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Abstract
Understanding the mechanism of water and particle transport through thin-film membranes is essential to improve the water
permeability and the salt rejection rate of the purification progress. In this research, mimicking from the structure and operation of
the aquaporin channel, graphene-based nano-channels were designed to be used as a water filter. The effects of variation of the
channel’s main elements, such as the width of the bottleneck and charges attached to the channel on its efficiency, were
investigated via molecular dynamics simulations. We observe that the water flow through the channel decreases by increasing
the charge, while the ion rejection rate of the channel is enhanced. Moreover, we find that the geometry and shape of the
bottleneck part of the channel can affect the channel water flow and its selectivity. Finally, the pressure and the flow velocity
in the channel were considered by using finite element models, and the results indicate that they are high at the entrance of the
channel. The outcomes of this study can be used to improve the molecular knowledge of water desalination, which might be
helpful in designing more efficient membranes.
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Introduction

According to the lack of fresh water resources, there is a
crucial need for improvement of low-cost technologies for
water distillation enabling access to safe drinking water
for people especially in the developing countries. As a
practical approach, water-filtering processes can be used
to overcome this challenge, and since most of the biolog-
ical cells have the ability of water filtering, water desali-
nation could be performed with the aid of nano-filters
designed to mimic the biological filters of cells, such as

aquaporins. Aquaporins are integral membrane proteins
that form channels in the biological cell membrane,
through which water can flow rapidly into and out the
cell, without the passage of any ions [1, 2]. Hence,
mimicking their structure and function could be very
helpful in designing high-performance micro- or nano-fil-
ters. So far, their structural dynamics and the mechanism
of water molecule transport have been investigated in sev-
eral studies [3–6]. It was reported that the hourglass shape
of the aquaporin channels facilitates fast water transport
through the cell membrane with no leakage of ions.
Furthermore, it was found that the aquaporins act as a
two-stage filter. The first stage of the filter is located in
the central part of the channel (NPA); and the second one
is placed on the external cellular face of the channel (ar/
R) [3, 7]. Moreover, the electric field created by the spe-
cial arrangement of amino acids within the NPA region is
supposed to be a main factor in proton rejection and water
permittivity through aquaporin [3, 6, 7]. The structure of
these kinds of channels is shown schematically in panels
of Fig. 1.

Inspired by the operation and function of the protein
channels, such as aquaporins and ion channels, artificial
nano-scale filters can be proposed to use in various
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applications of nano-technology. For this purpose, carbon
nano-structures are usually used to design nano-scale de-
vices, such as nano-motors [8], nano-pumps [9–11], and
nano-filters [12, 13]. On the other hand, designing and
modifying thin-film membranes made from carbon mate-
rials, which can be employed in reverse osmosis (RO)
pressure-driven processes, have been the subject of recent
computational and experimental studies [14–20]. Recent
investigations have indicated that the physical and chem-
ical properties of nano-membranes are important factors
that affect the passage of water molecules through the
channels [21, 22]. For example, Cohen-Tanugi et al. [18]
have shown that water flow through the graphene mem-
brane can be controlled significantly by the variation of
the hydrophilic or hydrophobic behavior of the porous
graphene. In other studies, the consequences of the chan-
nel structural parameters on the water flow through a
graphene membrane have been studied theoretically and
by computer simulations [19, 23, 24].

Strong confinement of water molecules in structures
such as carbon nano-tubes (CNTs) substantially modifies
the structural, thermodynamic, and dynamic properties by
changing the structure of the hydrogen bond network. In
this regard, Chakraborty et al. provided an overview of the
behavior of confined water inside CNTs and between
graphene and graphene oxide (GO) sheets, computational-
ly [25]. Their results demonstrate that water molecules
confined in short and narrow CNTs with open ends exhibit
Fickian diffusion because of their collective motion.
Furthermore, they showed that the potential of mean force
for the oxidized part of GO sheets in the presence of water
exhibits two local minima, corresponding to a dry cavity
and the fully hydrated cavity. Recently, Giri et al. investi-
gated the effects of oxidation degree and interlayer spacing
on the filtration efficiency and water structure in graphene
oxide (GO) via the application of molecular dynamics

(MD) simulations. They showed that the water permeation
increased by increasing interlayer separation (the best
amount was 0.8 nm) and decreased with increasing oxida-
tion degree (the best value was 10% or lower) [26]. In the
other computational study based on the MD simulation
method, they examined the dependence of the structure
and dynamics of confined water on the diameter and length
of the capped carbon nano-tubes (CCNTs) [27]. Their re-
sults indicated that the water density reduced along the
capped side of the CNTs, and the average density of
hydrogen bonds decreases with increasing length of the
CCNT and decreasing diameter.

Using molecular dynamics simulations, it was shown that
the electrical charges of the nano-pore edge can be used to
increase the salt rejection rate of the membrane [3].
Experimentally, the water permeability variation was mea-
sured by considering the effects of graphene sheet alignment
and membrane hydrophobicity [28, 29]. In the other investi-
gation, a water nano-pump driven by a vibrating charge was
examined by using MD simulations [30]. The simulation re-
sults indicated that the CNT radial deformation plays a key
role in pumping water molecules through the CNT and
showed that the water flux increased linearly by increasing
the CNT deformation up to a critical value, and above that
decreases sharply.

In our work, a graphene-based nano-channel is designed
for water purification, which is inspired by the structure of
aquaporins. The effects of different channel structural param-
eters on its operation have been considered by employing MD
simulations. The results indicate that the transport of water
molecules and salt ions is seriously influenced by changing
the parameters underlying the model, such as the charges at-
tached to the channel, and that the channel operation can be
optimized with respect to these parameters. The results of this
study could be helpful for designing high-efficiency mem-
branes used in water treatment procedures.
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Fig. 1 The schematically view of
main facial appearance of
aquaporin channel. a The
structure of AQP0 channel–based
2b6o-pdb code. b The hourglass
shape of aquaporin channel
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Molecular models and simulation details

Our computational approach is an atomistic one, embodying a
geometry that captures the major physical details, such as
channel position and width and the location and amount of
charges. While chemical realizations of a channel may look
different in detail, we intend to introduce a model that de-
scribes the relevant parameters of the system and a represen-
tation that is as reduced and transparent as possible. Our sim-
ulation strategy is motivated by pressure-induced flow mea-
surements on aquaporin [31] and micrometer-sized channels
in graphene [13, 32]. We note that the length scales that we
inspect are considerably smaller than those studied in ref. 13
and that they have a crucial impact on capacity and selectivity,
as will be demonstrated below.

The computational setup was made of a graphene-based
nano-channel of 10 Å height and a length of 30 Å, which
consists of two graphene sheets aligned in parallel in the z-
direction. To create a bottleneck within the channel, as in-
spired by the aquaporin hourglass shape, an additional small
graphene layer of dimensions of 10 × 25 Å2 was located in the
channel, as it is shown in Fig. 2. Ten immobile cations and
anions were attached to the channel around the bottleneck
area. According to the location of the attached charges and
the bottleneck, three different structures were designed
(models 1–3), which are schematically shown in the panels
of Fig. 2. In addition, two water reservoirs were placed on
both sides of the channel (box I and box II). The geometry
lengths are shown in Fig. 2. For each geometrical arrange-
ment, the magnitude of the charges is varied.

In all of the simulations, the box I was initially full of a
solution (water molecules, Na+ and Cl− ions) with a salinity of
35 g/l and a density of 1 kg/l. Then, the solution was pushed
toward the nano-channel by applying a pressure of 0.2 atm
with the aid of a rigid piston made of an additional graphene
sheet. To carry out the simulations the LAMMPS package
[33] in the NVT ensemble was used, in which the Nosé-
Hoover thermostat was employed to maintain the temperature
at T = 300 K. The velocity-Verlet method was utilized to inte-
grate the equations of motion of the particles in the system,
and periodic boundary conditions were imposed in the simu-
lations. The intermolecular interactions between carbon atoms
in the graphene sheet were calculated with the adaptive inter-
molecular reactive empirical bond-order (AIREBO) potential
[34], and the transferable intermolecular potential 4-point
(TIP4P) model [35] was used to compute the water molecule
interactions. The Lennard-Jones (LJ) potential was considered
to describe the non-bonding interactions between water
molecules-carbon atoms and water molecules-attached
charges. The Lorentz-Berthelot mixing rule was employed
for cross-interactions, and the related parameters are listed in
Table S-1 [36] of supplementary materials. In all simulations,
carbon atoms and the attached charges were fixed. Moreover,

electrostatic interactions were computed by the application of
the particle-particle particle-mesh (PPPM) method. A cutoff
radius of 12 Å was used to calculate the Van der Waals and
Coulombic interactions.

In all simulations, following the equilibration, several sim-
ulations of the period of 2 ns were performed, to examine the
influence of some channel structural parameters, such as the
locations and the amount of the attached charges, on the nano-
channel performance. In all cases, the simulation time turned
out to be sufficient to observe a stationary flow of water mol-
ecules and salt ions through the channel.
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Fig. 2 The structure of the designed system components for threemodels,
in which the attached positive and negative charges are highlighted
respectively as green and pink spheres. a Side view of the channel in
model 1. b Side view of the channel in model 2. c Side view of the
channel in model 3. Unit of the presented lengths is angstrom
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While the atomistic molecular dynamics simulations are
well suited to address the question of water and ion migration,
we also wished to have a look at the hydrodynamic properties
of the fluid within the channel. Here, we have considered a
numerical, finite element solution of the Navier-Stokes equa-
tions appropriate to compute important parameters such as the
flow velocity, the pressure profile, and the surface stress,
which may affect the mechanical integrity of the nano-chan-
nel. These computations have been performed with the help of
the COMSOL-Multiphysics software version 5.3.1 [37].

Results and discussion

We now turn to the numerical results of the impact of the
different structural parameters of the graphene-based nano-
channel on water and ion transport. We study three different
models; all are variants of the geometry displayed in Fig. 2.
They comprise a combined element of a bottleneck and
charges, which is located within the channel. For the first
model, this structural element is placed in the middle of the
channel, but is moved toward its entry for the second model.

Box (I)Box (II)

P

Nano 
channel

Rigid piston(a)

(b)

Fig. 3 The structure of the designed system for model 1: a 3-D view and b 2-D side view of the simulated system after 200 ps

Table 1 The average percent of
rejected ions and water flow
through the channel for model 1

Ion rejection (%) for a NaCl solution for the first structure (model 1)

q = q′ = 0.0 q = − q′ = − 0.5e q = − q′ = − 1e q = − q′ = − 2e

Ion rejection percent 48.2 59.5 71.4 80.9

Water flow (dm3/s cm2) 0.409 0.406 0.405 0.399
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Model 3 differs from model 2 by the arrangement of the
charges: they are located on one side of the bottleneck for
the further, while half of them are moved toward the opposite
wall of the channel for the latter.

To obtain a better understanding of the nano-channel oper-
ation, a typical simulation procedure of water filtering by our
designed channel is described in the following. Figure 3
shows the snapshot of the overall simulation process follow-
ing equilibration after 200 ps for model 1. The solution in box
I is pushed along the z-direction of the simulation box, toward
the channel via the application of the piston. The water can
now flow through the channel, while most of the salt ions
cannot pass through the bottleneck of the channel, since the
ion hydration radius is usually larger than the narrowest part of
the channel (the hydration radii of Na+ and Cl− are about 3.6
and 3.3 Å, respectively [38]). Therefore, only dehydrated ions
can pass the channel, and as the reservoir generally cannot
deliver the required dehydration energy, most of the ions re-
main in box I.

In addition, the attached positive and negative charges which
are located inside the channel usually prevent the passage of Na+

and Cl− ions. The charges generate an electric field inside the
channel, which in turn induces a potential barrier for the salt ions.
Hence, increasing the amount of charge attached to the channel
with a suitable arrangement causes salt ions to enter box II with a
smaller probability. However, in the majority of simulations, the
water flow through the channel is also reduced upon the intro-
duction of charges, so we have to define relative measures of ion
re jec t ion and wate r f low. They are def ined as

(number of ions−number of passed ions
number of ions � 100 ) and (linear slope of the

number of passed water molecules through the channel as a
function of the simulation time), respectively. In Tables 1, 2,
and 3, the corresponding numerical values are reported for the
three models employed here.

From these data, it is evident that increasing the amounts of
attached charges at the channel entry increases the ion rejection,
while it decreases the water flow rate for models 1 and 2. For

model 3, on the other hand, both values are increased by in-
creasing the charge. This behavior might be due to the arrange-
ment of the attached charged in the channel, which induces
different potential barriers for the ions entering the channel.
These potential barriers could lead to decrease the number of
ions passing the membrane. Considering this point, the poten-
tial energy profiles derived from electrostatic interactions be-
tween the salt ions and attached charges (q = 1e) were calculat-
ed along the z-direction of the channel for the three models
studied. To compute the potential energy profiles, a test charged
was moved through the channel in vacuum. The results are
shown in Fig. 4, and as it can be seen, the potential barriers
for the entrance of ions into the channel are higher for models 2
and 3 than they are for model 1. Furthermore, the potential
barrier of model 2 is considerably broader than this value of
model 3 counterpart. This may reduce the probability of ion
passage through the channel for model 2, which is in accord
with the data of Tables 1 and 2. Hence, we conclude form these
results that the channel with the configuration of model 2 con-
stitutes the most suitable design of the three introduced here,
since it has the highest tendency toward ion exclusion for a
given charge of q = 1e attached to the channel.

In addition, since the water molecules constitute micro-
scopic dipoles, they are influenced by the electric field gener-
ated from the charges attached to the channel walls. In fact, the
electric field line pattern could affect the water molecule ori-
entations and their motion inside the channel, and so, water
flow rate through the channel could be influenced by the
charge arrangements in different cases (the related schematic
figures for model 2 are presented in panels of Fig. S-1, in
supplementary materials). To show this, the water molecule
orientations were calculated by computing the angles between
the water dipoles and the z-direction of the channel. The av-
erages of water molecule orientations, when they passed
through the channel, are shown in Fig. 5, for three different
values of attached charges to the channel of case 2. As can be
seen, the orientations of water molecules changed (tend to

Table 2 The average percent of
rejected ions and water flow
through the channel for model 2

Ion rejection (%) for a NaCl solution for the second structure (model 2)

q = q′ = 0.0 q = − q′ = − 0.5e q = − q′ = − 0.75e q = − q′ = − 1e

Ion rejection percent 78.6 90.5 92.8 95.2

Water flow (dm3/s cm2) 0.277 0.276 0.274 0.265

Table 3 The average percent of
rejected ions and water flow
through the channel for model (3)

Ion rejection (%) for a NaCl solution for the third structure (model 3)

q = q′ = 0.0 q = − q′ = − 0.5e q = − q′ = − 0.75e q = − q′ = − 1e

Ion rejection percent 78.6 85.7 90.5 92.9

Water flow (dm3/s cm2) 0.263 0.262 0.268 0.276
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align along the electric field created by the charges attached to
the channel walls) during the passage through the narrow part
of the channel, mainly for the large amount of the attached
charge. In some of previous studies, it was reported that water
molecule orientations influenced during the passage through
the nano-channels [26] and when electric fields applied on the
channels [20]. Therefore, both the water flow through the
channel and the ion rejection rate depend on the charge ar-
rangement in the channel.

Our findings and interpretations are in agreement with
those obtained for the biological system that inspired us [3,
6, 7]. They indicated that in the aquaporin channels, proton
rejection and water permeation are enabled by the electric
field generated by the partial charges of NPA region and the
macro-dipoles of the B and E helices of the protein; these
elements are highlighted in Fig. 1.

On the other hand, we find that the channel performance is
related to the width of the bottleneck, i.e., the part of the
channel that contains the small graphene sheet, and that it
can be regulated by moving this sheet along the y-direction.

We observe that the water flow is reduced by decreasing the
width of the bottleneck, while simultaneously rejecting more
ions (the related data are listed in Tables S-2 and S-3, in sup-
plementary materials). Thus, both the water permeability and
the selectivity of the channel can be tuned, but not indepen-
dently. To make it more clearer, it is worth mentioning that the
permeability of the natural aquaporin was observed to be
about 108–109 water/s/channel with perfect rejection of ions
and protons [39, 40], while these parameters for our designed
channels are in the range of 1012 water/s/channel and 85–93%,
respectively. Furthermore, it was reported in several studies
that water transport within subnanometric CNTs with the di-
ameter in the range of 1 nm embedded into lipid environments
exceeds that of biological AQP water transporters up to an
order of magnitude [41, 42].

We finally turn to the results obtained by the finite ele-
ment model of the channel. As referenced above, the
Comsol software package was used to describe the nano-
channel in order to understand the flow and the mechanical
parameters of the water purification process. For this
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purpose, we have used structures as similar as possible to
the atomistic models. They are devoid of the atomistic
roughness of the channel, but share the parameters depicted
in Fig. 2b. We have studied laminar flow with boundary
conditions appropriate to this regime; the systems were
modeled in the steady state. The volumetric velocity field
arrows and pressure inside the system for model 2 are
shown in the first panel of Fig. 6, and five planes of velocity
profile are presented in the second panel. It can be observed
that the applied pressure and the flow velocity in the en-
trance of the channel are very high, which could supply the
required dehydration energy of salt ions in this area.

Therefore, the mechanism of ion dehydration by thermal
energy (which related to the kinetic energy of particles)
deserves further attention. To clarify this issue, we briefly
describe the overall dynamics of the ions in the simulated
system. Most of the hydrated ions in the box I cannot pass
through the channel because at first, they must be
dehydrated to passed the narrow part of the channel and

in addition, they should be able to overcome the potential
energy barrier that is created by the repulsive interaction
between the ions and attached charges to the channel (it is
shown in Fig. 4). As can be seen, the potential energy
barrier for entering a Na+ ion into the narrow part of the
channel for case 2 is in the range of 12 kBT≈0. 3 eVand the
required energy for NaCl ions dehydration is about 4 eV
[43]. As it was mentioned above, the flow velocity in the
entrance of the channel is very high (Fig. 5), which leads to
increase the temperature of this area and therefore when
ions close to the channel entrance area, the probability of
transferring the ions entering required energy to the chan-
nel (dehydrated and overcome the potential energy barrier)
from the surrounding aqueous medium is increased. This
phenomenon may reduce the selectivity of the filter, i.e., by
increasing the applied pressure on the salt solution in box I,
the channel selectivity will be decreased, as the probability
of ion dehydration is increased. A similar result was ob-
tained in our previous study [12].

Fig. 6 a The volumetric velocity
field arrows and pressure inside
the system. b Five planes of
velocity profile inside the system
for case 1, in the steady-state
condition
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Conclusions

Inspired by the function and structure of the aquaporin water
channel, we have designedmodels of graphene nano-channels
that mimic the protein. The main element of our model is a
bottleneck supplemented by ionic charges. The influence of
the geometry and charge on the function and operation of
graphene-based nano-channels was studied by atomistic mo-
lecular dynamics simulations.

We have found that, as far as the attached charge was con-
cerned, the water flow through the channel was reduced by
enhancing the amount of the charge, while the selectivity (ion
rejection) was increased. This behavior can be rationalized by
considering the potential barrier energy in the channel and
electric field line pattern. In addition, we find that the water
flow and the ion rejection percentage depend on the channel
width. Finite element models indicate that the pressure and the
flow velocity at the mouth of the channel are high and that
they may have an impact on the selectivity of the nano-device.
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