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Abstract This paper compares the performance of the
Buckingham Exponential-6 and Lennard-Jones potential
models in the description of bulk phase and adsorption prop-
erties of methane on graphitic surfaces and pores. The solid-
fluid potential used in the choice of the LJ model is Steele
10-4-3 equation and for the Exp-6 model, the Crowell and
Chang equation which has been rarely used in the literature.
From an extensive computer study using Grand Canonical
Monte Carlo simulation, the two potential models perform
almost equally well in the bulk fluid behavior except at ex-
tremely high density, where the LJ model is better. For ad-
sorption on surface, the Exp-6 performs better in the correct
description of the experimental Henry constant. However,
both potential models describe well the isotherm outside the
Henry law region. Under supercritical conditions, the same
behavior is seen in the Henry law region, but the opposite
is observed at extremely high pressures. For adsorption in
slit pores, significant difference is seen at low pressure re-
gion for all pore sizes examined. In this region, the Exp-6
always predicts a higher capacity than the LJ model. In the
smallest pore size examined (0.65 nm), the LJ model pre-
dicts a higher capacity than the Exp-6 with approximately
4% difference at higher pressures. However, this behavior is
not seen in the other pore sizes. The comparison shows that
the Exp-6 can describe experimental adsorption data, albeit
only, better than the LJ.
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1 Introduction

Adsorption of gases and liquids on solid surfaces and porous
materials, such as activated carbon, has been extensively
studied in the literature. Its understanding has increased due
to the development of molecular simulation methods such as
Monte Carlo (MC), molecular dynamics (MD) (Allen and
Tildesley 1989; Frenkel and Smit 1996) and density func-
tional theory (DFT). Grand Canonical Monte Carlo simu-
lation (GCMC) is the most widely used method because it
mimics the same conditions that are generally used in an
adsorption experiment where the temperature, volume, and
chemical potential, via pressure in the bulk phase, are speci-
fied (Nicholson and Parsonage 1982). Whilst the choice be-
tween different Monte Carlo ensembles is generally one of
convenience, the choice of the molecular potential used is
critically important.

Most of the studies on adsorption in the literature are
limited to the use of the Lennard-Jones model (LJ) to de-
scribe the dispersive interaction between fluids. There are
many other models that are available but the LJ model is
preferred for adsorption on a carbon surface because it is
consistent with the usage of the well-known Steele model
for fluid-solid interaction (Steele 1973) and its molecu-
lar parameters are more readily available in the literature.
The LJ model has inverse 12-power dependence for the
repulsive interaction on intermolecular separation, which
is chosen for mathematical convenience and has no phys-
ical basis (Kaplan and Piela 2007; Wu and Sadus 2000;
Galliero and Boned 2008). Such weakness may be of im-
portance because the structural properties of a simple fluid
are partly determined by the intermolecular short range re-
pulsion interactions. Although it is convenient, the LJ model
is found to be inadequate in some conditions (Wu and Sadus
2000).
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Some researchers have utilized the Buckingham Exp-6
model (Exp-6) (Buckingham 1938), which describes the re-
pulsion interaction through an exponential form, in place of
the LJ model. This description of repulsion is more con-
sistent with both quantum mechanical ab initio calcula-
tions and analysis of experimental data on simple molecu-
lar systems than the inverse-power form (Ree 1983). Fur-
thermore, the advantage of the Exp-6 model over the LJ
counterpart model is the additional parameter, α. This pa-
rameter describes the stiffness of the repulsion for which
the LJ clearly lacks, and it is because of this parameter the
Exp-6 model is shown to describe more accurately than LJ
model the coexistence data of methane (Errington and Pana-
giotopoulos 1998). Since the repulsion plays a significant
role under extremely high pressures, it is generally expected
that this is where the two potential models would differ. It
will be shown in this paper that the difference can occur
at conditions other than the extremely high pressure con-
ditions. Recent studies have shown increased attention on
the model, for example high pressure behavior by Vortler
(1997), mixtures by Wu and Sadus (2000), phase behavior
of pure fluids by Tavares and Sandler (1996) and Erring-
ton and Panagiotopoulos (1998), and gas-gas equilibria by
Zarragoicoechea and Scalise (1997). Furthermore, Paricaud
et al. (2005) have reported that the Exp-6 model works bet-
ter than the LJ model in matching the microstructure of wa-
ter with high accuracy. These researches have provided evi-
dence that the Exp-6 model has some significant advantages
for molecular simulation.

This work will focus on the comparison between Exp-6
and LJ models with their corresponding fluid-solid inter-
action potential model, which are Crowell-Chang model
(1963) and Steele model, respectively. The main difference
between these two models is the short range repulsion inter-
action, which plays a significant role on the structural prop-
erties of simple gases. Methane will be used in this work
because of the interest in natural gas storage and transporta-
tion and because it can be modeled as single site sphere in
simulation. In this paper, the performance of these two po-
tential models, LJ and Exp-6, are studied in description of
bulk fluid behavior and in description of adsorption behavior
of methane on the graphitic surfaces and pores. The details
of the GCMC simulation for methane will be described in
the next section.

2 Theory

2.1 GCMC simulation

In this work, the bulk phase analysis results were obtained
using the NVT ensemble, while the adsorption isotherm and
isosteric heat of methane on graphitized carbon black were

obtained by GCMC simulation. In NVT-ensemble, the den-
sity and the temperature are specified to obtain the bulk pres-
sure of the system. In the GCMC-ensemble, the temperature,
volume and chemical potential are specified. The conversion
of the chemical potential to pressure is obtained by using the
Wagner Equation of State (Setzmann and Wagner 1991).

In the Monte Carlo simulation, 30,000 cycles are used for
the equilibrium step and another 30,000 cycles are used for
the collection of statistics. Each cycle consists of one thou-
sand attempted displacements, insertions or deletions with
equal probability. The box lengths were chosen depending
on the condition used, and the periodic boundary conditions
are applied except at the surface or at the pore walls. The cut-
off radius is taken to be either 5 times the collision diameter
or half of the box length, whichever is smaller. The displace-
ment step is always set initially as half of the box length and
is adjusted to achieve an acceptance ratio of 50%.

2.2 Fluid-fluid interaction potential

In adsorption, there are two components contributing to the
interaction potential; the fluid-fluid interaction and the fluid-
solid interaction. The most commonly used fluid-fluid inter-
action potential model is the Lennard-Jones model (Do and
Do 2005) because it is relatively simple and its parameters
are readily available for a wide range of fluids. However, it is
important to note that the LJ model is an empirical equation
that approximately reproduces the dispersion interaction be-
tween atoms. The model is described as:

ϕff (r) = 4εff

[(
σff

r

)12

−
(

σff

r
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where εff is the well depth of the interaction potential and
σff is the collision diameter. In this model, the repulsion
term is significant when the r is smaller than σff .
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where εff , rm, and α are model parameters. εff is the well
depth, rm is the radial distance at which the potential is min-
imum and α represents the stiffness of the repulsion com-
ponent of the potential. rmin is the smallest positive value
for which dϕff (r)/dr = 0. The second condition is neces-
sary because the potential will decrease when r < rmin and
become negative as the distance approaches zero (Errington
and Panagiotopoulos 1998). The clear distinction between
this model and the LJ model is the repulsion part, which
could cause significant difference in the calculation of the
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Table 1 Molecular interaction parameters

E σ rm rmax α A B α′

(K) (nm) (nm) (nm) (K nm6) (K) (nm−1)

LJ Methane 148.0 0.373

Graphite 28.0 0.340

Exp-6 Methane 160.3 0.374 0.4188 0.07108 15.0 1.442 3.493 × 108 35.8

Graphite 30.98 0.3827 13.7 0.173 2.152 × 107 35.8

total energy of interaction and thus, the adsorption isotherm
and the isosteric heat.

Since the LJ model is popular and simple, there are many
different sets of parameters that are reported in the literature
for methane (Martin and Siepmann 1998; Duan et al. 2000).
Do and Do (2005) have studied different sets of parameters
for simple gases in describing adsorption on carbon black.
They have found the best parameters for methane which are
summarized in Table 1. The Exp-6 potential model, how-
ever, has received less attention. The molecular parameters
for this potential can be found from Sherwood (1964), and
Ross and Ree (1980) for several gases. Recently, Erring-
ton and Panagiotopoulos have optimized the Exp-6 parame-
ters for methane by fitting the simulation results against the
vapor-liquid coexistence data (Errington and Panagiotopou-
los 1998). These parameters will be used in this work and
are listed in Table 1.

2.3 Fluid-solid interaction potential

The graphite surface is modeled as a homogeneous semi-
infinite plane. While the intermolecular interaction between
two methane molecules is described by the LJ model, the
corresponding fluid-solid interaction is described by the
Steele model (1973):

ϕsf (z) = 4πεsf ρsσ
2
sf

[
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2
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where ρs is the density of solid. The value of ρs and � for
graphite are 38.2 nm−2 and 0.3354 nm, respectively. σsf and
εsf are the fluid-solid LJ molecular parameters and, z is the
shortest distance between the fluid particle and the solid sur-
face. Although the model neglects the lateral variation along
the graphite plane, it gives reasonable approximation of the
interaction with the solid (Kowalczyk et al. 2005).

The Crowell-Chang model is used to describe the fluid-
solid interaction for Exp-6 fluids. The interaction is given
by (4) at a distance z from the outer basal plane of a semi-

infinite lattice.

ϕsf (z) = −
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In this model, Asf , Bsf , and α′
sf are the molecular pa-

rameters. The parameters were derived from the original
Exp-6 model as shown in Appendix A.1. � is the interlayer
spacing in graphite, η is the number of carbon atoms per
unit area in the basal plane, x = z/� and ψ(3)(x) is the pen-
tagamma function tabulated by Davis (1963). Equation (5)
defines the pentagamma function in a power series form.

ψ(3)(x) = 3!
∞∑

k=0

1

(x + k)4
(5)

To reduce the computation time in the GCMC simulation
this pentagamma function is approximated by:

ψ(3)(x) ∼= 3!
[

1

x4
+ 1

3(x + 0.6)3

]
(6)

The accuracy of this approximation is given in Appen-
dix A.2. Fluid-solid interaction parameters for both mod-
els were calculated by applying the Lorentz-Berthelot (LB)
mixing rules on the molecular parameters listed in Table 1.

2.4 Accessible pore volume and width

The accessible pore volume is defined as the volume in
which methane particles can access. The fluid-solid poten-
tial between a methane molecule on the boundary of this
accessible volume and the pore wall is zero (Birkett and Do
2006). The accessible volume can be calculated using (7).

Vacc = A(H − 2z0) (7)

where z0 is the shortest distance from the pore wall, at which
the solid-fluid potential energy is zero, H is the physical
width of the pore, and A is the area of one wall of the pore.
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2.5 Isosteric heat

One of the thermodynamic quantities of interest that can
be readily obtained from GCMC simulation is the isosteric
heat. It can be calculated (Nicholson and Parsonage 1982),

qst = kT +
[ 〈Uff 〉〈N〉 − 〈Uff N〉

〈N2〉 − 〈N〉〈N〉
]

+ 〈Usf 〉〈N〉 − 〈Usf N〉
〈N2〉 − 〈N〉〈N〉 (8)

where 〈 〉 is the ensemble average, N is the number of par-
ticles, and Uff and Usf are the interaction potentials from
the fluid-fluid and the fluid-solid contributions.

2.6 Local density distribution

The local density distribution show, in a 2D-plot, the distrib-
ution of fluids from the graphite surface or pore wall, which
helps to understand how particles are structured in the ad-
sorbed layers. It is defined as:

ρ(z) = 〈�N(z)〉
LxLy�z

(9)

where �N(z) is the number of fluids whose centers of mass
are located in the segment having boundaries at z − 0.5�z

and z + 0.5�z and Lx and Ly and are the box lengths in the
x- and y-directions, respectively.

3 Results and discussion

3.1 Lennard-Jones model and Exponential-6 model

Methane pair interaction for both models was first analyzed
to give an idea of the difference between the two models.
Figure 1 shows methane pair-wise fluid-fluid interactions for
both models with respect to distance. It shows that there is a
difference in the fluid-fluid interaction between two models.
The Exp-6 model has a steeper repulsion than the LJ model.
It also has a greater well depth (see the inset of Fig. 1). It
is important to point out that in the literature Exp-6 model
has been reported to be less steep than the LJ model (Vortler
et al. 1997; Ross and Ree 1980). The dissimilarity is due to
the repulsive stiffness α, which can vary depending on the
optimization of the molecular parameters.

To further illustrate the difference, the bulk isotherms of
methane under supercritical conditions were generated and
analyzed. In Fig. 2 the isotherms of both models agree with
the experimental data (Linstrom and Mallard 2001) except
at high densities, where the Exp-6 model deviates from the
experimental data. At density of 35.5 kmol/m3, the percent-
age error in the pressure of the Exp-6 model data goes up to

Fig. 1 Potential model of interaction between two methane particles.
The inset shows the minimum of the potential energy of both models

Fig. 2 The bulk pressure of methane at 298.15 K. The inset shows the
percentage error between both models and the NIST data

10.5%, as seen in the inset of Fig. 2. This difference shows
the effect of the repulsion stiffness of the two models. From
the results, it can be concluded that both models are able to
describe the experimental data well; however, LJ model can
describe the experimental data better at higher densities.

3.2 Steele model and, Crowell-Chang model

In fluid-solid interaction, the difference between the well
depths of the two models is about 2.5%. Figure 3 shows
that the Crowell-Chang model has a softer repulsion than
the Steele potential. To see the effects of this softer repul-
sion, two cases were considered; first is the adsorption in
ultra fine pores, where only one molecular layer is possible,
whereas, the second is the adsorption under extremely high
pressure. The first case is to study the effects of the solid-
fluid interaction directly so that the repulsive contribution
of this interaction can be evaluated. In the second case both
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the fluid-fluid and fluid-solid interaction will be analyzed si-
multaneously to investigate the interplay between the two
interactions.

Before analyzing the isotherms and the isosteric heat, the
accessible pore width were checked to see how the two mod-
els affect the accessibility of methane particles in pores. The
results of this analysis for different pore sizes are shown in
Table 2. It can be seen that, as the pore size increases, the dif-
ference of the accessible pore width between the two models
decreases.

Figure 4 illustrates the adsorption isotherms of methane
on a graphitized carbon black surface at 113, 123, 133, and
143 K. The inset shows the percentage error between the
two models and the experimental data (Bezus et al. 1967;
Avgul and Kiselev 1970). It is observed that the Exp-6
model predicts a higher Henry constant and this is simply
due to the greater well depth of the fluid-solid contribution
of this model (see inset in Fig. 3). Although the difference
in the well depth of the two models is 2.5%, the adsorption
capacity predicted by the Exp-6 model adsorption can be up
to 55% higher than the LJ model at 113 K. Interestingly,
in comparison to the LJ model, the Exp-6 model describes
the experimental data much better in adsorption on graphite

Fig. 3 Potential model of interaction between methane particles and
graphite surface. Inset shows the well depth of both potential models

surface for all temperatures examined. In the Henry constant
region, the fluid-solid potential plays a significant role in the
difference. Therefore, the Exp-6 is better in describing the
experimental data because of the, seemingly, more appropri-
ate well depth. As the second layer is formed, this difference
is reduced because of the balance between the fluid-solid
and fluid-fluid interactions. The LJ model can improve its
description of the experimental data by introducing the bi-
nary interaction parameter (ksf ), while this is not as clearly
required for the Exp-6 model.

Figure 5 shows the isosteric heat of adsorption at 113 K.
The Exp-6 model yields a greater isosteric heat in the mono-
layer coverage region, which is due to the fluid-solid con-
tribution. This result is consistent with what was observed
earlier with the isotherms, where the Exp-6 model gives
a greater amount adsorbed, resulting higher heat released.
From Figures 4 and 5, it can be concluded that the Exp-6
model can describe the experimental adsorption isotherm
and isosteric heat better than the LJ model.

We now compare the two models in the description of
methane adsorption on graphitic surface under supercritical
conditions. Figure 6 illustrate the adsorption isotherms of
methane on a graphitized carbon black surface at 298.15 K.
It is observed that the Exp-6 model again predicts a higher
adsorption at low pressure; less significant at higher pres-
sure. However, at extremely high pressures, the opposite is
observed, as shown in the inset of Fig. 6. It shows the effects
of the steeper repulsive profile of the Exp-6 model compare
to the LJ.

In adsorption in slit pores, the isotherms predicted by
both models show a significant difference at low pressures
under subcritical and supercritical conditions. Figures 7
and 8 illustrate this behavior at 150 and 200 K. Methane
isotherm in 0.65 nm pore was examined to study the differ-
ence in the fluid-solid interaction between the two models
because in small pores the fluid-solid interaction is domi-
nating. At higher pressures, the opposite behavior was ob-
served. The LJ model predicts significantly greater capaci-
ties than the Exp-6 model due to the increasing effects of
the repulsive stiffness in the fluid-solid interaction. All the
isotherms in 0.65 nm pore show a significant difference at
low pressures (Figs. 7a and 8a) which is due to the greater
well depth of the Crowell-Chang model (Exp-6 model).

Table 2 The accessible pore
volume and width for pore size
of 0.65, 0.85, 1.0, and 2.0 nm.
The x- and y-box length is
4.0 nm

aPositive percentage differences
show the Exp-6 model is greater

Pore Pore z0 Accessible pore Percent

width volume (nm) width (nm) differenta

(nm) (nm3) (%)Exp-6 LJ Exp-6 LJ

0.65 10.40 2.8876 2.9063 0.0725 0.0687 5.45

0.85 13.60 2.9762 2.9839 0.2548 0.2532 0.61

1.00 16.00 3.0017 3.0082 0.3997 0.3984 0.33

2.00 32.00 3.0214 3.0276 1.3957 1.3945 0.09
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Fig. 4 The fitting of the LJ model and the Exp-6 model with experimental data from Bezus et al. (1967) and Avgul et al. (1970) for methane fluids
adsorption at, clockwise from top left, 113, 123, 133 and 143 K on graphitized surface. Inset shows the percentage of error

Fig. 5 The isosteric heat of adsorption on graphite surface at 113 K
with the experimental data from Avgul (Avgul and Kiselev 1970)

Fig. 6 The isotherm of methane adsorption on graphite surface at
298.15 K. The inset shows the percentage difference between the two
models
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Fig. 7 The isotherm of methane adsorption at 150 K in slit pores of (a) 0.65 nm (single layer), (b) 1.0 nm (double layers), and (c) 2.0 nm (multiple
layers). In inset, the positive percentage difference means the Exp-6 gives greater capasity

Since the repulsion of the models play a significant role
under extremely high pressures, it is generally expected that
this is where the two potential models show a difference.
The adsorption under supercritical conditions was studied to
observe the effects of the difference in the repulsion between
the two models at extremely high pressures. The isotherm
of methane at 200 K is shown in Fig. 8. The behavior ob-
served is very similar to the behavior under subcritical con-
ditions (150 K), which is shown in Fig. 7. In the adsorption
of 0.65 nm pore size, the Exp-6 has predicted, on average,
greater capacities at low pressures and the opposite was ob-
served at higher pressures. Whereas, in the adsorption of
1.0 nm and 2.0 nm pores, the Exp-6 has greater capacities
than the LJ model at low pressures, and the difference be-
comes smaller as the pressure increases. Similar behavior
was observed in the adsorption isotherm at 298.15 K. These
observations suggest that the difference in the repulsion (of
the fluid-fluid interaction) does not affect the description of

the adsorption isotherm as much in big pores compared with
smaller pores.

3.3 Isosteric heat of adsorption

Having seen the difference between the two models on the
description of the adsorption isotherms of methane on sur-
face and in pores, the description of isosteric heat is now
analyzed. We have presented earlier how well the both mod-
els described the isosteric heat of adsorption on graphitic
surface under subcritical conditions (see Fig. 5). The isos-
teric heats of adsorption on a graphitic pore under super-
critical are presented in Fig. 9. While the isosteric heat at
113 K obtained for surfaces shows a clear peak that can be
attributed to the monolayer completion, this behavior is not
seen with the supercritical adsorption at 298.15 K. It can be
observed that the Exp-6 model has a greater isosteric heat as
under subcritical conditions but the difference between LJ
and Exp-6 is smaller.
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Fig. 8 The isotherm of methane adsorption at 200 K in slit pores of (a) 0.65 nm (single layer), (b) 1.0 nm (double layers), and (c) 2.0 nm (multiple
layers). In inset, the positive percentage difference means the Exp-6 gives greater capasity

Fig. 9 Isosteric heat of adsorption at 200 K in 2.0 nm pore

4 Conclusion

In this paper, two interaction potential models, Lennard-
Jones 12-6 model and the Buckingham Exp-6, are compared
in the description of methane in the bulk phase and dur-
ing adsorption on graphitic surfaces and pores. Both models
give a good description of the experimental bulk pressures
with higher accuracy for the LJ model at higher densities.
In adsorption on graphitic surface, the Exp-6 model fits the
experimental adsorption isotherms and isosteric heat of sub-
critical methane on carbon black better than the LJ model.
Further work was done on methane adsorption at different
conditions. In the adsorption on surface under supercritical
conditions, the Exp-6 predicts higher capacities, however,
at extremely high pressures the opposite was observed. For
the adsorption in slit pores, two different behaviors were ob-
served from the different pore sizes. In small pore sizes, the
Exp-6 model describes a greater capacity at low pressures,
while the opposite was observed at high pressures. In larger



Adsorption (2011) 17: 385–394 393

pore sizes, both models describe similar capacities at high
pressures. Having seen the Exp-6 can describe the experi-
mental data better without any modification, it indicates that
the Exp-6 model is a good potential model that researchers
can utilized to describe adsorption properties. However, the
LJ model is as good as the Exp-6. Therefore, the choice of
the potential model can be made based on preference.

Acknowledgement This project is supported by the Australian Re-
search Council.

Appendix A

A.1 The derivation of the Crowell-Chang parameters from
the original Exp-6 model

ϕ(r) = −Ar−6 + B exp(−α′r)
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The derivation defined Crowell-Chang’s parameters as:

A = εr6
m

(1 − 6
α
)

B = 6ε

α − 6
exp(α)

α′ = α

rm

A.2 The goodness of Pentagamma function approximation

x(z/�) Power series Approximation Percent

function function difference (%)

1.0 6.49263 6.48828 −0.067

2.0 0.49292 0.48879 −0.837

3.0 0.11813 0.11694 −1.005

4.0 0.04421 0.04398 −0.511

5.0 0.02089 0.02099 0.462

6.0 0.01138 0.01159 1.782

7.0 0.00683 0.00706 3.361

8.0 0.00438 0.00461 5.142

9.0 0.00297 0.00318 7.084

10.0 0.00209 0.00228 9.158

If z = 2.0 nm, � = 0.3354 nm ⇒ x = 5.9630 (an ap-
proximation of 1.7% percentage difference). Therefore, the
approximation function is good
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