atoms
of two GO nanosheets in the same membrane layer. Gap
widths of 7 and 14 Å were used here. When the gap width was
set at 7 Å, there was one water layer in the inter-edge gap.
Meanwhile, when the gap width was set at 14 Å, the tiniest
interlayer channel was built and the entrance of the interlayer
channel was trapped by the edge and surface of the
nanosheets.21 The interlayer widths are defined as the distance
between two carbon atoms of two GO nanosheets in the
adjacent membrane layers. Interlayer widths of 7 and 14 Å
were also used here, inside which there were one and four
water layers inside an interlayer channel, respectively.21 21

Moreover, it is noteworthy that 7 Å is smaller than the radius
of the hydration shells of both Na+ and Cl−, which effectively
forces the ions to dehydrate for transport inside the channels
between the nanosheets (Figure S2).
Three membrane structures were used in this study: a low-

porosity membrane with narrow interlayer channels (LP
membrane, 7 Å gap width × 7 Å interlayer width shown in
Figure S3a), high-porosity membrane with narrow interlayer
channels (HP membrane, 14 Å gap width × 7 Å interlayer
width, Figure S3b), and low-porosity membrane with wide
interlayer channels (WLP membrane, 14 Å gap width × 7 Å
interlayer width, Figure S3c). Duplicating and placing edge-
functionalized nanosheets were according to the membrane
structures. Two impermeable sheets were put on the top and
bottom of the filtration facilities, which were initially over 80
and 20 Å away from the membranes, respectively. The space
between them were filled with SPC (simple point charge)
water molecules34 (Figure S2f) for a water permeance test, and
the feed solution was ionized with 0.45 mol/L NaCl for an ion
rejection test.

Single-Ion Transport System. Eight edge-functionalized
nanosheets were duplicated and placed as a filtration
membrane according to the structure designed with narrow
interlayer channels (Figure 1b). The box boundaries in the z
direction were set over 50 Å away from the filtration facilities
for system equilibrium. The box was filled with SPC water
molecules. One Na+ or Cl− was positioned inside the
membrane (locations are shown in Figure 1b with a red dot)
and one fix neutral oxygen atom 18 Å below the membrane as
a location reference for the single-ion transport analysis.

Pseudocharged System. To study the accumulation of
unbalanced charge in the penetrant reservoir caused by
different Na+ and Cl− transport speeds, the charge was
positioned fixed in its penetrant reservoir beforehand to mimic
the high-penetrant ion concentration. Two membrane
configurations were selected for this part of the study: an
HP-G-H membrane that had the most significant preferential
Cl− rejection and an LP-G-OH membrane that had the most
significant preferential Na+ rejection. A magnitude of ±9 e was

Figure 1. (a) Illustration of the layer-by-layer GO membrane structure for the overall water and ion transport performances. (b) Single-ion model
inside the LP and HP membranes. The ion is represented with a red dot, the reference atom is represented with a gray dot, and the directions of
restrained energy are represented with red arrows. (c) Pseudoequilibrium-charged model.
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arbitrarily chosen to represent the selective ion accumulation.
Each membrane exit was positioned with nine atoms (0.25 e
each) in a row, and they were kept at a distance of 5 Å between
each other (Figure S4). This charged ion row was fixed in the
middle of the exit and 7 Å away from the membrane (Figure
1c). Throughout the simulation, the overall charge of the
penetrant reservoir was continuously monitored to denote the
ion permeability through the structured membranes.
Molecular Dynamics Simulation. All simulations were

performed by large-scale atomic/molecular massively parallel
simulator (LAMMPS) at a 2 fs time step under 300 K. The
parameters of the Lennard-Jones (LJ) potential between GO
membranes and water molecules were adapted from the
parameters used by Chen et al.35 and extended with Lorentz−
Berthelot mixing rules36 (Table S1). The cutoff radius of the
LJ potential was set at 9 Å. The long-range electrostatic
potential was calculated with the kspace_style PPPM solver.
SPC water molecules were applied with the SHAKE
algorithm.34 Periodic boundary conditions were applied in all
directions. The membrane area was extended in the x and y
directions, while the box boundaries in the z direction were set
70 Å away from the filtration facility for system equilibrium.
Overall Permeance Analyses. The overall membrane

performances of water and ion permeance were analyzed
separately. The simulation was performed with NVT. Two
impermeable sheets and all solution molecules were relaxed for
system equilibrium for 40 ps. The top impermeable sheet was
applied with a 5 kcal/(mol·Å) downward force every 10 steps
to push the feed solution to go through the edge-functionalized
membrane. Meanwhile, the bottom impermeable sheet was
applied with a 0.01 kcal/(mol·Å) upward force every 10 steps
to maintain the equilibrium state of the penetrant reservoir.
Atom locations were recorded every 200 fs for analysis.
Water permeance is the water flux normalized with the

transmembrane pressure and membrane area, which is

= Δ Δ · ·Δm t S pwater permeance /( )

where Δm is the mass of penetrant water molecules, Δt is the
time of filtration, S is the membrane area, and Δp is the driving
pressure. The driving pressure caused by the pressure
difference between the feed and penetrant solution is
calculated by a statistic equation

ρ ρ ρ= − + −P 113097 290135 262479 847443 2

where P (atm) is the hydraulic pressure and ρ (g/cm3) is the
water density.21

Ion rejection analyses were repeated three times for
validation. The numbers of penetrant Na+, Cl−, and water
molecules were started to be calculated when the first ion
arrived in the penetrant reservoir. After 200 ps, the numbers
were counted again, and the differences were calculated as the
numbers of penetrant water molecules, Na+, and Cl−.
Meanwhile, the number of ions was counted and averaged
with a mesh size of 1 Å3 to compute the ion retention time
inside the membranes.
Single-Ion Transport Analyses. Single-ion transport

analysis was designed for mapping the ion hydration degree
and ion vibration. Metadynamics simulation in a harmonic
biasing method with moving restraints37 was undertaken with
NPT at 1 atm. After equilibrium, the system for 2 ns, a moving
window at 0.2 Å, and a moving speed at 1 Å/ns in the required
direction were adopted for “collecting” the ion transport
variables. Below are the methods used for calculating the

coordination number of the ion hydration shells and the ion
vibration velocity for analysis.

Ion Dehydration. Ion hydration sizes are defined as the
oxygen shells around ions. The inner and outer hydration radii
were 3.25 and 5.55 Å around Na+ and 3.85 and 6.25 Å around
Cl−, respectively (Figure S2). During the transport process of a
single ion, the coordination numbers of the hydration shells
were collected and averaged to draw the ion hydration map
inside membranes.

Ion Vibration Velocity. During the single-ion transport
analyses, the ion moving velocity was calculated with the
equation below:

= − + − + − Δ+ + +v x x y y z z t( ) ( ) ( ) /i t i i t i i t ii
2 2 2

Collection and averaging of the moving speeds were performed
at different locations inside the membranes to produce the ion
vibration map discussed in the manuscript.

■ RESULTS AND DISCUSSION
Ion Rejection Performance. Comparing the significance

of edge functional groups in different membrane channel sizes
for identifying the influence of the membrane structure, when a
membrane was assembled with wide interlayer channels, there
was no difference between the three kinds of edge-function-
alized membranes in terms of absolute or relative NaCl
permeability (Figure 2i,l). When the size of the interlayer

channel was decreased to 7 Å and the membrane became more
compact, however, a significant effect caused by edge
functional groups emerged regardless of the level of membrane
porosity (Figure 2d,e,g,h,j,k). The LP and HP membranes had
the same trend as water and NaCl permeance, which was G-
COOH < G-OH < G-H (Figure 2d,e,g,h). Since the volumes
of the membrane edges followed a trend of COOH edge > OH
edge > H edge, it revealed that the geometric effect, which
resulted in the steric blocking at the entrance of the interlayer

Figure 2. Three kinds of membrane configurations that have (a) low
porosity and narrow interlayer channel, named the LP membrane, (b)
high porosity and narrow interlayer channel, named the HP
membrane, and (c) low porosity and wide interlayer channel,
named the WLP membrane. Numbers of penetrant (d−f) water
molecules and (g−i) NaCl and (j−l) the ratios of NaCl to water
molecules when applied with hydraulic pressure. This part of the
simulation was calculated with the Overall Permeance Analyses.
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channels, might be the dominant effect in ion rejection (the
edge configurations are shown in Figure S1d−f, and the
channel blockages, which had low water densities, are shown
by the red arrows in Figure S5d,e,g,h).
If the geometric effect was the only effect that sieved larger

hydrated NaCl from the small water molecules, higher NaCl/
water selectivity was expected for the G-OH membrane. This
was because the volume of the OH edge has a larger steric
volume when compared to that of the H edge (Figure S1e,f).
However, no significant difference was observed in the NaCl/
water selectivity between the LP-G-OH, HP-G-OH, LP-G-H,
or HP-G-H membranes (Figure 2j,k). The ion dehydration
degree, which is the most commonly discussed aspect, cannot
explain this phenomenon because Na+ and Cl− dehydration
degrees inside two levels of membrane porosity were in conflict
with each other (detailed analysis is discussed in the
Supporting Information). Therefore, apart from the geometric
sieving effect caused by different volumetric sizes of membrane
edges, there must be some other factors at work in the ion
rejection behavior observed that enhanced the salt permeance
for the G-OH membranes.
One potential mechanism leading to ion selection might be

ion adsorption, which referred to the mechanism that water
permeance could be enhanced by stronger interaction between
the water and nanosheet edges.21 This type of stronger
interaction helps water molecules to overcome the random
molecular vibration and then be pulled into the narrow
interlayer channels by the edge functional groups under the
propelling mechanical hydraulic pressure (Figure 2f and Figure
S3f). Similar hypothesis on ion selection was also revealed and
proposed from reported experimental work.6,38 We now
attempt to discuss this possibility of quantitatively using the
ion vibration parameter, which is a measure of the frequency of
the Brownian motion of the ions.
Comparing the ion vibrations inside the membranes, the LP-

G-COOH and HP-G-COOH membranes exhibited com-
pletely ion rejection (Figure 2j,k, and no ion trajectory could
be observed inside the LP-G-COOH and HP-G-COOH
membranes in Figure 3d,g). Significant lower vibrations for

both Na+ and Cl− were observed inside both LP-G-OH and
HP-G-OH membranes than those inside the G-H membranes
(Figure 4a). In view of the fact that lower vibration could

enhance water permeability, as discussed above, lower ion
vibration caused by the OH edge could enhance the salt
permeance to overcome the reduction in permeance caused by
the volumetric blockage of the larger OH edge. This
improvement of salt permeability was supported by the NaCl
retention time comparison analysis as NaCl took more time to
enter the LP-G-H and HP-G-H interlayer channels than to
enter the G-OH ones (Figure 3e,f,h,i).

Figure 3. NaCl retention maps of the (a−c) WLP, (d−f) LP, and (g−i) HP membranes edge-functionalized by (a, d, g) COOH, (b, e, h) OH, and
(c, f, i) H. Red areas represent the locations where ions stop for a long time, while the dark blue areas represent the locations where ions cannot
reach or move fast.

Figure 4. Filtration process inside the LP-G-OH, HP-G-OH, LP-G-H,
and HP-G-H membranes. (a) Ion vibration in the equilibrium system
while passing through the membrane channels filled with water
molecules. This part was simulated with the Single-Ion Transport
Analyses, and the original data is shown in Figure S6. (b) Water
distribution inside the membranes when pure water was applied with
hydraulic pressure. The dark blue area indicates the locations of the
GO nanosheets or low water density, while the green area indicates
the locations of high water density. The original data is shown in
Figure S5. (c) Illustration of the interactional “ion pulling” effect of
the G-OH membranes. (d) Illustration of the interactional “ion
rejection” effect of the G-H membranes.
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How does the OH edge decrease ion vibration and improve
ion permeance? The first potential answer that comes to mind
might be the direct interaction between the ion and nanosheet
edge, which was proposed based on the water permeance
enhancement mechanism21 and the explanation commonly
used for experimental results.6,38 If the ion vibration was
reduced by this interaction, the vibration inside the LP
membranes should be reduced more because of their closer
proximity between the edges of the nanosheets. The
observation in Figure 4a, however, revealed otherwise. The
overall vibration reduction nearby the functional groups was
more significant in the HP membranes than in the LP
membranes (Figure 4a), which means that the interaction
between the ion and the edge is not the dominant effect in this
case. Considering that the ions are surrounded by water
molecules inside the membranes, their vibration may be
affected also by the water molecules in their vicinity. This
potential answer led us to further examine the water
distribution within the membranes (Figure 4b and Figure
S5). Inside the G-H membranes, water pathways were more
continuous than those inside the G-OH membranes (Figure
4b, green areas show water pathways). The interrupted water
pathway inside the G-OH membranes showed high attraction
from the OH edges (Figure 4b). Following the guidance of the
OH edge through interaction, water molecules therefore had
little collision with ions. In an ordered transport manner, ions
were easily pushed into the entrance of the interlayer channels
and could achieve high permeability in the G-OH membranes
(Figure 4c). Inside the G-H membranes, the continuous water
pathway showed the poor attraction acted by the H edge and
high vibration of water molecules (Figure 4b). Without edge
guidance, both water molecules and ions moved in a
disordered manner. The high collision between water
molecules and ions largely reduced the ion permeability inside
the G-H membranes (Figure 4d). Therefore, NaCl perme-
ability was improved by the OH edge through a unique
interactional “ion pulling” effect and reduced by the H edge
through an interactional “ion rejection” effect.
A brief summary of the effect of edge functional groups on

the NaCl permeance and NaCl/water selectivity is given as
follows. The size of the edge functional groups determines the
absolute NaCl penetrant number. Larger volumetric blockage
caused by the edge functional groups reduces more NaCl
permeance. Meanwhile, the edge functional groups influence

the NaCl/water selectivity through guiding the movement of
water molecules and reduce the collision between the water
molecules and ions. Based on this mechanism, the OH edge
reduced the NaCl/water selectivity to the same level as the H
edge even though the OH edge was geometrically larger than
the H edge.

Na+ or Cl− Rejection Preference. In addition to the ion
permeance and NaCl/water selectivity behavior, an interesting
phenomenon caused by the edge functional groups was also
observed: the LP-G-OH and HP-G-OH membranes exhibited
higher Na+ rejection preference, while the LP-G-H and HP-G-
H membranes behaved in an opposite manner with higher Cl−

rejection preference (Figure 5a and Figure S3g,h). Such Na+/
Cl− selectivity, however, was not clearly observed under the
wide conditions (Figure S3i). Similar differences in ion
permeability between the cation and anion were also reported
in other works.24,39,40 Their differences, however, were not
their main concerns40 or were caused by the charged
membranes for ionization.24,39 In this study, however, the
membranes were only neutrally edge-functionalized, which
were different from ionized membranes. Therefore, the
mechanism behind this special ion selectivity was quite
intriguing.
The first possible reason for rejection preference could be

the edge charge distribution, which has been used for
explaining the ion selectivity of ionized membranes.24,39 The
OH and H edges, however, showed similar distribution in
which their edges were both positively charged (Figure
5d,e and Figure S1e,f). Those positively charged edges ought
to attract Cl− and repulse Na+ by electrostatic interaction, but
two opposite preferential rejections were observed from the
filtration results (Figure 5a). Thus, the ion transport behavior
under the influence of the edge functional groups inside the
membranes was compared to further unveil the underlying
mechanism.
Examining the ion vibration map inside the membranes

revealed that in addition to the lower vibration of both kinds of
ions inside the G-OH membranes than that inside the G-H
membranes (discussed in the previous section), Cl− overall
exhibited higher vibration than Na+ (Figure 4a, the reason for
this difference is discussed in the Supporting Information).
With higher ion vibration, it is hard for Cl− to enter the narrow
interlayer channels compared to Na+. This possibility was
reduced more inside the G-H membranes because of a higher

Figure 5. (a) Ratio of penetrant Na+/Cl− of the LP-G-OH, HP-G-OH, LP-G-H, and HP-G-H membranes. Illustration of the (b) LP and (c) HP
membrane configurations. Illustration of the (d) OH and (e) H edges. The original data is shown in Figure S1. (f) Illustration of the
pseudocharged model. Overall charge of the penetrant reservoirs of (g) LP-G-OH and (h) HP-G-H membrane pseudocharged filtration systems.
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collision between water molecules and ions caused by little
attraction and guidance of the H edge (Figure 4d). Therefore,
the LP-G-H and HP-G-H membranes showed the preferential
Cl− rejection.
Inside the LP-G-OH and HP-G-OH membranes, an

opposite preferential ion rejection was observed (Figure 5a).
The OH edge may reject ions with a different mechanism
other than the H edge does. As discussed in the previous
section, the ion vibrations were reduced by the ordered
transported water molecules, which was caused by the
interaction between water molecules and the OH edge. The
differences between the two ions’ vibrations may be negated
inside the G-OH membranes. Accordingly, the interaction
effect between the ions and the OH edge became more
significant inside the G-OH membranes. The electrostatic
repulsion acted by the positively charged H atoms of the OH
edge rejected Na+ and resulted in the preferential Na+ rejection
of the LP-G-OH and HP-G-OH membranes (Figure 5d).
Higher ion selectivity of LP-G-OH than that of the HP-G-OH
membrane further supported this hypothesis because the
interaction effect became more noteworthy with the closer
proximity between the edges of the nanosheets (Figure 5a).
Consequently, the LP-G-H and HP-G-H membranes showed
higher preferential Na+ rejection for the vibration-pulling
effect, while the LP-G-OH and HP-G-OH membranes showed
higher preferential Cl− rejection for the electrostatic
interaction effect.
One question would be raised at this point: will this ion

selectivity caused by the influence of edge functional groups be
maintained at an extended filtration time? Continuing the
preferential ion rejection, the charge would accumulate in the
penetrant reservoir and may then promote the permeability of
the counter ions. It might, in an overall manner, negate the
membrane preferential ion selectivity. To ascertain this
question, the ion filtration process of the HP-G-H (the most
significant preferential Na+ permeance) and the LP-G-OH (the
most significant preferential Cl− permeance) membranes with
initially charged penetrant reservoirs was simulated for further
study (Figure 5f).
By monitoring the overall charge of the penetrant reservoir

at an extended filtration time, the negative overall charge,
which was caused by the higher Cl− permeance of the LP-G-
OH membrane (Figure 5a), was still observed at the ends of
both pseudopositively and pseudonegatively precharged
models (Figure 5g). In the pseudonegative-charged system,
an initially negatively charged penetrant reservoir increased the
transport of Na+ across the LP-G-OH membrane due to the
electrostatic attraction. A progressive neutralization in the
penetrant reservoir could be clearly observed (red line in
Figure 5g). Once the penetrant reservoir charge approached
the neutral state (at ∼2.8 ns), the overall charge then hovered
to be slightly negative even at an extended simulation time of

3.5 ns. This pseudonegative precharge is a clear sustained effect
of the preferential Cl− permeance of the LP-G-OH membrane.
Conversely, an initially positive penetrant reservoir charge led
to an even more preferential Cl− permeance, allowing the
penetrant reservoir to reach the neutral charge condition. After
hovering around at the neutral charge condition for ∼1.0 ns,
the penetrant charge eventually became slightly negative at
∼3.0 ns. Thus, the penetrant reservoir was always negatively
charged regardless of the type of the initial penetrant reservoir
charge, corresponding to the ion permeance characteristic of
the LP-G-OH membrane as described in the neutral system
(Figure 5a).
The HP-G-H membrane, which had significant preferential

Na+ permeance, showed similar behavior to the LP-G-OH
membrane with a significantly positively charged penetrant
reservoir at around +5 to +8 e (Figure 5h). In fact, for the
pseudopositively precharged penetrant reservoir, the accel-
erated Cl− permeance due to the attraction by the penetrant
reservoir did not reduce the overall charge to neutral state
prior to reaching the pseudo-equilibrium. For the pseudone-
gatively precharged penetrant reservoir, its charge reached the
neutral state in a relatively faster manner (relative to the LP-G-
OH case) before becoming positive in charge. These
characteristics corresponded to the significantly higher
preferential Na+ permeance via the HP-G-H membrane.
Thus, the ion permeance selectivity was proven to be

sustained as shown by the pseudocharged systems. Faster
transported ion determined by the influence of edge functional
groups charges the penetrant reservoir (from the state of
Figure 6a,b) and exerts an electrostatic attraction on the feed
reservoir, which improves the counter ions’ permeance (Figure
6c). After subsequent neutralization, the electrostatic potential
exerted by the penetrant reservoir becomes too weak to offset
the ion transport differences (Figure 6d). Consequently, as the
edge functional groups of the GO membranes determine the
preferential ion rejection, this will lead to neutralization and
recharging in a repeated cycle in the penetrant reservoir
(Figure 6b−d).

■ CONCLUSIONS
In this work, the effects of COOH, OH, and H edge
functionalization on NaCl rejection were investigated through
MD simulation. Compared with the inter-edge gap, the
membrane interlayer channel is the dominant location that
reduces ion permeance. The effects of the three typical edge
functional groups on both water permeance21 and ion rejection
are summarized in Figure 7. For an LP or HP membrane that
has narrow interlayer channels, the COOH edge is
recommended to induce high ion rejection because of its
larger volumetric structure. If the GO membrane with high
water permeability and ion rejection must be prepared, the H
edge is recommended because it is smaller and it can reject ion

Figure 6. Illustration of the neutralization and recharging cycle of a preferential ion rejection membrane. Purple and red dots are reversely charged
ions of each other.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b19976
ACS Appl. Mater. Interfaces 2020, 12, 4769−4776

4774

https://pubs.acs.org/doi/10.1021/acsami.9b19976?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19976?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19976?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19976?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b19976?ref=pdf


through the interactional ion rejection effect. Furthermore,
because the overall NaCl/water selectivity of the LP-G-OH,
HP-G-OH, LP-G-H, and HP-G-H membranes are very similar,
the structure that has higher membrane porosity is also
recommended.
Another interesting phenomenon observed in this work was

the effect of the edge functional groups on preferential ion
rejection. This difference between Na+ and Cl− permeabilities
will lead to a repeated cycle of charging and neutralizing the
penetrant reservoir. Therefore, membrane charges up may be
strategic to improve membrane desalination performance. This
desalination work in simulation shows great potential of a
numerical method for the separation study of larger ions and
small organic ions, which may achieve high ion selectivity by
the 2D GO membranes for their special complex config-
urations and interactions.
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