
Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

Study of the effect of osmotic pressure on the water permeability of carbon-
based two-dimensional materials

Linghao Songa, Chengjie Yaoa, Xiyuan Jina, Jiachen Shena, Chenyu Shia, Yuxuan Xiea,
Qingsong Tub,⁎

aMinhang High School, Shanghai 200240, China
bDepartment of Civil and Environmental Engineering, University of California, Berkeley, CA 94720, USA

A R T I C L E I N F O

Keywords:
Carbon nanotube
Graphene
Osmotic pressure
Molecular dynamics
Desalination

A B S T R A C T

Two-dimensional materials such as graphene and carbon nanotube have promising applications in the pre-
paration of permeable membranes and the field of environmental protection due to their unique structures and
components. This paper conducts a study on graphene and nanotubes in salt solution using molecular dynamics
computational method, and ascertains the quantitative relations between the ionic concentration, water flux and
reverse osmosis pressure by setting up theoretical porous models of the two materials. This fundamental research
provides much guidance in the determination of critical parameters like pressure and water flux in the actual
application of membranes.

1. Introduction

Water is becoming a scarce resource and this issue of water shortage
has evolved into one that concerns the state economy, sustainable de-
velopment and prolonged societal stability. To combat the above
mentioned natural constraints, humans have turned to water purifica-
tion techniques, the most popular of which are filtration and chlor-
ination. Over the past two decades of water filtration research, a great
deal of effort has been directed to the study of carbon nanotube (CNT)
and graphene sheets as well as their potential applications in filtration
devices [1,2]. This great interest by the scientific community on CNT
and graphene sheets is due to their remarkable mechanical strength and
stability [3–5], their flexibility [6] as well as their customizable per-
meability [7]. Besides the above mentioned superior properties, CNT
and graphene membranes are also reported to be relatively easy and
cost effective to manufacture, making them suitable for commercial
upscaling [3,7]. Such properties render them a top material candidate
for membrane applications, a means of water filtration which though
effective and fast, is still energy expensive and with much room for
improvement in its sieving capabilities. In this report, we focus on the
method of filtration and in particular, the membrane which is at the
core of water purification via filtration.

In the following study, we direct our attention to the balance be-
tween applied external pressure and osmotic pressure due to the con-
centration of sodium chloride (NaCl) ions in the saline solution.
Filtration is possible due to the permeation of water molecules through

the filtering membrane. Permeation refers to a process in which a sol-
vent (water in this case) enters a solution through a semi permeable
membrane or a dilute solution naturally infiltrates into a solution with a
higher ion concentration. As long as an appropriate external pressure is
exerted to the side with the dilute solution, the process of permeation
can be stopped. This pressure should be equivalent to the osmotic
pressure of the solution. That is to say, when the pressure exerted to the
saline solution is higher than the osmotic pressure, fresh water can be
acquired using a semi permeable membrane. This process which op-
poses the naturally occurring phenomenon is called reverse osmosis
(RO). There are two necessary requirements for reverse osmosis pro-
cess. The first is that there must be a semi permeable membrane which
has high selectivity and permeability (usually water permeability)
while the other is that the operating pressure must be higher than the
osmotic pressure of the solution. RO is developing rapidly and gradu-
ally gaining more and more market share in the desalination industry
[8]. In the field of reverse osmosis, graphene membranes and carbon
nanotube (CNT) have become research topics of great interest to the
scientific community since Iijima published the paper on carbon na-
notubes [9]. Graphene is a two-dimensional crystal stripping from
graphite materials. It consists of an atom-thick layer of carbon atoms
and is the thinnest, strongest and most conductive nanomaterial ever
found; carbon nanotube, or Bucky tube, is a one-dimensional quantum
material with a special structure (its radial dimension is nanometer
scale while the axial dimension is micrometer scale). Due to the special
structure and characteristic, carbon nanotube and graphene have
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potential application values in biological molecular separation devices
[10], molecular sensors [11], molecular storage and the packaging of
targeted delivery medium [12,13] as well as serving as the channel for
fast transport of fluids [14–16]. Because of the nanoscale properties of
graphene and carbon nanotube, researchers have been experimenting
with their applications as a membrane in the process of reverse osmosis.
Through creating apertures with an appropriate size, one can poten-
tially build a membrane/CNT which allows water to diffuse through
while blocking NaCl ions. Compared against traditional RO method,
carbon nanotube has great advantages. Firstly, its tiny aperture enables
it to act as a “Molecule Filter”——getting smaller particles across while
blocking larger ones. Moreover, when considering the permeability of
CNT to small water molecules, it should be noted that the unique
electrical and hydrophobic properties of the CNT will allow water
molecules to pass through its apertures at an extremely high speed in an
orderly and linear way, resolving one of the limitations facing RO
technology. Despite its benefits, experimentalists in this field have yet
to successfully apply CNT membranes to water purification in a sa-
tisfactory manner. The filtration effect of today’s state of the art CNT
filtration membranes are far from ideal due to the great difficulty re-
searchers face in fabricating high-quality CNT membrane with good
structural integrity and high density [16,17].

With that in mind, this study carries out a related research on
membrane permeation based on the material characteristics of gra-
phene membranes and CNT and studies those using molecular dynamics
simulation techniques. Using an appropriate pore diameter which al-
lows diffusion of water molecules while blocking NaCl ions, the study
aims to investigate the relationship between the applied external
pressure, diffusion rate of water molecules and the concentration of
NaCl ions in the saline solution. We hope that this research will provide
a theoretical basis for the application of graphene membranes and CNT
in sea water desalination.

2. Physical model and simulation method

2.1. Modelling of carbon nanotube and graphene

In this study, a chirality of (40,40), 2 nm-long carbon nanotube with
diameter 5.4 nm was established using visual molecular dynamics
(VMD) molecular simulation software [18]. As is shown in Fig. 1, four
holes are created in the middle of the nanotube. Different diameters
were used for each hole in order to study the relationship between pore
sizes, net osmotic pressure as well as water flux. The minimum diameter
was defined to be the smallest possible size that allows water molecules
(about 0.36 nm in length, which is around the size of one water

molecule) to pass through the pore while the maximum diameter is
defined to be slightly smaller than the dimension required for sodium
and chloride ions to permeate through. Based on related research [19],
0.4 nm was set to be the pore diameter against which the subsequent
studies will be compared. Upon building the carbon nanotube model, it
was dissolved in sodium chloride (NaCl) solution with a NaCl con-
centration of 0.8M to simulate seawater (salinity ∼3.5%), with a box
size of × ×7 nm 7 nm 6 nm. Two other sets of NaCl concentrations
(0.5M, 1.1M) were modelled for comparison and solvated in the same
simulation box. In order to simplify the real-life model, an equivalent
model was built in this study where ions inside of the nanotube were
removed and pressure difference was generated using ions initially re-
siding outside of the nanotube.

Carbon nanotube can also be regarded as curled graphene. To study
the geometrically induced differences between them, a graphene model
with the same parameters as the carbon nanotube was built for com-
parison. Using VMD, a two-layer graphene model with a separation of
4 nm was established. The dimension of each layer is 10 nm×10 nm
and a pore with the same diameter as that in the nanotube was created
in the center of both layers, as depicted in Fig. 2. The graphene model
was also dissolved in NaCl solution with box size

× ×10 nm 10 nm 8 nm. Ions on the inner surface were removed and
ions on the outer layer used to establish the osmotic pressure difference.

Fig. 1. Models of the carbon nanotube (a) top view of the CNT, (b) side view of the CNT, (c) top view of CNT immersed in NaCl+water solution (the grey colored
atoms are carbon; red and white dots are water molecules; green and blue atoms are chloride and sodium). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Model of the graphene membrane (a) perspective view of the graphene
membranes and its pore in the middle, (b) side view of the graphene membrane
immersed in NaCl+water solution (the tan colored atoms are carbon; red and
white dots are water molecules; green and blue atoms are chloride and sodium).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Six control groups are set in the simulation with three different ionic
concentrations and two different materials acting as the variate, as
shown in Table 1. The energy balance of the experimental environment
is controlled in the calculation process, and the carbon nanotubes are
fixed to prevent the modelled results from being influenced by the
deformation of the structure under external pressure. Then the tem-
perature and pressure are controlled and the change of flow rate of the
water molecules under osmotic pressures calculated.

2.2. Simulation method

Gromacs [20] software was used to conduct the molecular dynamics
simulations. Gromacs is a general software package for molecular dy-
namics that models Newton's equations of motion for systems with
hundreds to millions of particles. It is especially suitable for biological
molecules, such as protein, lipids, which contains many complicated
bond configurations. Besides its advantage in calculating bonded sys-
tems, Gromacs is also very effective in calculating non-bonding inter-
actions, thus it can be used to calculate interactions in abiotic systems
such as hydrated environments.

To avoid the boundary effect, periodic boundary conditions were
imposed on the system. The force field used for the simulations is the
‘optimized potential for liquid simulations’ (OPLS) force field [21].
OPLS is mainly used in liquid systems and is usually collocated with
TIP3P water models [22]. Their parameters are optimized to fit ex-
perimental properties of liquids, such as density and heat of vaporiza-
tion, in addition to fitting gas-phase torsional profiles [21]. The func-
tional equation is:
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where the first term describes bond stretching, second term describes
angle bending, the third term describes torsional forces, the fourth term
describes improper interactions between quadruplets of atoms, the fifth
term is the 12-6 Lennard Jones (LJ) potential and the last term in the
equation is the columbic interaction potential. The corresponding
parameters for each element used in OPLS force field are listed in
Table 2.

The influences of individual variables on the results are studied
using the optimized pore size mentioned above (0.4 nm) that maximizes
the inward diffusion of water molecules while minimizing the inward
diffusion of NaCl ions. The difference in the concentration of NaCl leads
to the difference between internal (inside the graphene layers/carbon
nanotube) and external osmotic pressure. In the first part of the study,
the osmotic pressure optimized for diffusion of water molecules into the
respective membrane/nanotube was determined. As osmotic pressure is
related to concentration of NaCl ions, it was determined through the
investigation of optimal NaCl concentration in the solution.

The calculation is carried out first in NPT (isothermal-isobaric)
environment for 1 ns to reach equilibrium. The root of mean square
displacement (RMSD) of Graphene/CNT is measured and monitored
during equilibrating process (NPT stage) to ensure the system reaches

equilibrium. The temperature set to be 300 K and the pressure set at
1 bar; then an NVT calculation was conducted for data collection. The
short-range Van der Waals cut-off radius is set to be 1.0 nm. This Van
der Waals force dictates the interaction between graphene and CNT,
specifically, the C atoms in graphene/CNT and the O and H atoms in-
teract with each other through the LJ force. The PME method [23] was
used to process the electrostatic field. The initial velocity is selected
from the Boltzmann random distribution, simulation step size is 2 fs,
temperature is controlled by the Langevin dynamic method [24] and
the Shake algorithm [25] is adopted to immobilize the hydrogen bond.
We output the trajectory every 500 steps. The first 150,000 steps during
NVT stage, namely 300 ps, is treated as equilibrating period for NVT
ensemble, whose data is not collected Only data from the last 1000,000
steps (2 ns) are collected and used when processing data analysis so as
to reduce the calculation error of the initial phase.

3. Results and discussion

3.1. The radial distribution of water molecules in CNT and graphene

Water molecules in CNT and graphene usually reorder their posi-
tions to arrive at a specific density distribution and their macroscopic
properties are usually affected by this microscopic distribution. With
that in mind, we first study the radial density distribution of water in
CNT and graphene of different structures. In order to make the density
values more representative, we calculate the average density of poly-
porous structure with different diameter in CNT. In Fig. 3a it is ob-
served that the distributions of water molecules in polyporous CNT with
different pore diameters are almost the same. The distribution curve is
centered on the axis of the nanotube and exhibits two highly symme-
trical local peaks, illustrating the heterogeneous distribution of water
molecules around the axis. Such a distribution is in agreement with that
calculated by other researchers working in this field [26]. A similar
phenomenon is also found in graphene, which is shown in Fig. 3b.

Two symmetrical peaks indicate that carbon atoms in CNT and
graphene have a great influence on the microscopic arrangement of
water molecules. We find that the symmetrical peaks are the equili-
brium positions of the Van der Waal’s force between carbon atoms and
water molecules, which indicates that in the interaction between na-
nomaterials and water environment, Van der Waal’s forces play a
dominant role. It is also observed in Fig. 3 that besides the maximum
peak of water density located in the van der Waals radius, there are
second and third peaks that are further away from the central position.
In those increasingly peripheral positions, the amplitude of the density
peak gradually decreases till it is eventually equal to the normal water
density value of 1 g cm−3. Three successive peaks indicate that the
water molecules show an apparent nanometer property near the na-
nomaterials with a stratified structure, and the closer it is to the surface
of the material, the greater the density of the water molecules. Such

Table 1
Parameters used in the model.

Material Concentration (M) # of C atoms # of H2O Ion Pairs

CNT (40, 40) 0.5 4000 9150 47
0.8 9070 80
1.1 8965 102

GRA 10 nm2 0.5 3936 (on each sheet) 25,200 120
0.8 24,941 194
1.1 24,652 261

Table 2
Important atomic parameters for each element.

C O H +Na −Cl

Mass (u) 12 16 1 23 35.5
ε (kJ/mol) 0.23 0.65 0.07 6.69 0.49

σ (A˚) 3.4 3.17 2.81 1.9 4.42
q 0 −0.42 0.21 1 −1
kb 600 620 330 ZERO
b0 1.34 1.23 1.11
kθ 40 80 34
θ0 120 118 123
kϕ 0.2 0.4 2.5

δ 180 180 180
kw 90 45 3
w0 0 0 0
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nanoscale effects, however, gradually disappears when water molecules
are far enough from the nanomaterial, showing a conventional behavior
of macroscopic aqueous solution.

3.2. Water flux through CNT

Water flux through the CNT in solutions of different NaCl con-
centrations is shown in Fig. 4 and the means through which it is cal-
culated is via tagging of water molecules before the calculation run and
observing their position (inside or outside the CNT/membrane) after
the run. Volume of water is then calculated assuming a water density of
1 g/cm3. With the increase of computation time, the variation in water
flux shows a trend: when the concentration of NaCl is relatively large,
such as 1.1M, water molecules from the saline solution surrounding the

CNT will not flow into the CNT, to the contrary, a few water molecules
flow out from within the CNT. This is due to the fact that when ion
concentration is too large, its osmotic pressure is greater than applied
external pressure (1 bar in this case), resulting in an outward overall
pressure, therefore water flux shows a positive value. When ion con-
centration becomes small enough, its osmotic pressure is smaller than
the external pressure, leading to an inward overall pressure, and an
inward flux of water molecules into the CNT. As the concentration of
ions decrease, the inflow will constantly increase till it reaches a
maximum possible inward flux when the NaCl concentration in the
saline solution is set to be 0.0M.

From the previous study, it is shown that there exists a critical ra-
dius above which water molecules would be able to pass through the
holes on the CNT wall. Another conclusion was reached in this article
with regards to the critical NaCl concentration that would be required
to produce an osmotic pressure that balances the external pressure,
allowing water molecules to have an inward flux through the pores on
the CNT wall. On the condition that the pore diameters on the CNT
walls are all the same, the rate of water molecules flowing through the
holes with an inward flux will increase with the decrease in ion con-
centration of the saline solution surrounding the CNT. In order to study
the osmotic pressure, we derive the equation from thermodynamic
principles starting from the equation for chemical potential:
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where μ is the chemical potential, P is the pressure and xs is the mole
fraction of solvent (NaCl ions in desalination) and =dμ 0 at equili-
brium.

From the 2nd law of thermodynamics, we have:

= − +dE T dS P dV μ dn (2)

where application of the Legendre transform = − +G E TS PV would
give us:

= − + +dG S dT V dP μ dn (3)

Since T is constant: T= 300 K, we then have:

Fig. 3. Density distribution of water molecules: (a) in CNT model; and (b) Graphene model.

Fig. 4. Comparison of water flux in different NaCl concentrations outside of the
CNT. Measurements for water volume is relative to the surroundings outside of
the CNT.
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Differentiating the Gibbs-Duhem equation with respect to xs, we
have:
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Substituting Eqs. (4) and (5) into 1 and taking into account the
equilibrium condition, we have:

=
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Integrating the equation from P0 to P0 +Π for pressure and 0 to xs
for mole fraction of solvent, we then get the osmotic pressure:

= − −RT
V
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Using the approximation − ≈x xln(1 )s s, Eq. (7) then becomes
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Taking into account presence of multiple solvents and rewriting it in
terms of Avogadro’s constant and mass, we finally have the relation
between concentration of saline solution and osmotic pressure as fol-
lows:
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where C is a constant equal to 0.1544; Na is Avogadro’s number; T is
temperature (K); Ms is molar mass of the solute; Ni is the number of ions
in the solution; Π is osmotic pressure in this solution environment. We
can make a quantitative conclusion from the computation: The saline
solution has to have a NaCl concentration smaller than or equal to
0.6 M in order for the applied external pressure of 1 bar to be greater
than or equal to the osmotic pressure resulting from the saline solution.

3.3. Water flux through graphene

The movement of water molecules in solvated graphene is similar to
that in CNT, as is shown in Fig. 5.

Comparing the results of Figs. 4 and 5, we can conclude that similar
to the movement of water molecules in CNT, when the NaCl con-
centration in the saline surroundings is too large, the osmotic pressure

is too high to balance the applied external pressure, resulting in an
outward movement of water molecules from within the membrane
driven by osmotic pressure. In contrast, when the solution concentra-
tion is low enough, water molecules will be driven inwards into the
membrane by the external pressure similarly attaining the maximum
inward flux at an NaCl concentration of 0.0M.

It is observed that, the movement of water molecules in graphene is
slightly different from that in nanotubes. Under the same conditions,
the water flux into the graphene membrane is larger than that in na-
notubes, which indicates that the impedance on water molecules im-
posed by graphene sheets is less than that by nanotubes. However, in
the case of graphene membranes, there is no linear relation between
decreasing NaCl concentration and increasing inward water flux into
the membrane. We observe for instance that the outward flux of water
at 0.8 M was higher than the outward flux of water from the membrane
at 1.1M. This phenomenon may be due to the pore obstruction that
results from an exceedingly high concentration of NaCl. NaCl particles
which are bigger than the pore dimensions may potentially block the
pores in the membrane when their concentration is too high. The same
phenomenon is not reflected in CNT however due to the cylindrical
shape of the CNT. Its curved surface may effectively prohibit any NaCl
ion obstruction as its surface is more likely to be tangential to the path
of a NaCl ion. A flat surface in the case of graphene membranes would
have a higher chance of facing pore obstruction by NaCl as there is a
higher chance that any NaCl ion would move in a direction normal (or
close to normal) to the surface where the pore is situated, thereby
getting stuck and blocking the pore. More in-depth study on the above
phenomenon will be conducted in subsequent research.

4. Conclusions

With the help of molecular dynamics simulations, simulated re-
search on the diffusion of water molecules through nanomaterials such
as carbon nanotube and graphene membranes were conducted. The
effects of NaCl concentration in the saline solution surrounding the
CNT/graphene membranes on the direction of water flux was also
discussed where the critical NaCl concentration of 0.6M and below
would allow an applied external pressure of 1 bar to reverse the water
flux from out of the CNT to inwards into the CNT. From the simulations,
it is also apparent that a difference in structure has an impact on the
transport of water molecules through the 2D material. Graphene
membranes for instant shows a higher water flux through its pores
compared to a CNT with a similar pore size.

Finally, we observe that the effect of NaCl concentration variation is
different for CNT and graphene membrane. From Figs. 4 and 5, we see
that the critical NaCl concentration required for the reverse in flux
direction is greater for CNT than for the graphene membrane. This in-
formation regarding the salinity of the solution around the CNT/gra-
phene membrane will be extremely helpful in the selection of a parti-
cular 2D material configuration in practical experiments.
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