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Abstract 
   Graphene oxide nanosheet (GONS) can be a suitable membrane for gas separation with high permeability 

and selectivity. Separation of N2/CO2 using functionalized GONS was investigated by molecular dynamics 

simulations. The simulated systems were comprised of two types of GONS with a pore in their center, N2 and 

CO2 molecules. The selectivity and permeability of these molecules can be controlled by drilling various 

pores with different sizes and functionalized factors in the edge of pores of GONS. Modification of pores 

using attaching functional groups to the carbon atoms at the edge of pores leads to very different outcomes.  

Using hydroxyl group at the edge of GONS pore (pore 1) leads to a substantial increase in the selectivity for 

N2 over CO2 and using fluoride atoms at the edge of GONS pore (pore 2) actually inverts the selectivity. 

When the pore size further increases, selective separation of molecules does not happen and both molecules 

propagate through the pores. Due to the interactions between molecules and membrane pores, the energy 

barrier for gas molecules in two pores was different, so that, the low energy barrier was in the pore 1 for N2 

and in the pore 2 for CO2 molecules. If the energy barrier difference between two types of molecules is high, 

complete separation occurs. The present research is valuable for designing the novel GONS membranes for 

gas separation. 
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1. INTRODUCTION 

Nanostructure membranes are one of the 

important structures used for gas separation 

process. Membranes for separation were 

expanded over the past decade for scientific 

and industrial applications due to its 

advantages including, its low energy 

consumption, being environmentally 

friendly and lack of pollution [1,2]. 

Membrane separation technology plays a 

significant role in many industrial processes 

such as gas separations and water treatment 

[3-5]. The good membrane for separation 

must have efficient selectivity and 

permeability, stable structure and  

controllable pore size [6]. In the 

membranes, selectivity and permeability are 

two factors which are difficult to improve 

simultaneously [7,8]; membranes with high 

permeability have low selectivity and vice 

versa [9]. The polymeric materials were the 

popular membranes for different objectives 

[10], but they often show poor tolerance to 

organic solvents, high temperatures, strong 

acidic/alkaline reagents and oxidants [11]. 

Accordingly, the design and study of new 
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nanostructured membranes with high 

performance has become an important issue 

in gas separation field. In the scientific

literatures, it was showed that the 

nanostructured membranes have better 

performance than the polymeric membranes 

[12-14]. 

The design of new nanostructured 

membranes via pores in their center is an 

important issue in gas separation field. 

Computational studies have confirmed that 

the pore size in two-dimensional membranes 

can influence in their selectivity and 

permeability [15]. A good separating 

membrane should have controllable pore 

size, stable structure and effective 

permeability. Graphene oxide nanosheet 

(GONS) is one of these thin membranes. 

Although graphene is one of the toxic 

materials, its chemical modification leads to 

a nontoxic two-dimensional nanomaterial 

named GONS. GONS is a chemically 

modified graphene with oxygen-containing 

functional groups on the graphene basal 

plane [16]. The two-dimensional structure 

and physicochemical properties of GONS 

offer an exciting opportunity to make a 

fundamentally new class of sieving 

membranes by stacking GO nanosheets. 

GONSs have been considered promising 

membrane materials, because they are only 

one carbon atom thick and, thus, may form 

separation membranes that minimize 

transport resistance and maximize flux. In 

recent years, GONS has become one of the 

most studied nanomaterials [17-19] and 

generated interest for energy-related 

applications [20]. Recent studies showed that 

separation of gas mixtures using GONS-

based membranes represents remarkable po-

tential of GONS in this field [21-23]. 

Pristine GONS is not permeable to gas 

molecules, thus for gas separation through it, 

drilling pore is required. The pores in GONS 

can be drilled by chemical etching or 

electron beam punching methods, and then, 

pores functionalized by passivating each 

carbon atoms at the edges of pore by means 

of chemical functional groups. 

   N2/CO2 separation is an important process 

due to the rapid increase of carbon dioxide in 

recent decades, which has caused serious 

environmental contamination. [24]. Because 

N2 and CO2 have a similar kinetic diameter 

and no electric dipole moment, so the 

separation of carbon dioxide from mixture is 

more difficult [25]. Given the importance of 

the N2/CO2 separation, it would be desirable 

to understand the selective separation of 

N2/CO2 by a GONS. Recently, metal 

organic, zeolite, polymer, carbon membranes 

and anion-functionalized ionic liquids were 

used for the separation of CO2 [26,27]. The 

intrinsic energy efficiency and simplicity of 

membranes make them attractive for gas 

separation [28]. 

Inspired by the above studies, we 

designed two GONS with a functionalized 

pore in their center for N2/CO2 separation. 

The gas separation using GONS membrane 

was investigated by Molecular dynamics 

(MD) simulations. MD is a step-by-step 

computational technique that uses the 

concept of Newton’s second law of motion 

to observe the physical movement of atoms 

of a system and then predict properties for 

the system. MD is an interdisciplinary 

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, 

nanotechnology, and membrane science.  

A good membrane should have 

controllable pore size, stable structure and 

effective permeability. A large number of 

studies for two dimensional membrane 

materials have been demonstrated that the 

rim of pores can greatly influence the gas 

permeation and separation properties 

[29,30]. We expect our findings can be used 
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to aid the design of energy efficient GONS 

for gas separation. 
 

2. SIMULATION PROTOCOLS 

The N2/CO2 separation performance of 

GONS was investigated using MD 

simulations. We designed two GONS with 

different functionalized pores for gas 

separation (see Figure 1).  
 

 

 

Figure1. Top GONS with a hydroxyl group 

functionalized pore in its center (pore 1) 

and down GONS with a fluoride 

functionalized pore in its center (pore 2). 

(cyan: carbon, green: fluoride, white: 

hydrogen, and red: oxygen). 
 

The system was comprised of two types 

of GONS with a pore in their center, N2 and 

CO2 molecules. The permeation process of 

CO2 and N2 through GONS was investigated 

under atmospheric pressure conditions and 

in the room temperatures. Firs, we drilled 

atoms from the pristine GONS; then atoms 

of pore edge were substituted by 

functionalized groups. Designed poles were 

optimized using density functional theory 

method to obtain the charges of atoms on the 

GONS. DFT calculations were performed at 

the B3LYP level of theory using 6-311G 

basis sets in the GAMESS [31] to obtain the 

optimal structure and the Mulliken charges 

on the GONS. In this method GONSs were 

allowed to move in two dimensions. In this 

research, the GONS membrane size was 

selected big enough so that there was no 

need to use boundary conditions or periodic 

code in DFT calculations. Comparing with 

the systems of recent molecular simulation 

research in this field [32,33], we believe that 

this method as well as size system in this 

study is reasonable and we can get 

convincible results from it. The results of 

partial charges obtained from DFT 

calculations for the modified BNNSs are 

given in Table 1. 

MD simulations were performed using 

NAMD 2.10 [34] with a 1 fs time step and 

data analysis were performed with VMD 

1.9.2 [35] as a previously works [36-41]. 

The MD domain involved 50 CO2 and 50 N2 

molecules at the initial step which were 

placed between two GONS (see Figure 2). 

According to these numbers of gas 

molecules, the gas pressure was about 

57×105 Pa. The gas phase pressure is 

calculated by considering only the molecules 

in the bulk zone and the volume available to 

them. 

   It was computed using the Peng–Robinson 

equation of state [42]. The dimensions of the 

simulation cell were 3×3×12 nm3 and the 

pore density was 0.11 nm-2. Pore areas, 

estimated by the number of rings taken out 

of the pristine sheet [33], are listed in Table 

2. 



168                                                                   Azamat 

Table 1. Partial charges of GONS atoms obtained from DFT calculations and parameters for the 

12-6 Lennard-Jones potential used in the simulations. 

 Atom type ε (kcal/mol) Rmin/2 (Å) Charge (e) 

CO2 
Carbon 0.054 1.571 0.70 

Oxygen 0.157 1.711 -0.35 

N2 
Nitrogen 0.072 1.857 -0.482 

Center of mass site 0 0 0.964 

GONS 

Carbon 0.086 1.908 0 

Carbon bonded to hydroxyl group 0.069 1.908 0.197 

Hydrogen of hydroxyl group 0 0 0.329 

Oxygen of hydroxyl group 0.139 1.776 -0.526 

Carbon bonded to oxygen 0.069 1.908 0.190 

Oxygen bonded to carbon 0.142 1.627 -0.38 

Carbon bonded to fluoride
 

0.069 1.908 0.4 

Fluoride bonded to carbon 
 

0.135 1.631 -0.4 

 

Figure 2. The size of the box is 3×3×12 nm3. Two GONS with is located in the simulation box 

and gas molecules are located in the central box. (Blue: nitrogen, cyan: carbon, white: 

hydrogen and red: oxygen). 

   In all simulations, to avoid vertical 

displacement of the GONS and also to 

substantially reduce the computational cost, 

GONS atoms were restrained with a 

harmonic constraint of 40 kcal/mol.Å2 

during the simulations. The simulations were 

equilibrated in a NVT ensemble at 298 K 

and were controlled by the Langevin 

dynamics method through Langevin 

damping. To obtain meaningful statistics, all 

MD simulations were carried out for 20 ns 

for six set independently with the different 

starting configurations. 

   The short-range forces were truncated 

smoothly at a distance of 1.2 nm, and PME 

[43] was used for long range electrostatic 

interactions. The periodic boundary 

conditions were applied in all three 

directions. The required Lennard-Jones 

potential parameters for gas molecules and 
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GONS were taken from references [44,45], 

are listed in Table 1. 

Table 2. Pore area, the number of permeates 

gas molecules, the permeation ratio of 

gases, selectivity and gas permeance of 

pores in 298 K. 

System Pore 1 Pore 2 

Pore area 

(Å2) 
49.42 55.45 

Gas CO2 N2 CO2 N2 

Passage 0 47 45 0 

Pi100 0 94.0 90.0 0 

Gas 

permeance 

(GPU) 

0 1.178×105 1.005×105 0 

2

2

N
CO

S  3.4×107 2.1×10-7 

   The interactions of gas-gas and gas-GONS 

were described as a combination of Lennard-

Jones and electrostatic potentials [46]. The 

potential of mean force  (PMF) of gases to 

pass through the GONS pore was calculated 

by umbrella samplings [47] and one can 

reconstruct the PMF using WHAM [48]. We 

sampled the distances between center-of-

mass of gas molecular and the GONS pore 

from -3.5 Å to 3.5 Å in 0.2 Å increments. 

Each sampling window of PMF was run for 

1 ns.  

3. RESULTS AND DISCUSSION 

To investigate the effect of pore size on 

the N2/CO2 separation performance, we first 

determined the candidate pore size that has 

the optimal balance between selectivity and 

permeability. Some GONS membrane 

models with different pore sizes were 

simulated. The pore size is determined by 

how the pore is created and how the 

dangling bonds are passivated. The pore size 

can restricts the gas from going through the 

pore. When the size of pore was too small 

for N2 and CO2 to pass through, no gas was 

passing through it. With increasing the pore 

size, both N2 and CO2 can permeate through 

the pore and as the pore size increases more 

gas molecules permeate through the pore 

without selectivity. On the other hand, 

chemical functionalization of GONS pores 

changed the properties of the pore and may 

influence the gas permeability and 

selectivity. Accordingly, different pore sizes 

of GONS saturated with fluoride and 

hydroxyl group. Finally, the results 

demonstrated that pore saturated with 

hydroxyl group and fluoride (namely pore 1 

and pore 2) with high permeability and 

selectivity is the best pore structure for 

N2/CO2 separation. Indeed, the dangling 

bonds saturated with atoms reduced the pore 

size of pore. The selective separation of 

these pores was studied by the MD 

simulations and also their result confirmed 

with the PMF calculations. PMF is relevant 

to correctly describe the molecule pass 

through pores. 

 

3.1. PMF Calculations 

The thermodynamic nature of the 

observed designs regarding gas selectivity 

can be justified by the calculation of PMF. 

For separation of gas molecules through 

GONS pores, N2 and CO2 encountered with 

the energy barrier at the center of GONS 

pores. In each case the permeation barrier 

was low, the molecules were allowed to 

propagate through the pores. Figure 3 

displays the PMFs for N2 and CO2 in two 

systems. The order of PMF for molecules in 

the pores 1 and 2 is different. In the pore 1, 

the PMF for N2 is smaller than that of CO2. 

This phenomenon leads to only N2 

permeation from this pore. In the case of 

pore 2, PMF for N2 is greater than that of 

CO2. Thus, the N2 is not able to cross this 

pore, which is consistent with the results 

seen in the MD simulations (see Table 2). 
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Figure 3. The PMF for N2 and CO2 around 

the GONS in pores 1 and 2. GONS 

membrane is located in 0 Å (Scale on the 

chart has changed compared to the 

dimensions of the original simulation box). 

 

The MD results acknowledged these 

forecast, i.e., the lower the barrier, the higher 

the flux.  

In the pore 2, the interaction of carbon 

dioxide with the functionalized pore was 

favourable because of the attractive 

interaction with rim atoms (fluoride atoms). 

Consequently, the charge distribution on 

functionalized pores can affect the selective 

molecule separation. In contrast, the 

interaction of N2 is repulsive at the center of 

pore 2 which means that nitrogen molecule 

has the large energy barrier at the pore 

center.  

For permeation of CO2 from pore 2, this 

molecule spends some time while 

reorienting itself from the parallel to 

perpendicular configuration [49]. With this 

change of orientation, the CO2 overcome the 

energy barrier in the center of pore 2. In this 

pore, electrostatic interactions can be well 

described within the acid-base concept of 

Lewis: due to charge separation effects in 

the CO2 molecule, the electron deficient 

carbon atom acts as a Lewis acid on fluoride 

atoms (i.e. Lewis bases). In the other words, 

the attractive components of the fluoride-

CO2 interaction apparently reduce the 

activation energy of the CO2 in the transition 

state as it propagates through the pore. 
 

3.2. Mechanisms of Gas Permeation 

To clarify the gas permeation mechanism 

through the GONS pore, propagating event 

of one gas molecule was monitored during 

the simulation time. Initially, the gas 

molecules approached to the GONS. Then 

molecules permeated through its pore. 

Suitable orientation is important for 

molecule permeation through the pore. N2 

molecules propagate the pores in a parallel 

mode with the molecular axis pointing to the 

pore. In contrast, CO2 molecules propagate 

the pore perpendicularly. 

Gas adsorption on the surface of GONS 

can be effect on their separation through 

pore of membrane. For this purpose the 

distributions of gas molecules with z-

position were scanned. At the beginning of 

simulations, the gases were uniformly 

distributed in whole of the central box. After 

the minimization, both gas molecules 

approached the face of GONS owing to the 

relatively strong attraction force of the 

GONS. Then, the molecules moved back 

and forth around the GONS pore. However, 

molecules have a high probable density to 

stay within the region of 3 Å around the 
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GONS because of strong van der Waals 

interactions between gas molecules and the 

GONS atoms. Finally, molecules permeated 

across the pores of GONS. As the simulation 

time increases, more and more molecules 

propagate through pores and adsorbed on the 

other surface of GONS. The gas molecules 

have significant adsorption with the GONS 

which makes it more effective for gases to 

find the pore by diffusing onto the 

membrane surface. Such a preferential 

adsorption of CO2 and N2 on graphene 

surface was also observed in the other study 

[25]. When the pore size will be big enough 

for molecules to pass through it, the 

adsorption on the membrane becomes an 

important factor to affect the molecular 

selective permeation [33,32,50]. 
 

3.3. Gas Permeation and Selectivity 

During the simulation, the number of 

permeative gas molecules was monitored. 

The permeation ratio for N2 and CO2 was 

used to describe their permeability. The 

permeation ratio (Pi) of gas is given by

i
i

i

P =
n

N
where ni is the number of gas 

molecules permeating through the 

membrane pore and Ni is the total number of 

gas in system. The results of gas permeation 

ratio are given in Table 2. Gas molecules 

spontaneously permeate from the gas box 

(central box) to the vacuum box through 

GONS pore without applied pressure. In the 

pore 1, Pi was 94.0 % and 0% for N2 and 

CO2, respectively, which indicated a very 

good separation performance. But in the 

pore 2, we can separate CO2 from gas 

mixture with Pi = 90.0 %. Therefore, results 

suggest that these pores are good membranes 

to separate the N2/CO2 from gas mixture. 

For the sake of a direct comparison to the 

experiment, we also provide permeance 

values in GPU (1 gas permeance unit = 

3.35×10-10 mol.m-2.s-1.Pa-1), which are also 

listed in Table 2. Also to confirm our results 

in the more time simulation, we 

accomplished 100 ns MD simulations for 

separation of N2/CO2 mixture at room 

temperature, and found the results were not 

different from the 20 ns. Our results showed 

that the pore 1 can be used for the N2 

separation, while the pore 2 was favourable 

for the CO2. 

Figure 4 shows the number of permeated 

gas molecules through pores 1 and 2 with 

respect to the time steps. Permeability refers 

to the flux of a molecule propagating 

through the GONS pore. The number of 

propagating gas molecules increased as the 

time was going by during the simulation. It 

can be seen that during the simulation time 

in the considered pores, CO2 and N2 can 

diffuse through them to the vacuum phase. 

Of course in the pores 1 and 2, only N2 and 

CO2 propagated, respectively. The number 

of molecules propagating through the pores 

in to the vacuum phase was too much at the 

beginning of the simulation time and then 

gradually this trend was slow. It is due to 

after initial time steps the driving force of 

the permeation became moderate from the 

gas phase to the vacuum phase due to the 

decrease in pressure difference between the 

gas phase and vacuum phase two phases. 

 

Figure 4. The number of N2 passing 

through pore 1 and CO2 passing through 

pore 2. Each data point represents the 
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average of six sets of simulations. 

 

To investigate the effect of the GONS 

pores on N2/CO2 separation, we determined 

what kind of pore has a good selectivity. The 

selectivity of N2 over CO2 for the mixtures 

[26] is defined as follows: 

2

2

2

2 2

2

N

N

N
CO CO

CO

y

x
S =

y

x

(1)
 

where y and x are the mole fractions of the 

components in the vacuum phase and gas 

phase. While the ration of N2/CO2 in initial 

gas phase is 1, the selectivity of N2 over CO2 

can be defined as 2

2

2
2

N

N

CO CO

S
y

y
 .  

The results show a high selectivity of 

GONS pores 1 and 2 for N2/CO2 separation. 

As can be seen in Table 2, in the pore 1, 

during a 20 ns MD simulation no CO2 were 

observed to permeate through it, while 47 N2 

permeated through this pore. Also in the 

pore 2, no N2 molecules were observed to 

permeate, while 45 CO2 permeated through 

it. Thus these two pores show a high 

selectivity to N2 and CO2, respectively. This 

is due to the selection of functionalization 

pores for the specific gas propagating 

through them. 

To estimate the selectivity in pores 1 and 

2 in room temperature, we accomplished 

new MD simulations for separation of 

N2/CO2 mixture in two high temperatures 

(573 K and 673 K). Using these data and the 

Arrhenius equation, we estimated the 

separation selectivity for two types of gases 

at these two temperatures and then 

extrapolated the results back to the room 

temperature (see Table 2). Our results show 

that under the high temperatures, as before, 

the pore 1 is favorable only for N2 passing 

through it, while the pore 2 is favorable only 

for CO2 passing through it. 

In the other case, we chose a larger 

GONS pore size to investigate the effect of 

pore size on the selective gas separation 

performance. It can be observed that the 

large GONS pore size has no selectivity in 

the N2/CO2 mixture (results are not shown). 

This is because the pore size was large 

enough for both gases to propagate through 

pore. We found that the selectivity was 

reduced while the membrane pore size was 

increasing. Thus the suitable pore size and 

chemical functional groups have an 

important role in the improvement of gas 

selectivity of membranes. This trend is 

consistent with the results of other studies 

[51, 52].  

4. CONCLUSION 

The present study highlights benefits of 

MD simulations for gaining insights and 

quantitative estimates of gas separation with 

GONS membrane. To investigate the 

separation of N2/CO2 mixture by means of 

GONS, we have designed two types of 

GONSs with a pore in their center. It can be 

observed that the functionalized pore with 

the hydroxyl group is favourable for the 

selective separation of N2 from the N2/CO2 

mixture and only N2 molecules pass through 

this pore; while the functionalized pore with 

the fluoride is an excellent membrane for 

separating CO2 from the N2/CO2 mixture. 

All the MD and PMF results are in good 

agreement with each other. Our work 

provides an effective way to design efficient 

and selective GONS for N2/CO2 separation, 

which is important in the field of 

environment and energy. Thus, chemical 

functionalization of the pore rim in GONS 

had significant effects on gas separation due 

to an enhanced electrostatic interaction. All 

the MD and PMF results are in good 

agreement with each other, which indicate 

that the functionalized pores have high 

selectivity for separating N2/CO2. Our work 

provides an effective way to design efficient 
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and selective GONS membranes for N2/CO2 

separation, which is important in the field of 

environment and energy. 
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