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ABSTRACT

Reverse osmosis (RO) desalination of 35,000 ppm seawater consisting of sodium and chlorine
ions with water was simulated using molecular dynamics. In this study, RO simulations were
performed at different pressures using carbon nanotube (CNT) membranes having varying
pore diameters (8–14 Å). Results showed that a CNT membrane allowed high water fluxes
because of the presence of a low energy barrier for water–carbon interactions, with continuous
and ordered water chains observed inside the CNTs. The investigations into the ion rejection
capability of CNT membranes revealed that (6, 6) CNTs could provide high rejection rates
(>95%). The rejection of ions was mainly due to the presence of a high energy barrier caused
by removing the hydrating water molecules necessary for ions to pass through the narrow
CNT pore. The desalination performance of (6, 6) CNT membranes and conventional poly-
meric membranes was then compared. It was found that CNT membranes have a higher nor-
malized flux and comparable ion rejection, indicating their feasibility for effective seawater
desalination. Overall, this study demonstrated the usefulness of molecular dynamics in inves-
tigating membrane processes and its potential role in improving desalination performance.
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1. Introduction

Seawater desalination has been highly regarded as
one solution to the growing problem of water stress.
Among technologies now being used to purify
seawater, reverse osmosis (RO) is a popular choice
because of its high efficiency and lesser energy con-
sumption and cost compared to thermal techniques
[1]. However, despite continuous research and devel-
opment, seawater reverse osmosis (SWRO) processes

using current polyamide membranes still have limita-
tions in terms of both water production and resistance
to fouling.

Because of the increasing availability of computers
having a high computational power, new types of
SWRO membranes based on graphite and nanomateri-
als, which can improve desalination, are being studied
using molecular dynamics simulations. For example,
RO through boron nitride nanotubes and carbon
nanotubes (CNTs) was simulated, and the perfor-
mance of both nanotubes exceeded that of a polymeric
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membrane made of polymethyl methacrylate (PMMA)
[2]. Corry [3] also investigated the transport of water
and ions through CNTs and found that CNTs would
be efficient for desalination. In another study, the
desalination potential of carbon and silicon-carbide
(SiC) nanotubes was compared using molecular
dynamics [4].

To the best of the knowledge of the authors, other
than Refs. [2–4], there have been few studies pub-
lished to date that specifically investigate the RO of a
salt solution through CNTs using molecular dynamics.
In this study, molecular dynamics simulations of RO
through model CNT membranes were performed in
order to validate the desalination capability of CNT
membranes and also to supplement existing studies.
The desalination performance of CNT membranes
having various diameters was simulated and com-
pared to that of a conventional polymeric membrane
used in lab- and pilot-scale experiments. Ultimately, it
is hoped that this preliminary study would encourage
more investigations that would lead to the prompt
and actual use of CNTs as future desalination
membranes.

2. Simulation details

Molecular dynamics is a step-by-step computa-
tional technique that uses the concept of Newton’s
second law of motion to observe the physical move-
ment of atoms of a system and then predict properties
for the system [5]. Molecular dynamics is an interdis-
ciplinary research field that can calculate various
properties by combining theories from mathematics,
chemistry, physics, and computer science so as to shed
light on more practical sciences, including material
science, biology, environmental science, nanotechnol-
ogy, and membrane science [6].

In this study, all molecular dynamics simulations
were performed using LAMMPS [7]. The initial
arrangement of the simulated system is shown in
Fig. 1. The system consisted of a CNT membrane
(graphene sheets and CNT), two water chambers
(pure water (PW) and seawater (SW) chambers), and
two graphene sheets that were used to control the
hydrostatic pressure. Five armchair-type CNTs of dif-
ferent diameters (8–14 Å) were used: (6, 6), (7, 7), (8,
8), (9, 9), and (10, 10). Parameters used for the
uncharged sp2-hybridized carbon atoms, which were
used to build the CNT and graphene sheets, were
obtained from those employed in a previous study [8].
Water was modeled using the TIP3P model [9], while
parameters for sodium and chloride ions were
obtained from Joung and Cheatham [10]. The NaCl

concentration of the SW chamber was approximately
35,000 ppm, similar to the concentration of typical
seawater. Pairwise interactions were then calculated
based on the standard 12/6 Lennard-Jones potential
with an additional Coulombic term. Lorentz-Berthelot
mixing rules [11,12] were used to calculate the
interactions of non-identical atom pairs; calculations
were performed using the standard velocity-Verlet
integrator.

For all simulations, a 2 fs time step was used and
the temperature was maintained at 298.15 K. During
the 600 ps equilibration, the SW and PW chambers
were separately equilibrated and not allowed to mix,
i.e. plugs were present to block the openings of the
CNT pores. During the production runs, the mem-
brane plugs were removed and pressure was applied
to the particles of the SW chamber to push them
against the CNT membrane. The effect of pressure
was investigated using six different values for RO
pressure: 5,000, 7,500, 10,000, 12,500, 25,000, and
37,500 bar. Ultra-high pressures (i.e. very high com-
pared to normal RO pressures) were used in this
study in order to more easily observe the permeation
events, given the limited time scale of the molecular
dynamics simulations.

3. Results and discussion

3.1. Water transport in CNT membrane

Water flow profiles were obtained from the molec-
ular dynamics simulations. In Fig. 2(a), as the CNT
diameter was increased, the total water that perme-
ated the CNT membrane also increased as more “wa-
ter chains” were accommodated by larger pores
(Fig. 2(c)). This increase was attributed to the lower
energy barrier to water flow for bigger CNTs, as
observed during RO simulations through (5, 5) to (8,
8) CNTs [3]. The effect of pressure on water flow
through (6, 6) CNTs was also investigated; Fig. 2(b)
shows that a higher pressure resulted in the transfer
of more water molecules to the PW chamber within a
shorter time.

From the slope of the water profiles, the water flux
was obtained and plotted against the pressure and
pore radius. In Fig. 3(a), it can be seen that the simu-
lated water flux varied linearly with pressure, similar
to the results of previous studies [2,3,13,14], and as
predicted from the Hagen–Poiseuille (HP) equation
(Eq. (1)). However, the molecular dynamics fluxes
were exceptionally high compared to those predicted
by the HP equation, which is rooted in the concept of
classical fluid mechanics.
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Fig. 1. Components of the system used in this study, shown as (a) a schematic diagram and (b) a snapshot of the system
at t = 0 ps (rendered using visual molecular dynamics (VMD) software).

Fig. 2. Water flow profiles through (a) CNT membranes of varying diameters (pressure: 7,500 bar), (b) through a (6, 6)
CNT membrane at varying operating pressures, and (c) simulation snapshot of water permeating the CNT pore (rendered
using VMD software).
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Jw ¼ LpDP ¼ r2p

8g Lz
Ak

� �DP (1)

In this study, the simulated membrane consisted of a
single straight pore represented by the carbon nan-
otube, which has a defined effective radius rp and
length Lz. In Eq. (1), Jw is the water flux, Lp is the
water permeability coefficient, ΔP is the hydrostatic
pressure difference, η is the viscosity of water, and Ak

is the membrane porosity. One of the assumptions of
the HP equation is that there is a no-slip condition at
the walls of a straight cylindrical tube when a real
fluid flows through it [15]. However, it was found that
the velocity inside the wall of the CNT pore was not
zero because of the presence of weak interactions
between carbon and water [14]; thus, this no-slip con-
dition does not hold in the case of water flowing
through a narrow CNT membrane. Moreover, high
water flux through CNT could also be explained by
the smoothness (almost frictionless) of the CNT inte-
rior surface and by the narrowness of the pore diame-
ter [13,14,16]. These observations indicate that water
flow through CNT is not governed by classical laws of
fluid mechanics, but a separate area known as
“nanofluidics” [17]. This is also supported by the
non-linear relation observed between the flux and the

square of the pore radius (Fig. 3(b)), which is similar
to a previous study [18] and which contradicts the
prediction of Eq. (1).

Through molecular dynamics simulations, it was
shown that CNTs have the potential to be used as
desalination membranes because they allow a high
water flux even though CNTs are hydrophobic in nat-
ure. In fact, this hydrophobicity even contributes to
the high speed of water transport through CNTs
[13,17]. In a previous study, the potential of the mean
force (PMF) profile along the water passage showed
that the energy barrier at the pore entrance was
5.273 kBT, whereas inside the CNT it was 0.47 kBT [2].
This indicates that as long as the water molecules can
overcome the barrier at the entrance, they will have
no problem passing through the CNT pore. The fast
transport of water through CNTs can be attributed to
several factors (e.g. presence of low energy barrier,
smoothness of CNT walls, etc.), and to the fact that
the CNT membrane system is a nanofluidic system
that is not governed by laws of fluid mechanics, par-
ticularly by the Hagen–Poiseuille relation.

3.2. Ion transport in CNT membrane

The salt rejection capability of a CNT membrane
was investigated by counting the number of ions that
passed through the CNT pore during the simulation.
Fig. 4 shows the effect of CNT size and applied pres-
sure on ion rejection; rejection decreases when either
the diameter of the CNT pore or the hydrostatic pres-
sure is increased. The effective radii of all model
CNTs were bigger than the VdW radii of sodium ions
(1.02 Å) and chloride ions (1.81 Å) [19], indicating that
rejection by the CNT membrane was not directly
related to size exclusion. Salt ions were rejected
because of the steric hindrance and a large energy bar-
rier at the entrance of the CNT pore [2]. In other
words, there will be an energy cost when they are
brought close to each other because of the overlapping
of electron clouds in the confined space. Hence, in the
case of water flowing inside narrow CNT pores, these
steric effects are important. However, steric effects, in
this case, are not as important as the effect of energy
barriers, as explained below.

As the pore radius was increased, the water struc-
ture inside the nanotube began to influence ion rejec-
tion. As seen in Fig. 2(c), in a (6, 6) CNT, water
molecules traverse inside the nanotubes in single file,
whereas for bigger armchair nanotubes water mole-
cules are arranged in two or more water chains. This
fact affects ion rejection because of the way the ions
are hydrated inside the CNTs. When salt dissociates

Fig. 3. Theoretical and simulated water flux as a function
of (a) pressure and (b) CNT pore size.
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in water, the ions become hydrated and water mole-
cules surround them and become “attached” to them.
However, because the CNT pores were narrow, ions
passing through the channel were forced to separate
from the water molecules that hydrate them. This sep-
aration requires a large amount of energy in order to
be accomplished; this is also known as the cost of
dehydration [20]. Hence, it was observed that RO per-
formed at higher pressures reduced the ion rejection
rate because there was a larger force applied on the
ions to overcome the energy barrier due to dehydra-
tion. Moreover, in the case of comparing the rejection
of different CNT sizes, it was seen that larger CNTs
have lower rejection capabilities because they can
allow ions to pass through with many of the hydrat-
ing water molecules still attached to them, resulting in
a lower energy barrier. For sodium ions, the typical
hydration number was found to be 3–4 [21], while it
was around 6 for chloride ions [22]. Fig. 5 shows that
a sodium and chloride ion entering a (6, 6) CNT was
hydrated by only two or three water molecules,
whereas inside (7, 7) to (10, 10) CNTs, two or more
spiral water chains were present, which subsequently
allows ions to be hydrated closer to the hydration con-
formation in a bulk solution.

3.3. Desalination potential: CNT membrane vs. polymeric
RO membrane

To demonstrate the feasibility of using CNTs as a
promising membrane material for desalination, it must
first be compared with a standard polymeric RO
membrane that is used for SWRO membrane desalina-
tion. Lab experiments were conducted using a
cross-flow membrane filtration test unit (SEPA CF,
Osmonics, Inc., USA) at a constant temperature of
25˚C. An RE8040-SHN400 RO membrane (Woongjin
Chemical Co., Ltd, Korea) having an effective mem-
brane area of 140 cm2 was used for all lab experi-
ments. Seawater solution, consisting of NaCl crystals
dissolved in deionized water, had a concentration of
35,000 ppm. RO was performed by subjecting the
seawater solution to a constant pressure of 55 bar. For
the pilot-plant experiments, a seawater solution of
35,000 ppm concentration was used. Using a FILMTEC
SW30-4040 membrane (Dow Chemical Company,
USA), RO experiments were conducted at 25˚C using
two RO modules having a total effective area of
14.8 m2. The permeate flow rate and concentration
data for both lab and pilot SWRO experiments were
subsequently recorded.

The desalination capabilities of the conventional
polymeric membranes and CNT membranes are com-
pared in Fig. 6. To compare the water production
capacity of the two membranes, the study obtained
the normalized flux values from both simulations and
experiments. In this study, the normalized flux instead
of the standard water flux was selected as the basis of
the comparison for water production capacity, as the
RO experiments and CNT simulations were performed
under different pressures. It was found that the CNT
membrane could enable a water flux that is 3–4 orders
of magnitude higher than the flux allowed by conven-
tional polymeric RO membranes.

Ion rejection of polymeric membranes during lab
and pilot experiments were high, with averages of
99.82 and 98.20%, respectively. Among the model
CNT membranes, only the (6, 6) membranes were able
to achieve salt rejection comparable to polymeric
membranes. In the best case, the ion rejection of the
(6, 6) CNT membranes subjected to applied pressures
of 5,000 and 7,500 bar was 100%. Rejection for the (6,
6) membrane during RO simulation at applied pres-
sures of 10,000 and 12,500 bar was also quite high, at
95 and 87.5%, respectively. Even though the simula-
tions were conducted at very high pressures, however,
it follows that decreasing the pressure down to typical
RO operating pressures would maintain the ability of
(6, 6) CNT membranes to reject 100% of the ions.

Fig. 4. Ion rejection as a consequence of (a) CNT diameter
and (b) applied pressure.
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The difference between the ability to desalinate
effectively is dictated by the mechanism of water and
ion transport inside the polyamide and CNT mem-
branes. It could be recalled that water, in contrast to
ions, can easily pass through the CNT membrane
because there is a lower energy barrier to water flow
compared to ion conductance. Of the two models for

membrane transport during RO, transport through the
CNT is closer to the pore flow model because the
CNT membrane can be considered a porous mem-
brane having small nanopores [23]. On the other hand,
in a conventional polymeric RO membrane, the trans-
port mechanism depends on the solubility; the mode
of transport in a polyamide RO membrane is dictated

Fig. 5. Snapshots of ion permeation during different simulations used to visualize the typical coordination numbers of
sodium (purple) and chlorine (green) ions with hydrating water molecules (red/white) inside the CNT pore: (a) (6, 6)
CNT, 25000 bar, (b) (7, 7) CNT 7500 bar, (c) (8, 8) CNT, 7500 bar, (d) (9, 9) CNT, 7500 bar, and (e) (10, 10) CNT, 7500 bar.

Fig. 6. Comparison of ion rejection, normalized flux, and price per effective membrane area of (6, 6) CNT membrane and
conventional polymeric membranes.
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by the solution–diffusion model [24]. A previous ato-
mistic simulation of an FT-30 RO membrane showed
that the transport of water and ion through a polya-
mide membrane was affected by the difference in the
mobilities of water and ions through the membrane
[25]. Because the modes of transport through the CNT
and polymeric membranes are different, further
molecular dynamics investigations into the solution–
diffusion model governing polymeric RO membranes
should be made in order to compare the two mem-
branes in terms of energy barrier and to provide more
comprehensive information about the transport mech-
anisms in the two membranes.

4. Conclusion

Using molecular dynamics, a preliminary investi-
gation into the potential for using CNT membranes
for SWRO desalination was performed. It was found
that a CNT membrane can allow a water flux that is
3–4 orders of magnitude higher than the flux allowed
in a typical polymeric RO membrane, which is notably
higher than that predicted by Hagen–Poiseuille equa-
tion. Flow through CNTs is not entirely covered by
classical fluid mechanics because these theories only
consider water as a bulk substance and do not take
into account molecular interactions and the narrow-
ness of the channel. The high ion rejection ability of
the simulated (6, 6) CNT membrane, which was
between 95 and 100%, was also comparable to a stan-
dard polymeric membrane. Importantly, it should be
noted that even though the present study is still in
preliminary stages of investigation, it was able to
show the usefulness of molecular dynamics in study-
ing membrane processes and even fouling phenomena
for novel membranes.
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