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Abstract A constricted slit model was introduced to

improve, one step further, the performance of the simple

slit model in prediction of the adsorption and diffusion

behavior of simple molecules in the nanoporous carbons

(NPCs). The grand canonical Monte Carlo (GCMC) and

molecular dynamics (MD) simulations are performed to

study the adsorption and diffusion behavior of methane

within the constricted slit models. The models are called

slit-1, 2, and 3 with constriction heights 5, 7, and 9 Å

respectively. For comparison, we used the slit-0 name for

the simple slit without constriction. Adsorption results

show that at low pressures, the constriction increases the

adsorbed amount irrespective of its height. Slit-2 with a

constriction height as a molecular diameter has the greatest

heat of adsorption and has highest loading at pressures up

to 3,000 kPa. At high pressures, when all pores are filled,

the adsorption trend is in line with the pore volumes of slits

where slit-0 with higher pore volume is dominant. The

density profiles in the models were calculated and exam-

ined. The spatial distribution of adsorbed methane mole-

cules was examined by various radial distribution functions

calculated by MD. Also, MD simulation results show that

the diffusion coefficient of methane decreases in con-

stricted slits. The calculated diffusion coefficients in slit-2

in the direction of the constriction are one order of mag-

nitude smaller than the calculated one in the simple slit

model but it is far from the experimental values in the

NPCs.

Keywords Constricted slit � Molecular simulation �
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1 Introduction

The usage of nanoporous carbons (NPCs) in gas separation

technologies, especially in natural gas treatment is widely

investigated by researchers because of their large porous

volumes, high surface area, low production cost, etc.

(Golebiowska et al. 2012; Esteves et al. 2008; Wang et al.

2011; Lucenaa et al. 2010). Because of the nanoscopic

nature of adsorption and diffusion mechanisms in the

NPCs, atomistic simulations are needed for studying these

phenomena. The main problem in simulating the NPCs is

modeling their amorphous structure (Palmer et al. 2011;

Firouzi and Wilcox 2012; Arora and Sandler 2007; Peng

and Morris 2010).

Very recently Palmer and Gubbins (2012) reviewed the

atomistic models for disordered nanoporous carbon.

According to Palmer and Gubbins (2012), there are two

major approaches to model the nanostructure of NPCs. The

most widely used approach is to construct models from a

pre-defined set of elementary building blocks such as

aromatic rings and graphene fragments. These models have

been successful in capturing many aspects of real NPCs,

including variable pore size and pore connectivity. But the

predictive capabilities of these models are limited since

they assume significant prior knowledge of the carbon

chemistry and nanostructure. There are no rigorous

guidelines based on physical principles to suggest how

these building blocks should be defined or pieced together.

The other approach, build structural models from the

ground up, predicting the nanostructure and porous features

of NPCs use techniques that are rooted in statistical
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mechanics. In these methods explicitly treat the chemical

bonding between carbon atoms in order to predict the

formation of the various structural features that are found

in real NPCs. Their predictive capability depends on the

method that dynamically describes the formation and dis-

association of chemical bonds between carbon atoms dur-

ing the simulations. Using of the first principle methods for

describing bond formation and disassociation is limited to

the small systems. Alternatively, classical reactive force

fields can be used for simulation of larger systems which

are generally required to capture many of the structural and

porous features found in NPCs. Unfortunately; both of

these approaches are computationally intensive. Further-

more, for the classical reactive force field approach, the

predictive ability depends heavily on the quality of the

force field and simulation conditions.

Slit model of graphite is the simplest model for simu-

lating NPCs (Striolo et al. 2003; Severson and Snurr 2007;

Sitprasert et al. 2011; López et al. 2011; Palmer and

Gubbins 2012; Billemont et al. 2011; Heuchel et al. 1999).

This model has good results in predicting adsorptive

behavior of more ordered carbon materials such as carbon

blacks, but not successful in representing structure related

and diffusive properties of NPCs (Palmer and Gubbins

2012). In addition to several simulation studies carried out

on the adsorption of gases on the slit model (Striolo et al.

2003; Severson and Snurr 2007; Sitprasert et al. 2011;

López et al. 2011; Palmer and Gubbins 2012; Billemont

et al. 2011; Heuchel et al. 1999), recently, permeability of

methane across carbon slit pores were investigated by Lim

and Bhatia (2011). They simulated adsorption and diffu-

sion of the united atom model of methane for the several

pore width of the carbon slit model. They compared the

resulted permeabilities with the experimental values for

some porous carbons, and showed that their simulated

permeabilities are much larger than the experimental

results. They argued that it is necessary to take into account

the pore mouth resistance, and the pore connectivity and

morphology to predict the macroscopic permeability by

simulation.

Detailed modeling of the NPCs requires a complete

understanding of the relationship between their nano-

structure and functional properties. Achieving this level of

understanding for NPCs is extremely challenging because

of their heterogeneity, pore size variation and morphology.

The adsorption phenomena are modified by the change in

the potential field. There are a number ways in which the

potential field can be changed. The field can be changed by

introducing defects, surface roughness, or heterogeneities

along the length of a single pore. Jagiello and Olivier

(2009) proposed a model of slit pores having parallel cir-

cular walls ‘‘cut’’ from graphene sheets as a step toward a

model of independent finite slit pores instead of the

standard infinite slit pore model. They concluded that

introducing one additional variable describing the carbon

pore wall diameter improves the description of the NPC

structure. Phuong (2011) studied argon adsorption in con-

nected cylindrical pores with different sizes. They have

explored the effect of the neck and cavity length on the

cavitation and pore blocking. Also Fan et al. (2011) studied

the argon adsorption in various models including ink-bottle

pore and cavity connected to smaller necks.

In this study we approximated the NPCs by a constricted

slit pore model. The details of the model will be explained

in the simulation details section. We proposed this simple

model to introduce the effect of the variation of the pore

width in NPCs on the gas permeability in the simplest way

as possible. Also, the other difference of our study is that

our methane model is five sites, rather than one-site

methane model that used by Lim and Bhatia (2011). In

what follows, we first explain the constricted slit models

and details of simulations and then the results of the

adsorption isotherm and diffusion coefficient calculations

using grand canonical Monte Carlo (GCMC) and Molec-

ular dynamics (MD) simulations.

2 Simulation details

As depicted in Fig. 1 two slit types have been used in this

work. A simple flat slit was constructed from ideal graphene

sheets, periodic in the x–y-plane, with unit cell dimensions of

30.7, 72 and 80 Å along the x, y and z-axis, respectively. The

pore width in the z direction was set to 20 Å then the distance

between each unit cell in the z direction was 30 Å. This

spacing between the unit cells in the z direction was used to

prevent the artifact interaction between the gas molecules in

the adjacent unit cells (Nasrabadi and Foroutan 2012; Ho

et al. 2012; Foroutan and Nasrabadi 2011). To construct the

constricted models the graphite sheets were limbered in 5

points in the y direction. The height and length of the con-

striction in the constricted part were set at 5, 7, 9 and 11.2 Å.

Figure 1 shows the simple and constricted slit models. As

shown in Fig. 1, the numbers 0, 1, 2 and 3 are used for simple

and constricted slits with 5, 7, 9 constriction heights

respectively.

Grand canonical Monte Carlo simulations are performed

for studying adsorption of methane. In GCMC simulation,

the chemical potential, volume and the temperature of the

simulation box are kept constant and fluctuations in the

number of adsorbate molecules, pressure and the energy

are allowed (Allen and Tildesley 1987). In fact the fugacity

of adsorbate gas in a hypothetical bulk phase that is in

equilibrium with the adsorbed gas in the simulating box

should be set. So an equation of state should be used to

relate the fugacity of the gas to the pressure of the system.
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Each pore wall was modeled as a sheet of graphene. The

carbon atoms in the graphene sheets were modeled as

Lennard-Jones particles (Palmer et al. 2011) corresponding

to sp2 carbon atoms, where their potential parameters are

shown in Table 1; the positions of these carbon atoms are

kept fixed throughout our simulations. The methane mol-

ecules were modeled using an all atom model (Anderson

et al. 2011). In this model the C–H bond length is 1.09 Å

and the H–C–H angle is 109.5. The potential parameters

and atomic charges used for methane are also listed in

Table 1. The cross LJ parameters are obtained using the

Lorentz–Berthelot mixing rules (Allen and Tildesley

1987). The cutoff distance for calculating LJ interactions

was 15 Å.

We used the Peng–Robinson equation of state (Ahmad

et al. 2008) for relating the input pressure to the fugacity of

CH4. The adsorbent–adsorbate interactions were summed

over all pairs of slit carbon atoms and CH4 interaction sites.

The columbic interactions were calculated using the Ewald

summation method. Periodic boundary conditions were

applied in all three dimensions. The simulations carried out

at the temperature of 298.15 K and pressures from 1 to

10,000 kPa.

The grand canonical Monte Carlo simulations were used

for studying adsorptive behavior of methane in slits. For

each GCMC simulation 2 9 107 moves were attempted.

The first 5 9 106 moves were used for equilibration and

the remaining 1.5 9 107 moves for computing the

ensemble averages. Four types of trial moves were ran-

domly attempted in the GCMC simulations: displacement,

rotation, and swap with reservoir including creation and

deletion with equal probability. For reporting the loadings,

we averaged the number of adsorbed CH4 molecules in the

interior of slit over the production step.

The Molecular dynamics simulations were used for

examining the dynamic behavior of adsorbed methane

within the constricted slits. We used the DL-POLY pack-

age (Smith et al. 2009) for MD simulations. The initial

configuration for each MD simulation was the equilibrated

configuration of the corresponding GCMC simulation. A

time step of 1 fs was used for integrating the equations of

motion. The MD simulations are carried out in an NVT

ensemble with Nose–Hoover thermostat where the relaxa-

tion time used for the thermostat was 0.1 ps. The MD

simulations were conducted for 2 9 106 time steps and the

last 1.4 9 106 steps were used for collecting the ensemble

averages.

3 Results and discussion

3.1 GCMC results

The calculated adsorption isotherms from the GCMC

simulations at 298.15 K of temperature and pressures up to

10,000 kPa are plotted in Fig. 2. As shown in Fig. 2, at

pressures lower than 3,000 kPa the loading in slit-2 was

larger than that of the other models… From Fig. 2, one can

say that at low pressures, introducing a constriction larger

than the size of a methane molecule in the slit model of

nanoporous carbon generally increases the adsorption of

methane. In the constriction region, because of the vicinity

of two slit walls, the adsorbate molecule adsorbs with

either top and bottom walls, whereas in slit-0, the distance

Slit-0 Slit-1 

20Å 20Å 5Å

Slit-2 Slit-3 

20Å 20Å9Å7Å

x
y

z 

Fig. 1 The studied slit models:

slit-0 without constriction, slits-

1, 2, and 3 with constriction

heights: 5, 7, and 9 respectively

Table 1 Potential model parameters used in simulations

Atom r (Å) e/kB (K) q(e) Reference

C (slit) 3.4 28 – Palmer et al. (2011)

C (CH4) 3.40 55.055 -0.660 Anderson et al. (2011)

H (CH4) 2.65 7.901 ?0.165
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between two slit walls is larger than 2.5 times of the col-

lision diameter of a greatest adsorbing atom (carbon atom

of methane); so the molecules which are attracted to the

one side wall, cannot be adsorbed by the opposite wall.

The adsorption trend in slit models becomes different at

larger pressures. When the constriction area saturated with

adsorbed molecules, the determinant parameter will be the

total accessible volume. So, at pressures larger than

3,000 kPa, the adsorption trend follows the pore volumes:

slit-0 [ slit-3 [ slit-2 [ slit-1.

Coasne et al. (2006a, b, 2011) studied the adsorption,

structure and dynamics of fluids in ordered and disorder

carbon models. They find that the filling pressure for a

graphite slit pore is well defined and is lower than those for

the disordered porous carbon and also the filling of the

disordered carbon is continuous and spans over a large

pressure range. However, they concluded that the agree-

ment between two models can be improved if the same

density of carbon atoms is used. The isotherms in Fig. 2 are

similar and do not show the differences between the

adsorption isotherms of ordered and disordered carbon

porous reported by Coasne et al. (2006a, b, 2011). The

constricted slit model does not produce the adsorption

behavior much different from the simple slit.

Better explanation of the observed results could be

achieved using the snapshots taken from GCMC simula-

tions. Figure 3 illustrates the snapshots taken from the final

configurations of simulations at 1,000 and 10,000 kPa of

pressures.

At 1,000 kPa the snapshots show that in slit-0 there are

well defined methane layers next to the pore walls that

adsorbed by the walls, but the second layer is not well

formed in the middle of slit height. For slit-1, due to the

small size of the pore height in the constriction region,

none of CH4 molecules can be entered into this region.

Also the considerable aggregation of molecules at two

entrance mouths of this region is explicitly observable. The

observed aggregation can be understood in terms of the

adsorption of methane molecule by the closing walls of the

constriction mouth. In slit-2, a pronounced layer of

adsorbed CH4 molecules are consecutively formed in the

constricted region, but in slit-3 the adsorbed molecules are

spanning between two walls of constricted region. It is

interesting that for the slit-2 there are a large number of the

methane molecules near the entrance of the constriction.

Snapshots at 10,000 kPa (Fig. 3b) show that at higher

pressure the constriction area fills up with adsorbed mol-

ecules while there are void spaces and clusters of methane

molecules in the flat regions.

To compare our results with experimental results of

Anderson and coworkers on NPCs (Anderson et al. 2011),

we calculated the equilibrium adsorption isotherm at one of

the thermodynamic states of their work. We have chosen

the temperature of 100 �C (373.15 K) and pressure of

1,200 kPa. Table 2 represents our calculated loading

amounts of methane in the four slit models and the corre-

sponding experimental value of Anderson for NPC.

As in Table 2, our results are in good agreement with

experimental results for NPCs. The relatively greater val-

ues of loading in slit models can be explained in terms of

the complexity of real porous carbon structures with

respect to the simple slit models and existence of spaces in

their structure that are not actually accessible for adsorbate

molecules.

Lim and Bhatia (2011), using a one-site spherical CH4

molecular model, predicted the methane adsorption iso-

therms in carbon slit pores of width 6.5–7.5 Å. Their

GCMC calculated loadings in the pressure range of

1–1,000 kPa and T = 298 K are generally up to 12 mmol/

cm3. Changing the units of our loadings to mmol/cm3,

were the volume in denominator is the accessible pore

volume, the calculated loading values for slit-0 at the

same condition (lower than 1,000 kPa) will be lower than

3.5 mmol/cm3. The difference between our values for

simple flat slit and that of Lim can be expressed in terms

of: 1- in Lim’s work, the pore width was only between 6.5

and 7.5 Å, and same as mentioned ago, the adsorbate

molecules in this condition are attracting from two slit

walls, whereas in our models this could be happening only

in constriction regions. 2- Lim modeled CH4 molecules as

neutral spherical LJ sites, whereas we considered an all

atom model for CH4 with partial charges on each LJ site.

A neutral methane model enhances the adsorption,

whereas partial negative charges on hydrogen atoms,

which surrounded the carbon atom, results in an electro-

static repulsion which in turn can lower the adsorption of

a methane molecule by an adsorbed one in the adjacent

adsorption site.

We have used the direct relation:

0
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m
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Fig. 2 Adsorption isotherms of CH4 within the four slit models. The

intake depicates the low pressure adsorption isotherms
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qst ¼ RT � oU

oNad

� �
T ;V

ð1Þ

for estimating the isosteric heat of adsorption (qst) (Jiang

et al. 2003, 2004; Li et al. 2004). In this equation R is the

universal gas constant, Nad is the number of adsorbed

molecules and U is the total energy of the system that

consists of adsorbate–adsorbate and adsorbate–adsorbent

both columbic and noncolumbic interactions. Introducing

this relation is dependent on several approximations:

adsorption reversibility and negligible molar volume of

adsorbed gases, which have negligible effect on the survey

of qst. The calculated heats of adsorption are reported in

Table 3.

The order of isosteric heats of adsorption is: slit-

0 \ slit-3 \ slit-1 \ slit-2. So, the greater the loading of

slit-2 with respect to the other slits at lower pressures can

be explained by the magnitude of its isosteric heat of

adsorption. The difference between the calculated qst for

slit-1 and 3 is small but the adsorption isotherms of slit-3 at

all pressures are larger than that of the slit-1. Also, despite

the greater heat of adsorption of slit-1 than slit-0, its

adsorption amount is smaller than that of the slit-0. Both of

these phenomena can be explained in terms of the narrow

size of constricted region in slit-1, which is too small to

accommodate a CH4 molecule. So, the accessible volume

in slit-1 is lower than the other slits and fewer adsorbate

molecules can be adsorbed.

Slit-0 Slit-1

Slit-2 Slit-3

Slit-0 Slit-1

Slit-2 Slit-3

(a)

(b)

Fig. 3 Snapshots of the final

configuration of GCMC

simulations at a 1,000 kPa and

b 10,000 kPa

Table 2 Comparison of adsorbed amounts between this study with

real NPC result at 373.15 K and 1,200 kPa (Anderson et al. 2011)

Slit-0 Slit-1 Slit-2 Slit-3 NPC

(experiment)

Loading

(mmol/g)

1.2311 1.1346 1.4676 1.3790 *0.9

Table 3 Isosteric heat of adsorption of slit models

Slit-0 Slit-1 Slit-2 Slit-3

qst (kJ/mol) 8.7999 9.8919 10.670 9.731

Adsorption (2013) 19:979–987 983
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To elaborate details of the adsorption in the system, it

was divided to slabs with 1 Å thickness in the y direction

then the average densities of the adsorbed CH4 molecules

in each slab were calculated. The density profile of

adsorbed CH4 along the y axis is plotted in Fig. 4 for three

selected pressures: 100, 500 and 1,000 kPa. The calculated

adsorbate density is relatively equal for all slabs in slit-0

model, as expected.

The constricted slit model consists of two graphene

sheets with two consecutive cusps to form the constricted

region. For slit-1 at all pressures, no CH4 molecule was

adsorbed in the constricted region. However the two sharp

peaks in the positions of two ends of constriction region

and also two other peaks at the first cusps of the graphene

sheets indicate the aggregation of adsorbate molecules in

the position of two cusps of the graphene sheets. Figures 3

and 4 show that in this slit, the dominant adsorption occurs

in the positions of the cusps. For slit-2 in the constricted

region there is a wide peak with some downfalls in the

constricted region… The two or three peaks can be

attributed to the two or three adsorbed molecules in the

constricted region. It must be mentioned here that the

constricted region in slit-2 can only accommodate three

methane molecules along the channel. In slit-3 a relatively

broad peak appears in constricted region. It seems that the

peak of constricted region is mixed up with the peak of the

second cusp where it shows continuous adsorptive behavior

near the constricted region. Figure 3 shows that the

adsorbed molecules in the constricted region in slit 2 are

aligned in one row in the middle of the channel but for slit

3 they are somewhat spread in the channel due to the larger

diameter of the slit 3 relative to that of the slit 2. Two

distant peaks are characterized by the methane adsorption

by the carbon atoms of the graphene sheets in the first cusp.

It is interesting that in all three plots in Fig. 4, the

densities in flat regions for each of the three slits are equal.

3.2 MD results

The radial distribution function can be used to explore the

fluid microscopic structure around the pore walls. The

radial distribution functions (RDF) have been obtained

from the MD simulations (Allen and Tildesley 1987) of the

equilibrated systems from the GCMC simulations. We

have selected five carbon atoms of the pore wall in the

vicinity of the constriction for which the RDF has calcu-

lated. Figure 5a shows the selected carbon atoms as C-1–5

located in the middle of the flat region, first and second

Fig. 4 Density profiles of adsorbed CH4 in four studied models at pressures: a 100 kPa b 500 kPa and c 1,000 kPa
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cusps of the graphene sheet, and in the middle of con-

striction regions, respectively.

Figure 5b–d show the calculated RDF of the carbon

atom of methane and five specified carbon atoms in slit-2 at

pressures 100, 500 and 1,000 kPa respectively. As shown

in Fig. 5, at all three pressures the methane molecule was

found within the 4 Å of C-5 and 6 Å of C-4; however the

g(r) for the C-5 has a higher peak which indicates the larger

adsorption at C-5. The height of the C-4 g(r) peak at 500

and 1,000 kPa increases which shows that the adsorbent

reaches the saturation limit in the constriction region.

The calculated g(r) for C-1–3 shows well defined peaks

at about 4.5 Å, but for C-3 the calculated g(r) presents one

other broad peak at large distances. The calculated RDFs

show that the methane molecules adsorbed mainly by the

carbon atoms at the constricted region and carbon atoms at

cusp positions of the graphene sheet.

Self-diffusion coefficient which generally describes the

random motion of individual tagged particle in the absence

of any gradient, was calculated for adsorbed methane

molecules from the mean square displacement (MSD) of

carbon atoms of methane using the Einstein relation (Arora

and Sandler 2006; Dubbeldam and Snurr 2007; Mark and

Nilsson 2001):

DsðcÞ ¼
1

2dN
lim
t!1

1

t

XN

i¼1

½riðtÞ � rið0Þ�2
* +

ð2Þ

where Ds(c) is the self-diffusion coefficient, N is the

number of tagged particles in the system, d is the dimen-

sionality of system, ri(t) is the position vector of particle

i at time t and the brackets denote performing ensemble

average.

In our studied system three directions are not equivalent

for diffusing particle, so we calculated MSDs in three

directions separately and then reported the calculated self-

diffusion coefficients in x, y and z directions. The self-

diffusion coefficients were estimated from the slope of the

linear part of MSDs versus time at long times. The short

time part of the correlation function is influenced by iner-

tial effects and should not be included in the calculation

(Mark and Nilsson 2001; Leroy 2004; Cao and Wu 2004).

Table 4 represents the Self-diffusion coefficients of CH4 in

four slit models at four selected pressures 100, 500, 1000

C-4
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Fig. 5 a Selected carbon atoms of slit model. Radial distribution functions of dynamically equilibrated CH4 molecules with respect to the

specified carbon atoms of slit-2 at pressures of b 100 kPa, c 500 and d 1,000 kPa respectively
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and 5,000 kPa which are calculated by averaging over the

1.0 ns trajectories. The pore width in the z direction is

varying from 20 Å to the width of the constriction. As it

can be seen from Table 4, the diffusion coefficient in this

direction is much smaller than the other directions for all

slits for four studied pressures. The low values of diffusion

coefficient also have been observed in the y direction for

slit-1. Regarding the structure of slit-1, as is shown in the

snapshots, the constricted region is too narrow to allow the

diffusion of methane molecules in the slit channel (y

direction). The diffusion coefficients in the x and y direc-

tions for slits-2 and 3 are smaller than that of the slit-0, this

difference is larger at a lower pressure in y direction. So,

we can say that the constriction acts as a barrier of diffu-

sion. The strong interaction in the constriction region

prevents the rapid diffusion of particles. Particularly the

slit-2 with the largest heat of adsorption, which results from

stronger adsorption with two slit walls, has the lowest value

of diffusion coefficients in x and y directions than slit-0 and

3. Also increasing the loaded molecules with pressure

makes the diffusions to be lower.

Because of the dependency of experimental diffusivity

values to instrumental techniques and their related theories,

and the scarce works which report methane diffusion

coefficients in carbon materials, it is difficult to compare

the self-diffusivities obtained in this work with the exper-

imental values (Ramı0rez 2011). In spite of this, the self-

diffusion coefficient of methane obtained in this study in y

direction of the slit-2 can be compared to experimental

effective self-diffusivities for methane in carbon molecular

sieve (CMS) membranes. Yoshimune et al. (2007) were

obtained the diffusion coefficient of methane in CMS as of

0.25 9 10-12 m2/s at T = 298 K and P = 1 bar. Whereas

Lim and Bhatia (2011) were reported the values ranging

from 5.0 9 10-9 to 17.5 9 10-9 m2/s at temperatures

ranging from 298 to 318 K and pressures from about 0.01

to 100 bar. Their results are about 2.0 9 104 to 7.0 9 104

times larger than the experimental value. Our calculated

diffusion coefficient of methane in the slit-2 in the same

condition as Yoshimune’s study is 1.155 9 10-9 m2/s, that

though is about 4.62 9 103 times greater than

Yoshimune’s experimental result but is 4.3–15.15 times

lower than Lim’s result. Although our results show that the

constricted slit model is superior to the flat slit in predicting

the diffusion behavior of the methane in NPCs but it is far

from providing a satisfactory description of molecular

diffusion in NPCs. The work on the improvement of the

constricted slit model is going on in our lab.

4 Conclusions

We used GCMC and MD simulations for studying

adsorption and dynamic behavior of methane in the inte-

rior of constricted slit models: slit-1, 2 and 3 with con-

striction heights: 5, 7 and 9 Å. For comparison we also

used the traditional flat slit titled with slit-0. We have used

an all atom model for methane molecules. The adsorption

isotherms that achieved from the GCMC simulation show

that introducing the constriction generally increases the

adsorbed amount despite of its width. The slit-2 with the

constriction height of 7 Å has the highest uptake of

methane at pressures up to 3,000 kPa and the greatest

isosteric heat of adsorption. For this slit one layer of

methane molecules can be fitted in the constricted part of

the slit. The snapshots and the density profiles of the

equilibrated system reveals that in slit-2 one layer

adsorption has occurred, whereas in slit-1 no CH4 mole-

cule can be placed in the constriction and for slit-3 with

wider constriction more than one layer was adsorbed.

These results show that at low pressures methane will be

adsorbed more by the constricted slits with a constriction

width close to the molecular diameter.

The RDFs of methane and five specified carbon atoms in

slit-2 have shown that the methane molecules adsorb mainly

by the carbon atoms at the constricted region and carbon

atoms at cusp positions of the graphene sheet. Using the

MSD plots that obtained from MD simulations, we calcu-

lated the self-diffusion coefficient of CH4 molecules within

four studied slit models at 100, 500, 1000 and 5,000 kPa of

pressures. It is found in all studied cases, the calculated

diffusion coefficients for constricted slits are lower than the

Table 4 Self diffusion coefficients (10-9 m2/s) in 3 separated directions

Slit models 100 kPa 500 kPa 1,000 kPa 5,000 kPa

x y z x y z x y z x y z

Slit-0 13.51 17.17 0.02 6.68 6.825 0.03 3.220 2.97 0.04 1.04 1.02 0.02

Slit-1 11.78 0.31 0.02 3.56 0.225 0.02 2.010 0.29 0.02 0.85 0.24 0.02

Slit-2 5.35 1.15 0.01 2.94 0.955 0.02 1.665 0.71 0.02 0.73 0.35 0.01

Slit-3 13.10 3.31 0.02 3.08 1.610 0.02 2.290 1.11 0.02 0.80 0.46 0.01
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flat slit. The constricted slit models represent better dynamic

results rather than flat slit by introducing the relatively lower

diffusion amounts.
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