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A B S T R A C T

Effect of electric or magnetic field on desalination efficiency was studied by molecular dynamics simulation. A
restricted double-walled carbon nanotube (CNT) was selected, then strong and weak external field regime were
applied on simulated system. Results of simulation showed that strong electric field increases water flow rate two
times than untreated system. Magnetization of water decreases water flow rate because of the increase in number
of hydrogen bond. In addition, it was observed that applying electric field or magnetization of water completely
rejects the ions. In fact, electric field moved back Na+ ions because of the force acting on the ion opposite to the
direction of reverse osmotic forces. Magnetization of water leads to a more stable hydration shell around the
Na+ ion that prevents passing through the carbon nanotube. In comparison with a single-walled CNT, con-
sidering a double-walled CNT enhances the experimental agreement of simulated water flow rate.

1. Introduction

Most of water supplies in the Earth are too salty for human con-
sumption or are restricted to the polar ice. Food industry and agri-
culture are two main water industrial consumers that cannot utilize
directly water from the salty seas water [1–2]. Therefore, water crisis is
a problem that compromises the future of human life in the Earth. By
growing the population, world societies warn about the shortage of

water supplies. Desalination of salty water by reverse osmosis (RO)
process introduces a way of increasing fresh water supplies.

However, desalination with RO process is still expensive for pro-
curement of fresh water; therefore, economic and efficient desalination
methods should be developed. Nanotube and nanopore have the po-
tential to revolutionize desalination because they remove salt without
any significant effect on the flow rate of water molecules [3–4].

In the field of computational study, many researches have an
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attempt to investigate the effective parameters on the desalination
process. Hummer et al. found that carbon nanotube (CNT) might con-
duct a chain of water molecules and protons [5], in good agreement
with experiment [6–8]. Especially, the successful fabrication of aligned
CNTs with membrane takes a solid step for practical application of
CNTs in desalination [7,9–10]. Corry [11] conducted a comparison
between differently sized carbon nanotubes. Corry reported that water
conduction and ion rejection directly related to CNT diameter. He also
reported that (6,6) CNT with diameter of 8.1 Å allows the water to pass
and prevents passing the ions completely. However, flow rate of water
was not appropriate for desalination process. Thus, Corry proposed a
wider CNT which was selective to the water molecules by functiona-
lizing the CNT entrance. This CNT increased water flow rate but could
not completely prevent passing the ions [12]. Chan et al. [13] applied
zwitterion functional groups to increase water flow rate. This functional
group enhanced flow rate and rejected essentially all ions. To sum up,
functionalization of CNT and controlling its entrance diameter are two
important parameters playing role in the desalination.

Other parameters that do not have effect on desalination are also
important because it help us to ignore them in the future study. Thomas
et al. [14] reported that there is not a correlation between the CNT
chirality and the internal fluid structure. Nicholls et al. [15] and Corry
[11] showed that under the constant applied pressure, an increase in
CNT length leads to a frictionless conductance inside the nanotube and
negligible effect on the resulting water flow rate. Goldsmith et al. [16]
demonstrated that the trend of water flow rate and ion rejection are
independent of charge of carbon atoms in CNT.

There are many parameters including radius of CNT, functionali-
zation of CNT, shape of CNT, etc. that could affect the rejection of ion
and flow rate of water molecules. In current study, effect of external
magnetic and electric field was investigated to find another parameter
which affects desalination. Although many studies have been in-
vestigated the effect of external field on ion exchange membrane, it is
not considered for desalination process.

Molecular dynamics (MD) simulations help us to study the me-
chanism of desalination at the molecular level which is still obscure. In
addition, the thermodynamics and dynamics of desalination under ex-
ternal magnetic and electric field at molecular level are also very dif-
ficult to be studied experimentally. Accordingly, this study tries to
understand the fundamental basis of external field effect on desalina-
tion process via a series of MD simulations.

Precisely, the main objective of this study is summarized as below:

• Investigating effect of applying external electric field on desalina-
tion (water flow rate and ion rejection)

• Studying the effect of magnetization on desalination efficiency

• Investigating for fast water conductor system

• Comparing the single-walled carbon nanotube (SWCNT) and
double-walled carbon nanotube (DWCNT) for RO desalination

2. Methods

A DWCNT (with internal diameter of 8.1 Å and external diameter
10.2 Å and length of ~20 Å, see Fig. 1) was selected using force field
parameters reported in ref. [17]. According to Corry [11–12] and
Hummer et al. [5], all carbon charges were taken to be neutral because
non-zero charges at the entrance of the CNT has a minor influence on
water transfer and ion rejection properties of CNTs [18]. In other
words, the major electrostatic barrier against passing the particle
through a CNT mainly originates from the ion–water electrostatic in-
teractions [19] (not water-carbon or ion-carbon electrostatic interac-
tion).

This study applied the method introduced in ref. [20] to consider
the reverse osmotic pressure. In fact, the CNT was confined between
two inert walls as a support to model a more realistic CNT membrane,
see ref. [20]. Supports are inert materials used to improve CNT

mechanical stability [21–22].
The desalination process was simulated at high pressure of 25 MPa.

In addition, a long time simulation (> 15 ns) was carried out at
2.4 MPa to compare the performance of CNTs for water desalination,
see Section 3.5. It should be mentioned that external pressure applied in
this study is approximately one order of magnitude greater than ap-
plicable values in the industry. Actually, in non-equilibrium MD si-
mulations, it is common to reduce thermal noise and upgrade signal/
noise ratio by this excessive pressure during a nanosecond timescale
[23–24]. Besides, simulation cost significantly decreases at high pres-
sure because of the faster water flow rate through CNT. At low pressure,
the conductance of water occurs due to slow mechanism of molecular
diffusion. In other words, simulation at low pressure is a time con-
suming process. Accordingly, it is reasonable to reduce simulation time
by a high-pressure simulation.

A thick simple point charge (SPC) water layer [25] of ~30 Å width
was placed on both sides of the membrane, Fig. 1b. At distances> 15
Å, a constant force was applied to water molecules from each side of the
membrane (zone I in the Fig. 1b). Effect of using polarizable water was
discussed in Supplementary data. The core shell model reported in ref.
[26] was used to simulate polarizable flexible water. Results of polar-
izable water did not show a meaningful difference with SPC water.

To apply reverse osmotic pressure, a constant force acts on the
molecules in control volume (zone I Fig. 1b). Because of this force,
membrane (zone III Fig. 1b) may move along the force direction. To
prevent translation of the membrane from its position, SHAKE algo-
rithm [27] by tolerance of 1 × 10−5 was applied to the inert wall and
all carbon atoms of CNT. The desalination process was simulated under
constant temperature, 298 K, and volume (NVT ensemble) using Nose-
Hoover thermostat [28]. Orthorhombic three-dimensional periodic
boundaries measuring 65 Å in the z-direction and x–y plane of
29 × 29 Å2 was considered for the simulation box (a detailed discus-
sion about simulation box is given in section S.3 of Supplementary
data). First, all systems were equilibrated for 1.5 ns under a constant
pressure of 1 atm and temperature of 298 K; after that, 4.0 ns simula-
tion with a time step of 2.0 fs was performed while the coordinates
were saved every 0.1 ps for the further analysis.

In present study, the salty water contained 51 g/L Na+ and Cl−

solvated in 1300 water molecules. A higher concentration salinity than
seawater (∼35 g/L) was selected to increase the ion-CNT interactions
and attain more accurate results for a given system size and simulation
time. The primitive intermolecular potential model was selected for
modelling the ions [17]. In fact, primitive intermolecular potential
model was derived by performing free energy perturbation simulations
in aqueous solution. The minimum energies for the ions were also ex-
amined by this model and found to be in reasonable agreement with
experiments [29]. Thus, this model was known as a reliable model for
ion-water solutions.

The long-range electrostatic interactions were considered as Ewald
summation method [30–31] with a 1 × 10−5 tolerance. The short-
range van der Waals force was calculated within a cutoff distance of
11 Å (see section S.2, Supplementary data).

The electric force was applied by:

=F q E E. , (E , E , E )x y z (1)

where, E is applied electric field vector (V·m−1) and q is the atomic
charge (C). In this study, we consider a strong and weak applied electric
field as 106 and 103 V·m−1, respectively. Elec1 and Elec2 abbreviations
demonstrate the strong and weak electric field. In current study, electric
field was applied opposite to the direction of reverse osmosis force.

The magnetic field was applied by:

= ×F q v H H v( ), (H , H , H ) and (v , v , v )x y z x y z (2)

where H is the applied magnetic field vector (T) and v is the velocity
vector (m·s−1). In this study, we consider a strong and weak applied
magnetic field as 10 and 1 T, respectively. Magn1 and Magn2
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