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 ABSTRACT 

Using molecular dynamics (MD) simulations, a porous graphene membrane 

was exposed to external electric fields to separate positive and negative ions

from salt-water and to produce fresh water. It was observed that, by increasing

the strength of the applied electric field, ion separation improved noticeably. In 

addition, to obtain fresh water, the designed system included two graphene

membranes, which are exposed to two external electric fields in opposite

directions. Ion rejection was found to be greater than 93% for the electric field of

10 mV/Å and higher. This atomic-level simulation increases the understanding 

of electric field effects on desalination using multilayer graphene membranes 

and can be helpful in designing more efficient membranes. 

 
 

1 Introduction 

The lack of sufficient available freshwater resources 

to meet the growing demand for clean water is currently 

one of the most worrying global threats. Hence, new 

techniques and processes should be devised to overcome 

the problem. Among various desalination technologies 

for fresh water production, one promising method is 

membrane desalination via reverse osmosis (RO). 

Since the desalination performance of RO membranes 

depends greatly on the structure, operation, and 

material of the membrane many studies have concen-

trated on the design of high-performance membranes 

for water purification. A survey of the relevant literature 

shows that different membranes—polyamide thin-film 

composite membranes, metal organic framework (MOF) 

membranes, such as zeolites [1, 2], covalent triazine 

framework (CTF) membranes [3, 4], and carbon-based 

membranes, such as carbon nanotubes (CNTs) [5–8] 

have been investigated thoroughly. When identifying 
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potential high-efficiency desalination membranes, both 

water permeability and salt rejection should be con-

sidered. Hu et al. showed that polyamide and zeolite 

membranes can reject salt ions to some extent, while 

their water permeability is low [1]. It was shown  

that membranes based on CNTs have high water 

permeability and high salt rejection [5–8], while 

Fornasiero et al. proved that the production of highly 

aligned and high-density CNT arrays is difficult to 

some extent [9]. Work conducted by Lin et al. on CTF 

membranes showed that these membranes possess a 

water permeability of 64.2 L/(cm2·day·MPa) [4], which 

is 2–3 orders of magnitude higher than that of current 

commercially available RO membranes [10]. However, 

they exhibit poor salt rejection properties.  

Functionalized graphene designed computationally 

by Cohen-Tanugi and Grossman is presented as a novel 

desalination membrane [11]. They reported that the 

functionalized nanoporous graphene membranes can 

provide water transport up to 66 L/(cm2·day·MPa), 

with salt rejection exceeding 99%. The water transport 

of this material is a thousand times faster than 

conventional reverse osmosis membranes [10], and 

the graphene membrane still has a high rate of ion 

rejection. Water permeation through sub-micrometer- 

thick membranes made from graphene oxide was also 

studied [12]. In addition, in a more recent experiment, 

it was shown that single-layer porous graphene can 

be used as a desalination membrane [13]. Surwade  

et al. showed that the designed membranes exhibit a 

salt rejection rate of ~ 100% and rapid water transport. 

Song et al. prepared a graphene oxide-silver (GO-Ag) 

nanocomposite with antibacterial activity. They found 

that GO-Ag nanocomposite is a good candidate for 

application in water disinfection [14]. 

Despite their high rate of ion rejection and high water 

permeability, the use of graphene membranes for water 

desalination has a few disadvantages. Firstly, ions with 

a size comparable to that of sodium and chloride ions 

(e.g. calcium, fluoride and iron) may also be removed 

in the process of removing salt ions. It should be 

remembered that these elements are essential to 

human health. Secondly, the fabrication of graphene 

membranes is a rather expensive procedure. Thirdly, 

desalination plants typically have a widespread negative 

impact on the surrounding eco-system and environment. 

For instance, most of the brine discharge diffuses 

back into the marine environment without any further 

treatment. This can cause considerable environmental 

destruction, not only in the long term but also in the 

near future [15, 16]. 

As an innovative solution to the first disadvantage, 

water transportation and water purification processes 

have been investigated under the application of electric 

fields. The use of electric fields to control nanofluid 

transport through nanostructures has been reported 

in literature. It was found that the water flux through 

the CNT could be controlled significantly by the 

application of electric fields [17–20]. Meng et al. also 

demonstrated that the electrostatic field generated by 

LiF molecules played a significant role in single wall 

carbon nanotube gating [21]. Li et al. used a rotating 

electromagnetic field to drive water flow through the 

nanotube [22]. Furthermore, the ion separation and 

water desalination under the influence of the electric 

field produced by a charged CNT surface has been 

investigated computationally [23].  

The effects of electric fields on the water flow rate 

through carbon nanostructures have been a subject  

of interest for experimental groups. The importance 

of the direction of the external electric field in con-

trolling the water flow through the nano-channel has 

been investigated [24–26]. However, to the author's 

best knowledge, the use of electric fields to improve 

the performance of the desalination process based on 

graphene membranes has not been reported in the 

literature to date. 

In this paper, we suggest a new mechanism based 

on the application of an external electric field on 

porous graphene membranes. This method not only 

increases fresh water production performance but 

also improves the salt rejection rate. Additionally, it is 

found that the passage of ions through the porous 

graphene can be controlled by the application of 

electric fields, thus providing a possible approach to 

overcoming the first mentioned disadvantage. For this 

purpose, the molecular dynamics (MD) simulation 

method is used to design a highly efficient nano-filter 

for separating and removing ions from salt-water. The 

results obtained in this study may shed some light  

on the unusual fundamental behavior arising at the 

molecular scale, which could be useful in designing 
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more efficient water purification processes. 

2 Experimental 

In order to study the influence of external electric 

fields on ion separation and water purification, com-

putational simulation parts were carried out in two 

main parts. In the first part, a nano-filter was designed 

computationally and salt water was pushed toward 

the filter to separate positive and negative ions under 

the application of an external electric field. The 

schematic view of the filter is shown in Fig. 1. In the 

second part, the results obtained in the first section 

were used to propose a mechanism for producing fresh 

water from salt water. 

The structure of the system designed in the first part 

is divided into three (Fig. 1). The first is a reservoir of 

salt water, box (I), and consisted of a graphene sheet, 

which acts as a piston and pushes the solution through 

the graphene membrane. The second division is a 

membrane consisting of two porous graphene sheets 

with pore radius of 4 Å and three layers separation 

distances of D = 8, 14, and 20 Å. Box (II) is the third 

division, and acts as a reservoir for filtered water. The 

concentration of the solution is 40 g/L of NaCl, which 

is approximately equal to the salinity of seawater. For 

this purpose, 30 Na+ ions, 30 Cl– ions and about 2,800 

water molecules were placed in the simulation box. 

In this study, all simulations are performed via the 

LAMMPS package [27] in NVT ensemble at T = 300 K 

by using the Nose–Hoover thermostat. To simulate 

the dynamics of water molecules, the TIP3P model 

was used and the interactions between carbon atoms, 

water molecules, and ions were calculated by employing 

Lennard–Jones potential. The Lennard–Jones related 

parameters considered in the Lorentz–Berthelot mixing 

rule are listed in Table 1 [28]. The long-range electrostatic 

interactions were computed with the Particle Mesh 

Ewald method. The equations of motion were integrated 

via a velocity Verlet method with the time-step of 1 fs, 

and periodic boundary conditions were imposed in 

all directions. 

As the aim of this study was to explore the effects 

of an applied external electric field on the performance 

of the filter, we applied four electric fields of varying 

intensity along the z-direction: E = 100, 10, 1 and   

0.1 mV/Å.  

In the first part, using the external electric field, the 

ion separation performance of the filter was discussed. 

In the second part of our investigations, in order to 

obtain fresh water, we designed a new structure 

Table 1 Lennard–Jones parameters used in the simulations 

q (e) ε (kcal/mol) σ (nm) Atom Type 

–0.834 0.1521 0.35364 O Water 

+0.417 0.0460 0.04490 H Water 

0.0 0.0700 0.39848 C Graphene

+1.000 

+2.000 

+2.000 

+1.000 

–1.000 

0.003 

0.006 

0.014 

0.003 

0.118 

0.333 

0.325 

2.11 

3.25 

0.442 

Na 

Ca 
Mg 

K 

Cl 

Ions 

 

 

Figure 1 The schematic view of the bilayer porous graphene membrane. The system consists of two reservoirs, boxs (I) and (II), 
which are separated by a bilayer porous membrane, a movable rigid piston that pushes the salt solution through the membrane and a
fixed graphene sheet. The Na+ and Cl– ions are shown as green and blue spheres, respectively. The red and white spheres represent 
oxygen and hydrogen atoms of water molecules, respectively. 
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consisting of two graphene membranes (the same as 

the above membrane). These membranes are located 

between three boxes, as shown in Fig. 2. The first 

membrane was exposed to a positive z-direction 

electric field, and a similar electric field, with negative 

z-direction, was applied to the second membrane. Since 

applying the electric fields to the two membranes in 

opposite directions seems difficult to achieve practically, 

we propose a new design, shown schematically in 

Fig. 3, which might be used in a practical approach. 

3 Results and discussion 

As the first step, we investigated the ion separation 

efficiency of the graphene membrane. For this purpose, 

MD simulations were conducted, in which NaCl 

solution is pushed toward the membrane with the 

aid of the rigid piston. In the equilibration phase, the 

piston velocity is kept at zero, and the collection of 

solution particles is not allowed to pass through the 

membrane during 1 ns. After the equilibration phase, 

5 ns simulations are performed with the piston velocity 

of V = 1 m/s. During the simulation, the piston pushes 

the solution toward the membrane, causing water 

molecules to pass through the membrane and enter 

the second box. As the diameter of the graphene pores 

is nearly equal to the diameter of hydrated ions, most 

of the positive/negative ions cannot pass through the 

membrane. Therefore, they are trapped in the first 

box and no ion separation occurs in the absence of  

an external electric field. It was hypothesized that 

applying an external electric field to the membrane 

could lead to the separation of the positive and the 

negative ions. To investigate the influence of an external 

electric field on the ion separation process and water 

flow through the membrane, four external electric fields 

of different intensities (E = 100, 10, 1 and 0.1 mV/Å) 

were applied along the z-direction.  

In the presence of an electric field, Na+ and Cl– ions 

sustain reverse directional forces along the z-direction. 

Therefore, the probability of passing Cl– ions through 

the membrane decreases, while the probability of 

passing Na+ ions through the membrane increases.  

To clarify this issue, we briefly describe the overall 

dynamics of the particles in the simulated system. 

Most of the hydrated ions in the box (I) cannot pass 

through the porous membrane, and a few of the ions 

that are dehydrated can pass through the pores of the 

graphene membrane. To dehydrate, water molecules 

must be detached from the ions, which generally 

requires energy about 6 eV [29]. Since this amount of 

energy rarely transfers to ions from the surrounding 

aqueous medium, most of the ions cannot pass 

through the porous membrane and remain in the box 

(I). Exposing the system to an external electric field 

applies a force on the positive ions, which pushes 

them toward the membrane. Hence, their kinetic 

energy is increased (for example, about 2 eV at E = 

100 mV/Å for D = 2 nm), which leads to an increase 

in the water-detaching rate from the ions that are 

close to the membrane pores. Therefore, the entrance 

probability of Na+ ions to box (II) increases. On the 

other hand, for Cl– ions, the applied electric field 

causes them to move away from the membrane, 

which decreases the entrance probability of Cl– ions 

through the membrane. Therefore, most of the Cl– ions 

 

Figure 2 The structure of two-graphene membrane system, which consists of three boxes that are separated by two membranes.
A positive electric field, E (I), is applied to the first membrane, and an equal electric field with negative direction, E (II), is applied to the 
second membrane. The rigid piston pushes the salt solution through the first membrane and then toward the second one. 
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Figure 3 The schematic view of our proposed practical model, 
which might be useful to design experimental setups of the simulated 
system. The red and blue spheres represent positive and negative 
ions, respectively. 

remained in box (I), which led to ion separation. To 

find the minimum value of an external electric field 

that causes the perfect ion separation, we approximated 

the free energy of the system, at the beginning and 

end of the simulations. We know that our system 

contained 2N positive and negative ions. Also, a 

membrane of thickness D was located between boxes 

(I) and (II). The free energy variation of the system at 

fixed temperature is given by Eq. (1) 

∆F = ∆U – T∆S              (1) 

where ∆U and ∆S are the variations of the system’s 

deterministic potential energy and entropy, respectively, 

due to the application of an external electric field.  

To obtain the ∆U, we calculate the potential energy 

variation of the system between the initial configuration 

in which all the ions are in box (I), and the final 

configuration in which the positive ions enter box (II), 

while the negative ions remain in box (I) (i.e. perfect 

ion separation). In this condition, the potential energy 

is enhanced by Eq. (2) 

∆U = NeED               (2) 

where e is the electron charge. On the other hand, the 

change in the entropy of the system between these 

two configurations is given by Eq. (3) 

∆S = NkB·ln(V2/V1)            (3) 

by assuming the ideal gas approximation for the ions 

(in which kB is Boltzmann constant, V2 and V1 are 

volume of boxs (I) and (II), respectively). For N = 30, 

D = 0.8 nm, T = 300 K, and (V2/V1) = 3.5, it is easy to 

show that for an irreversible process (∆F < 0), the 

electric field should be greater than 4 mV/Å. 

In Table 2 the results of ion separation values for 

different simulation cases are presented. It can be 

seen that increasing the strength of applied electric 

field improves the ion separation for both values of 

layer separation distances. For an electric field greater 

than 10 mV/Å, the ion separation is greater than 95%. 

This is in good agreement with our prediction from 

the naive estimate free energy variation of the system 

stated in the previous paragraph. 

In addition, the results indicate that the membrane 

with a larger layer separation distance (D = 20 Å) can 

separate ions more efficiently. The reason for this may 

be that the passed ions from the first graphene layer 

of the membrane with D = 20 Å have more time to  

be hydrated and to be exposed to the force from the 

applied electric field. In addition, the percentages  

of passed water molecules (PPWM) through the 

membranes with R = 4 Å and D = 8, 14 and 20 Å for 

different values of E are shown in Table 3. The results 

show that the PPWM through the membrane with the 

smaller layer separation distance (D = 8 Å) are higher 

than those amounts for the membrane with the larger 

layer distance (D = 20 Å). The smaller volume will be 

full of the water molecules sooner because the volume  

Table 2 Ion separation percentages for NaCl solution with 
graphene bilayer membrane 

R = 4 Å, 
V = 1 m/s

E =  
100 mV/Å

E =  
10 mV/Å 

E =  
1 mV/Å 

E =  
0.1 mV/Å

E = 0

D = 8 Å 100.0 95.0 56.7 51.7 48.3

D = 14 Å 100.0 96.1 58.2 51.6 49.4

D = 20 Å 100.0 96.7 60.0 51.7 50.0

Table 3 PPWM from graphene bilayer membrane 

R = 4 Å, 
V = 1 m/s

E =  
100 mV/Å

E =  
10 mV/Å 

E =  
1 mV/Å 

E =  
0.1 mV/Å

E = 0

D = 8 Å 71.2 71.0 71.0 71.6 71.7

D = 14 Å 68.9 68.7 67.5 66.2 66.0

D = 20 Å 66.2 66.4 67.1 63.0 63.0
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between the graphene layers depends linearly on D. 

Hence, more water molecules flow to box (II) for the 

system with smaller D. 

It can be concluded from Tables 2 and 3 that the 

application of strong electric fields separates ions 

almost completely and has no significant effect on the 

water flux through the membrane. In fact, the results 

show that nanoporous graphene membranes with  

D = 8 Å which are exposed to an electric field      

of 10 mV/Å can provide water transport of up to  

51.8 L/(cm2·day·MPa), with an ion separation percentage 

greater than 95%. Since the original seawater solution 

contains other elements besides Na+ and Cl–, such as 

calcium, potassium and magnesium ions, we studied 

the performance of the membrane for NaCl, KCl, 

CaCl2 and MgCl2 solutions. As expected, we obtained 

results which were similar to those achieved with 

NaCl solution. The nano filter separates the positive 

(Na, K, Mg and Ca) and negative ions (Cl–) from each 

other with high performance. The results are reported 

in Table 4. The panels of Fig. 4 show the simulation 

snapshot for all the system, (a), and for the system 

without water molecules, (b), after 5 ns simulation 

time. 

We reasoned that by repeating the ion separation 

process for the passed ions in box (II), fresh water 

could be obtained (i.e. the particles in box (II) were 

pushed toward another membrane which is exposed 

to the same electric field as the first membrane but in 

the opposite direction). For this purpose, in the second 

part of our investigation, we designed a system 

including two membranes, which was mentioned in 

the Experimental section and is schematically shown 

in Fig. 2. To consider this process, again, we examine 

the above four electric field values in our simulations 

with two membranes. It is observed that by pushing 

the piston and applying the electric field in the 

z-direction on the first membrane, the solution particles  

Table 4 Ion separation percentages for NaCl, KCl, CaCl2 and 
MgCl2 solutions and water flow percentages for NaCl solution 
with different electric direction 

R = 4 Å,  
V = 1 m/s 

E =  
100 mV/Å 

E =  
10 mV/Å 

E =  
1 mV/Å 

E =  
0.1 mV/Å

E = 0

D = 8 Å 98.3 95.0 52.7 50.8 51.3

PPWM  72.8 73.42 73.0 73.6 73.7

 

Figure 4 The snapshots of the overall simulation process for 
NaCl, KCl, CaCl2 and MgCl2 solutions, after 5 ns: (a) all the 
system and (b) the system without water molecules. Na, Ca, Cl, 
K and Mg ions are shown by green, brown, pink, blue and black 
circles, respectively. 

move toward the membrane. During the simulation, 

it is found that the probability of passing Na+ ions 

through the first membrane is more than the probability 

of passing Cl¯ ions. Hence, most of the negative ions 

remain in the box (I), while most of the positive ions 

could enter the box (II). Afterwards, particles in box 

(II) encounter the second membrane exposed to the 

same strength of electric field but in the opposite 

direction. In this situation, the passage probability of 

Na+ ions across the second membrane is negligible. 

Therefore, at the beginning, the first box contained 

NaCl solution. When the piston moved along the 

z-direction, most of the Cl¯ ions were trapped in the 

first box, while most of Na+ ions remained in box (II), 

and fresh water was finally obtained in box (III).    

The results of these simulations are shown in 

Tables 5 to 7. These tables show that by increasing the 

external electric fields the ion rejection value improves, 

confirming our expectations. The results indicate that 

the ion rejection is greater than 93% for an applied 

electric field of E = 10 mV/Å and higher values, which 

is a great achievement. Figure 3 is a schematic depiction 

of the case when the ion separation and ion rejection 

are not 100% (for example for the case that E = 10 mV/Å 

in Table 5). Therefore, some of the positive ions may 

be seen in the right part of this figure. 
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Table 5 Ion rejection and water flow percentages for NaCl 
solution with different electric direction 

R = 4 Å,  
V = 1 m/s 

E =  
100 mV/Å 

E =  
10 mV/Å

E =  
1 mV/Å 

E =  
0.1 mV/Å

E = 0

D = 8 Å 100 93.5 68.3 67.8 73.3

PPWM  50.7 50.4 50.4 51.2 50.4

Table 6 Ion rejection and water flow percentages for NaCl 
solution with different electric direction 

R = 4 Å,  
V = 1 m/s 

E =  
100 mV/Å 

E =  
10 mV/Å 

E =  
1 mV/Å 

E =  
0.1 mV/Å

E = 0

D = 14 Å 100 98.7 81.6 71.7 85.0

PPWM 47.8 46.9 46.2 44.8 45.3

Table 7 Ion rejection and water flow percentages for NaCl 
solution with different electric direction 

R = 4 Å,  
V = 1 m/s 

E =  
100 mV/Å 

E =  
10 mV/Å 

E =  
1 mV/Å 

E =  
0.1 mV/Å

E = 0

D = 20 Å 100 100 85 73.3 86.3

PPWM 45.0 44.1 43.8 39.7 39.7

4 Conclusions 

In this study, a system consisting of bilayer porous 

graphene membrane was designed for ion separation. 

Our MD simulations show how an external electric 

field may assist in the ion-separation process. To 

investigate the effects of applied electric field on the 

system operation, four electric fields of different 

intensities were applied to the membrane. The results 

indicate that by increasing the strength of applied 

electric field, the ion separation improves significantly. 

Moreover, according to the obtained results of the first 

part, we designed a filter composed of two membranes, 

by applying opposite electric fields in two stages, Na+ 

and Cl– ions are completely removed, and fresh water 

is produced. It was found that the ion rejection is more 

than 93% for E = 10 mV/Å and higher values of E. 
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