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Abstract. Activated carbons are popular adsorbents due to their large micro- and mesoporous volumes
and high speciﬁc surface areas. Modeling adsorption behaviour using molecular computations is frequently
undertaken, but the inﬂuence of the unlike intermolecular interactions on adsorption behaviour is often
not well understood. This study employed grand canonical Monte Carlo simulations, and classical density
functional theory coupled with a simple lattice gas model to study the inﬂuence of unlike intermolecular
interactions on adsorption behaviour, with a focus on the dispersive interactions. Both approaches yielded
qualitative agreement with experimental data from the literature, although only a ﬁtted classical density
functional theory approach agreed quantitatively. Changing the potential energy well depth of the methanecarbon interaction did not change the Langmuir-type adsorption behaviour observed, however, there was
some dependence of the adsorption behaviour on the unlike interactions, depending on the thermodynamic
conditions.

1 Introduction
Activated carbon is a carbonaceous material containing
numerous nanopores and is a popular adsorbent in industry and research. This is due to its large micro- and
mesopore volumes, as well a high surface area to mass
ratio [1]. In addition, sorption behavior of methane in
carbon nanoporous materials is of interest in energy storage [2–7], and carbon sequestration in methane-containing
coals [8–10]. Investigation of the physicochemical properties which inﬂuence adsorption and desorption can provide
information for future energy research, carbon sequestration techniques, and the development of natural gas extraction methods. Computational methods may not only
be used to interpret experimental results, but also to yield
insights into the mechanisms themselves [11–13].
Pores in activated carbon are often described in terms
of a slit pore [1,14–18]. This idealized structure provides a
means to connect complex porosity and transport properties in carbon molecular sieves [19]. Previously, simulations have been performed to study methane in slit
and slit-like carbon pores [8,20–22], although the inﬂuence of unlike interactions between methane and the carbon molecules constituting the pore walls has never been
investigated in detail. The unlike interactions have been
adjusted to ﬁt to experimental datasets [21,23], however
their eﬀect on sorption behavior and mechanisms was not
a
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studied. Classical density functional theory (CDFT) using
simpliﬁed molecular models and mean ﬁeld theory (the
lattice gas employed in the present study is an example of
a simpliﬁed molecular model) has also been employed previously to study adsorption in graphitic or carbonaceous
pores [24,25]. However, as with molecular simulations, the
inﬂuence of unlike interactions on adsorption behaviour
has not been studied in detail.
The present study investigated the inﬂuence of the
unlike dispersive interactions between methane and carbon on the adsorption behavior of methane in carbon
nanopores, as represented by means of the slit pore model.
This was undertaken using both self-consistent grand
canonical Monte Carlo (GCMC) simulations, and mean
ﬁeld CDFT calculations employing a simple lattice gas.
Previously, it was found that similar trends were found
for the inﬂuence of unlike water-methane interactions on
the thermodynamic behavior of methane clathrate hydrate [26–28] using a variety of methods. The similarity in
trends may arise from the behavior of complex molecular
systems being an emergent phenomenon. In other words,
as long as the same force ﬁelds are employed, and the simulated species interact in a fundamentally similar manner,
the net behavior of the system as a whole should remain
the same, regardless of the computational technique employed. Therefore, it can be expected that both GCMC
and CDFT calculations may yield similar trends in sorption behavior.
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Table 1. Intermolecular parameters used in this study.
Species
Methane
Carbon

εii /K
148.1
28.0

σii /nm
0.381
0.340

2 Theory and methods
2.1 GCMC simulations
The methane molecules were represented by a single
Lennard-Jones (LJ) site [29–32], as were the individual carbon atoms [8]. This methane model provides a
good approximation for the somewhat spherical methane
molecule [33]. The intermolecular interactions are thus described by the following relationship:


(1)
Uij = 4εij (σij /rij )12 − (σij /rij )6 ,
where Uij is the potential energy between site pairs i and
j, εij is the LJ potential energy well depth, σij is the distance between sites i and j at which Uij is zero, and rij
is the intermolecular separation between sites i and j. In
the GCMC simulations, intermolecular interactions were
described using the LJ potential only, since methane and
the graphitic slit pore walls have negligible electrostatic
charges. For computational expediency, a cut-oﬀ radius
of 1 nm was used for the LJ potential. The interactions between the methane molecules and the graphite pore walls
were often described using the so-called 10-4-3 Steel potential [34] available in the literature, although for the
sake of rigour in the GCMC simulations, this was not employed here. The intermolecular LJ parameters used in the
GCMC simulations are listed in Table 1.
GCMC simulations employ the grand canonical ensemble [35], in which the chemical potential (μ), volume (V ),
and temperature (T ) are held constant. These simulations
mimic the adsorption/desorption of gas molecules into a
conﬁned space by considering creation/destruction Monte
Carlo (MC) moves, respectively. The thermal motion of
methane gas molecules was mimicked by means of translational moves. All of these MC moves were applied using
the Metropolis scheme [36]. The probability of performing
creation, destruction moves, or translation moves was set
to 33.3% each. It may be noted that since methane was
represented by a single LJ site, the spatial orientation of
the inserted methane molecules was irrelevant. Since the
carbon pore itself was a ﬁxed structure, no MC moves were
applied to the graphite sheets. In total, 1 × 107 MC moves
were applied to the system, with the initial 2.5×106 moves
(i.e., the ﬁrst 25% of MC moves) being used to equilibrate the system, and the remainder to produce data. The
GCMC simulations were performed using version 4.0.3 of
the General Utility Lattice Program [37].
The carbon pore was described as lying between six
graphite sheets (three above, three below). The gap between the two sets of carbon sheets (i.e., the carbon
nanopore itself) was set to 1.4 nm, similar to a previous
study [8]. The graphite sheets themselves were squares

Fig. 1. Schematic diagram of the graphite slit pore used in
the GCMC simulations.

of 2.2 nm × 2.2 nm, giving a total of about 552 carbon atoms per graphite sheet. This setup is illustrated
in Figure 1.
For GCMC simulations, μ of the gas reservoir is required as an input. A computationally expedient approach
is to calculate the value of μ using an equation of state.
However, in this study, the gas phase was simulated explicitly by MC simulations in the isobaric-isothermal (NPT)
ensemble using the ms-2 computer program [38]. This
ensured that the GCMC simulations were self-consistent
since exactly the same molecular force ﬁelds would be
employed in Metropolis-type schemes [36] for both the
gaseous and solid/adsorbed phases. This self-consistency
can mitigate the eﬀects of computational artifacts on any
observed behaviour in the systems under investigation.
For these simulations, 500 gas particles were used. Preequilibration relaxation consisted of 5 × 104 MC moves,
followed by 1 × 107 canonical ensemble (NVT ) steps, and
2.5×107 NPT moves for equilibrium. Production consisted
of a further 2.5 × 108 MC moves. The chemical potential
was estimated during the production stage of these simulations by means of Widom’s method [39], using 2000 test
particles. The results of these simulations are shown in
Figure 2.
2.2 CDFT calculations
For the CDFT calculations, the conﬁned gas species was
considered as a square lattice gas exposed to an external
ﬁeld, with interactions between nearest-neighbours only.
The density functional theory can actually be rather accurate for some simple pair-potential ﬂuid interactions [40].
The model used in the CDFT calculations in the present
study is simplistic, although it is computationally expedient as a result. This simplicity may not necessarily be
a major disadvantage, since the aim of this study is not
to produce quantitatively accurate adsorption isotherms,
but to study the inﬂuence, if any, of unlike solid-ﬂuid intermolecular interactions on the adsorption behaviour of
methane on graphite. Therefore, provided the CDFT calculations and GCMC simulations produce qualitatively
similar adsorption isotherm behaviour to experiments, the
fundamental behaviour of these simulated systems should
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Fig. 2. Plot of chemical potential (μ) versus system pressure
(P ) for gaseous methane at T = 300 K, determined from MC
simulations. Note that standard deviations for both P and μ
were smaller than the symbols. The lines connecting points
serve as a guide for the eye.

be satisfactory. The Hamiltonian (H) of any given state
for this adsorbed lattice gas is given by [41–47]:
H = −0.5εF F Σi Σa (ni ni+a ) + Σi (ni φi ),

(2)

where εF F is the strength of nearest-neighbour interactions between gas molecules, ni is the occupancy at site i,
a is the vector from any given site to any other site
which is a nearest-neighbour within the lattice, and φi
is the external ﬁeld describing the solid-ﬂuid interactions
between nearest-neighbours. For the present study, the
carbon nanopore was considered as an inﬁnite pore sandwiched between graphite sheets, and so the problem becomes one-dimensional. Figure 3 illustrates the lattice gas
problem at hand.
Generally, CDFT involves the minimization of the
grand free energy functional (Ω) with respect to number
density (ρ). In this study, the mean ﬁeld approximation
was employed, which results in the following expression
for Ω [48]:
Ω({ρi }) = kT Σi [ρi lnρi + (1 − ρi )ln(1 − ρi )
− 0.5εF F Σi Σa (ρi ρi+a ) + Σi ρi (φi − μ),

(3)

where ρ is the number density of site i, k is Boltzmann’s
constant, T is the temperature, and μ is the chemical potential of the adsorbed gas. It should be noted that ρ must
lie between zero and one, and μ of the adsorbed gas is the
same as for the gas in the reservoir supplying the adsorbed
molecules. The set {ρi } which results in a minimum for
equation (2) represents the equilibrium distribution of gas
molecules within the slit pore. The necessary conditions
for the minimization of equation (2) are:
(∂Ω/∂ρi )T,µ = 0 for all i.

(4)

Combination of equations (2) and (3) yield the following
relationship which can be solved iteratively to determine

Fig. 3. Schematic diagram of the conﬁned lattice gas model
used in the CDFT calculations. Note that nearest-neighbour
sites are those lying vertically or horizontally adjacent; not
diagonally.

the equilibrium distribution {ρi } [49]:
kT ln[ρi /(1 − ρi )] − εF F Σa ρi+a + φi − μ = 0 for all i. (5)
The equation above was solved iteratively until the absolute diﬀerence between iterations was within a tolerance
of 10−6 .
The chemical potential of the bulk gas in the CDFT
calculations was estimated by using an ideal gas approximation, with an adjustment for the lattice gas
description [49]:
μ = kT ln(P ) − kT ln(kT /Λ3 ) + 3kT ln(Δr/Λ)

(6)

where P is the bulk pressure, Λ is the thermal de Broglie
wavelength, and Δr is the separation between adjacent
lattice sites, which in this case was set to σF F .
In the CDFT calculations, the intermolecular interactions between gas molecules and the pore wall, and
amongst gas molecules, were approximated according to
a square-well potential. Occupancy of sites closer than
a minimum ﬂuid-ﬂuid separation, σF F , was disallowed
(since this was the spacing between adjacent lattice sites),
and the minimum separation between gas molecules and
the solid surface was set to σSF . This incorporated repulsive eﬀects between particles that approach too closely.
The ﬂuid-ﬂuid parameters were set to the LJ values for
the gas (see Tab. 1).
In the CDFT calculations, the solid-ﬂuid energy term
was calculated by assuming an average distribution of
solid sites spread across the surface, with each site itself behaving like LJ carbon (see Tab. 1). In order to determine the number of interaction sites, and considering
nearest-neighbour interaction only, the surface area considered was that bounded by a single lattice site, namely
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a square of area σF2 F centered at the projection of the
nearest lattice site to the surface. This can be calculated
as follows:
φi = εSF σF2 F ρS ,
(7)
where ρS is the number density of interaction sites on
the solid surface per unit area, which in this case was set
to 114 nm−2 [34].
2.3 Unlike dispersive interactions
The unlike intermolecular interactions referred to in this
study are the solid-ﬂuid interactions between methane and
carbon. In the GCMC simulations, intermolecular interactions were described in terms of the LJ potential, whereas
the CDFT calculations considered a square-well type potential between nearest-neighbours. While these are naturally diﬀerent intermolecular potentials, the main aim of
this study was to examine the similarity in the adsorption behaviour between such diﬀerent simulated systems,
especially in comparison to available experimental data,
with a focus on the inﬂuence of these unlike interactions.
Previously for the methane-carbon system [21], the solid
ﬂuid interactions have been adjusted in an ad-hoc manner
in order to more closely ﬁt experimental data. This procedure has been used when studying water absorption in
polymers [50], or even vapour-liquid-solid equilibria [51].
However, the behaviour of the simulated system that results from tweaking the unlike interactions has not been
studied in great detail for many systems. Indeed, it has
been shown that this simple ﬁtting procedure can yield
unexpected results such as phase dependence of the ‘best
ﬁt’ unlike energetic term [52], or an impossibility to ﬁt
to available experimental data within certain theoretical
frameworks [28].
With regard to the present study, unlike intermolecular
interactions for both the CDFT calculations and GCMC
simulations were described using the popular Lorentz [53]
and Berthelot [54] combining rules, respectively:
σij = 0.5(σii + σjj ),

(8)
0.5

εij = (1 − kij )(εii εjj )

.

(9)

The Berthelot rule described above in equation (9) is in
fact a modiﬁed form of the original which incorporates
a correction or adjustment factor kij which describes the
strength of the unlike dispersive interaction εij relative
to the baseline scenario. The description above of the
unlike dispersive interactions is presented from the perspective of force ﬁelds used in GCMC simulations. In the
case of CDFT calculations, the unlike dispersive interaction is represented by φi ; see equations (2), (3), (5), and
especially (7).
The Berthelot rule itself is derived from a more generic
formulation by Reed [55], and extended by Hudson and
McCoubrey [56]:
εij = [2(Iii Ijj )0.5 /(Iii + Ijj )]
× [2(σii σjj )0.5 /(σii + σjj )](εii εjj )0.5 .

(10)

The general formulation employs both the ionization potentials (I) and molecular size parameters to calculate εij .
In the case of these two properties being similar for the
molecules under consideration, the Berthelot rule is returned. While there are indeed a great variety of combining rules in the literature, it should be noted that the total
range of diﬀerent εij and σij values may in fact not be very
large. In a recent study on methane clathrate hydrate systems [57], εij calculated from a wide array of combining
rules did not deviate from the Berthelot-derived value by
more than about eight percent, and σij deviated no more
than about one percent from the Lorentz-derived value.
While the present system is not a clathrate hydrate system, the aforementioned system consisted of methane +
water (i.e., a nonpolar molecule interacting with a highly
polar species, respectively), and as the present system is
methane + carbon, it can be expected that the deviations
from the Lorentz-Berthelot baseline will not be large, if
any number of diﬀerent combining rules were used. Moreover, the Berthelot rule serves as a convenient baseline,
since it is commonly used, and many researchers may be
familiar with it. Since the various combining rules applied
to the size term σij do not produce signiﬁcantly varying
results, the eﬀect of deviation from the Lorentz rule may
not be of any practical or real physical interest.
With regard to previous studies which ﬁtted the unlike interactions to available experimental data for the
amount of gas adsorbed as a function of pressure, it
should be noted that for the case of methane on carbon
black at T = 273 K, the best match was obtained with
kij = 0.2 [21], whereas for methane at T = 113 K, the
appropriate value was kij = −0.025 [23]. This suggests
that close to ambient conditions, the Berthelot rule signiﬁcantly overestimates the unlike dispersive interactions,
whilst at cryogenic temperatures, it produces a slight underestimate. This of course means that for any given system, several diﬀerent values of kij may produce a best ﬁt
to experimental data, depending on the thermodynamic
conditions, and that this binary correction factor may be
positive or negative. Therefore, the inﬂuence of unlike intermolecular interactions on the adsorption behaviour of
the simulated methane + carbon system is necessarily important, due to the possibility of best ﬁt kij values producing both increases and decreases in εij , relative to the
Berthelot case.

3 Results and discussion
3.1 GCMC simulations
The results of the GCMC simulations for methane adsorbed in a graphitic slit pore of width 1.4 nm are
shown in Figure 4. The quantity on the y-axis (q) is
the amount of gas adsorbed into the nanoporous carbon material. The simulations were performed for a range
of values of the unlike interaction parameter: kij =
{−0.5, −0.1, 0.0, +0.1, +0.5} (see Eq. (8)). The corresponding unlike interaction terms in this case are εij =
{96.6, 70.8, 64.4, 58.0, 32.2} K. It is clear that the results
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Fig. 4. Results of GCMC simulations of methane adsorption
in a graphitic slit pore of width 1.4 nm compared to experimental data and previous simulations at T = 300 K. The lines
connecting points serve as a guide for the eye. The error bars
represent the standard deviations.

of the GCMC simulations for the baseline scenario (i.e.,
kij = 0.0) do not agree with the results of the previous
molecular simulations [8]. However, it must be noted that
the GCMC simulations performed in the present study
were self-consistent, in that the chemical potential of the
methane gas reservoir was estimated as a function of pressure by means of single phase MC simulations, which was
not the case in the previous study. Therefore, this discrepancy may arise as an artifact of the diﬀerent descriptions
used for the methane gas reservoir supplying the adsorbed
methane molecules into the slit pore. In this regard, it is
clear that the self-consistent simulations result in an overestimation of the amount of adsorbed methane as compared to the experiments, which is thus a result of the
methane force ﬁeld used, and not an artifact arising from
inconsistencies in force ﬁeld or computational technique
used.
Below P ≈ 7 MPa, decreasing kij results in an increase in the amount of methane adsorbed. This can be
expected, since a decrease in kij necessarily produces an
increase in the depth of the LJ potential energy well between methane and carbon, as εij and kij are inversely
related to one another (see Eq. (9)). Changing the unlike interaction does not appear to alter the adsorption
behaviour of the simulated system in any signiﬁcant way.
Therefore, it is entirely feasible to adjust the unlike interactions in order to ﬁt to experimental data, at low to
moderate pressures.
At higher pressures (i.e. P > 7 MPa), however, there
was no clear trend in terms of the adsorption isotherm behaviour as a function of the unlike dispersive interactions.
This can be attributed to the gas-gas interactions playing
an increasingly prominent role relative to the solid-ﬂuid
interactions. In this regard, however, it should be noted
that this does not necessarily mean that on a molecule-

Fig. 5. Comparison of gas phase MC simulations with the ideal
gas and experimental PVT data. Note that standard deviations
for both P and ρ were smaller than the symbols. The lines
connecting points serve as a guide for the eye.

by-molecule basis the solid-ﬂuid interactions are relatively
weaker. Instead, at higher pressures there are simply more
adsorbed methane molecules, and as an aggregate, the total cumulative strength of the ﬂuid-ﬂuid interactions may
begin to play a larger role in adsorption behaviour.
A potential source of deviation can be the behaviour
of the pure methane gas, as represented by the force ﬁeld
in this study, as compared to real methane gas. In addition, the CDFT calculations in this work employ the ideal
gas description of methane, which may contribute to deviations in behaviour compared to both experimental data
and the results of the GCMC simulations. A comparison
between the ideal gas, the results of the gas phase MC
simulations, and experimental PVT data from the literature [58] are shown in Figure 5. In this case, it is apparent that the methane force ﬁeld overestimates the gas
phase density as compared to both reality and the ideal
gas model. Therefore, in the self-consistent simulations at
a given pressure, it can be expected that the methane
may adsorb more than for a corresponding ideal gas or
real gas at the same pressure. This may be a source of
the diﬀerence observed in the present study with regard
to the amount of gas adsorbed, since the self-consistent
GCMC simulations yielded more adsorbed methane than
the previous experimental or simulation work [8].
In addition to the adsorption isotherms, the spatial distribution of adsorbed methane molecules within the slit
pore was analysed. This was achieved by sampling 103
conﬁgurations generated by the GCMC simulations, and
generating histograms resulting from computing the distances between methane and carbon sites. The histograms
could then be used to determine the radial pair distribution function g(r) describing the location of methane
molecules relative to carbon atoms in the slit pore. This
can give an idea of not only the spatial distribution, but
also the type of adsorption behaviour observed, since if the
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Fig. 6. Plot of the radial pair distribution function g(r) for
methane-carbon at T = 300 K, as a function of intermolecular
separation r, for kij = 0.

system conformed to monolayer Langmuir-type adsorption [59], the adsorbed methane molecules should necessarily be found in a monolayer alongside the pore wall. The
results of these calculations are shown in Figure 6 for the
baseline scenario (i.e., the Berthelot case). It can be noted
here that the ﬁrst peak in all cases (at r ≈ 0.41 nm) lies
close to the equilibrium distance for the methane-carbon
Lennard-Jones spheres (r = 21/6 σSF = 0.4046 nm).
It is instructive to examine the ratios of the peaks of
g(r), by comparing the value of the radial pair distribution
function for the ﬁrst peak (i.e., molecules lying adjacent
to the surface, at a distance rmax ) with its value at r =
0.7 nm (since the pore is 1.4 nm wide). This ratio Π can
be deﬁned as follows:
Π ≡ g(rmax )/g(0.7 nm).

(11)

For the Berthelot case, Figure 6 shows that with increasing pressure (from 1 MPa to 16 MPa at least), Π increases.
In quantitative terms, the values of Π at P = 1 MPa and
P = 16 MPa are 1.8 and 2.2, respectively (a relative difference of approximately 22%). In terms of the scale of
this diﬀerence relative to uncertainties in the data shown
in Figure 6, there was an estimated uncertainty in g(r) of
about 16% at rmax and about 12% at r = 0.7 nm. Therefore, the density diﬀerence shown in terms of Π may not
be conclusive, and further study can be conducted in this
area. This may indicate the ﬁlling of the monolayer adjacent to the pore wall, thus resembling Langmuir-type
adsorption. The relevant values of q in this case are approximately 0.278 g cm−3 and 0.283 g cm−3 , respectively.
In order to determine the eﬀect of the unlike dispersive
interactions on the adsorption behaviour, it is necessary
to perform the same analysis presented in Figure 6 for different kij values. For comparative purposes, only the radial pair distribution functions are shown for kij = +0.5
and kij = −0.5 in Figure 7. In this case, increasing the
magnitude of εSF (in other words, decreasing kij ) results

Fig. 7. Plot of the radial pair distribution function g(r) for
methane-carbon at T = 300 K, as a function of intermolecular
separation r, for kij = {+0.5, −0.5}. At P = 1 MPa, rmax ≈
{0.41, 0.41} nm, and at P = 16 MPa, rmax ≈ {0.44, 0.37} nm,
respectively.

in a more pronounced diﬀerence in Π at high pressure
as compared to low pressure. Numerically, the ratio of Π
at P = 16 MPa as compared to P = 1 MPa is 1.6 for
kij = −0.5, as compared to 0.8 for kij = +0.5. However,
the adsorption isotherms shown in Figure 4 suggest that
this relative diﬀerence in number density may be overcome
by increases in the overall amount of methane adsorbed
outside the monolayer, since there is little diﬀerence in
the adsorption isotherms for each kij value at higher pressures. This suggests that the eﬀect of changing the solidﬂuid interactions may be more pronounced under certain
thermodynamic conditions, in terms of the eﬀect on the
adsorbed monolayer. It can also be noted that the pressures investigated in the present study were not very high,
in absolute terms, and given the trends shown for the simulated adsorption isotherms, it may be expected that at
pressures far above P = 16 MPa, there may also be little
diﬀerence between the results of simulations using diﬀerent kij values.

3.2 CDFT calculations
For the CDFT calculations, several diﬀerent approaches
were considered. In addition to the methodology described
in Section 2 above, ﬁtting to the results of the GCMC
simulations as well as available experimental data was
also undertaken. Fitting in this case involved adjusting
intermolecular parameters to better match the reference
data, by means of a simplex method [60], with a tolerance of 10−6 . With regard to the intermolecular parameters that were considered for ﬁtting, a modiﬁcation to the
Lorentz [53] combining rule needs to be introduced:
σij = 0.5(1 − lij )(σii + σjj )

(12)
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Table 2. Results from ﬁtting the CDFT model to experimental
data [8].
1-Parameter
kij
+0.03
2-Parameter
kij
+0.03
lij
–0.01
4-parameter
kij
–0.28
lij
+0.29
εF F /K
42.6
σF F /nm 0.331

in which lij serves as a ﬁtting parameter for the unlike size
term. In eﬀect, lij acts a means to adjust the closeness with
which the adsorbed monolayer may lie in relation to the
graphite pore walls. Thus, kij and lij together allow for
the mitigation of any simpliﬁcations or assumptions which
may aﬀect the description of the solid-ﬂuid intermolecular
interactions. In addition to these unlike correction terms,
the pure ﬂuid parameters εF F and σF F were also considered for the purposes of ﬁtting, to account for the ﬂuidﬂuid interactions in the conﬁned space of the pore possibly being diﬀerent to the case for the free ﬂuid. Therefore,
several diﬀerent combinations of adjustable variables were
used to ﬁt to experimental data:
– kij only;
– kij and lij ;
– kij , lij , εF F and σF F .
In this way, the eﬀects of any simplifying assumptions
could be mitigated, and the simple lattice gas model could
be ‘calibrated’ to available adsorption isotherm data.
The results of the parameter ﬁtting using CDFT are
shown in Table 2, and the associated adsorption isotherms
are shown in Figure 8. It was clear that the calculated adsorption isotherm only agreed qualitatively with the experimental results [8], except for the case in which the
eﬀective ﬂuid species properties were also ﬁtted to the
reference dataset. This suggests that the primary shortcoming of the CDFT approach used in this study was in
the description of pure methane. Moreover, the results of
the 1- and 2-parameter ﬁtting are not signiﬁcantly diﬀerent, and the ﬁtted values for kij and lij show that these
could not be adjusted much to improve the ﬁt; further
emphasizing this point. Fitting the intermolecular parameters for pure methane as well as the correction factors for
the combining rules yielded an agreeable ﬁt to the experimental data, both qualitatively and quantitatively. The
results of this ﬁtting exercise also suggest that in order to
adequately describe real systems, the pure ﬂuid interaction parameters (i.e., the potential energy well depth and
minimum intermolecular separation) for a square lattice
gas with nearest-neighbour interactions may need to be
signiﬁcantly less than for a LJ gas. This may be especially
the case for the potential energy well depth, which had to

Fig. 8. Results of CDFT calculations of methane adsorption
in a graphitic slit pore of width 1.4 nm, ﬁtted to experimental data at T = 300 K. Note that the 1-parameter calculation curve overlap almost entirely with 2-parameter calculation
curve.

be reduced by a factor of about 3.5 in order to ﬁt to the experimental data. This suggests that in the conﬁned state,
the methane-methane interactions are dampened by the
presence of nearby carbon atoms, relative to the gaseous
state. For comparison, the ﬁtted value for σF F was a maximum of 14% diﬀerent from the parameter used in the
predictive calculation (see Tab. 1). It can be noted that
adjusting lij and σF F together is essentially changing the
distance between the adsorbed monolayer and the pore
wall, and so the value of lij obtained by means of the 4parameter ﬁtting approach amounts to changing the value
of σSF .
The results of the predictive CDFT calculations can
also be considered in relation to the discrepancy between
the ideal gas and the force ﬁeld used to describe the
methane gas in the GCMC simulations (see Fig. 5). As
stated previously, the CDFT calculations in this study employed the ideal gas model to describe the methane gas.
Comparison of the results shown above in Figure 8 with
the results from the GCMC simulations shown in Figure 4
show that while the GCMC simulations produced an overestimate in terms of the amount of methane adsorbed, the
predictive CDFT calculations result in an underestimate.
This can be related to the density of the gas reservoir
supplying the methane molecules for adsorption into the
slit pore, since Figure 5 showed that the ideal gas model
slightly underestimates the density of gaseous methane,
while the methane force ﬁeld produced an overestimate.
Once the simple lattice gas CDFT model was ﬁtted to experimental data, an exploratory study could be
undertaken, similar to that performed using GCMC simulations, in which the unlike intermolecular interactions
were adjusted to study the adsorption behaviour of the
methane + graphite system. In this exploratory study,
only the unlike energy correction term kij was adjusted,
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Fig. 9. Results of the exploratory CDFT calculations of
methane adsorption in a graphitic slit pore of width 1.4 nm
at T = 300 K, for selected values of kij .

since this is most often adjusted to ﬁt to experimental
data, and as stated previously, ﬁtting lij and σF F simultaneously to experimental data is analogous to changing
σSF . The results of the exploratory calculations are shown
in Figure 9, for a selected range of kij values.
It was apparent that increasing kij has little eﬀect once
the graphitic slit pore is already at high loading values,
since relatively large increases in the magnitude of εij (i.e.,
for kij = −2.05 and kij = −2.25) result in a marginal
shift in the adsorption isotherm curve. This is especially
the case at high pressure, which may be expected, since
the slit pore is at or near its maximum capacity for adsorbed methane. Decreasing εij , however, does result in a
marked decrease in the amount of methane adsorbed into
the graphitic pore. This can be expected, since a reduction
in the strength of solid-ﬂuid interactions may necessarily
result in a reduced monolayer density within the pore. It
can be noted that this reduction is more marked at high
pressure, which may be due to the reduced strength of
the solid-ﬂuid interactions essentially extending the pressure range over which loading occurs. This behaviour may
be signiﬁcant in modeling gas adsorption in situations
where the system pressure relative to the critical or saturation pressure is of interest.
As with the conﬁgurations generated by the GCMC
simulations (see Figs. 6 and 7), the number density spatial distribution produced as a result of the CDFT calculations can be instructive. In this case, however, the
density proﬁle {ρi } was determined directly in order to
minimize the grand free energy functional by means of
equation (5). The results of this procedure, in terms of
the density proﬁles, are shown in Figure 10. It is clear
that the density proﬁles are similar for the predictive calculations and the 1- and 2-parameter models. In these
three cases, due to the lattice spacing aﬀorded by σF F
and the available free volume allowed by σSF in conjunction with the pore width of 1.4 nm, there is always only
a monolayer formed. Each surface monolayer would in ef-

Fig. 10. Density proﬁles resulting from the CDFT calculations. The lines connecting the values for each lattice point are
guides for the eye. The apparent oﬀ-centered appearance is an
artifact of the square lattice grid construction.

fect be adjacent to the monolayer on the opposite surface,
due to the aforementioned spatial constraints. With the 4parameter model, however, the ﬁtted values for σF F and
σSF are diﬀerent, and allowed for the formation of two
distinct monolayers. It is observed that, at least for the
pressure range considered in this study, no pore ﬁlling outside the surface monolayers occurred. This strongly suggests Langmuir-type adsorption behaviour. Signiﬁcantly,
the values of εSF arising from each ﬁtting procedure did
not play a role in the number density of the adsorbed
monolayer. The adsorption isotherms resulting from the
exploratory CDFT calculations (see Fig. 9) also suggest
that signiﬁcantly increasing εSF may not alter the density proﬁles signiﬁcantly, since there is little separating
the adsorption isotherms for kij = −0.28 and kij > −2.
However, in scenarios where εSF is noticeably reduced (as
in Fig. 9), it can be expected that the monolayer density
would be necessarily reduced as well.

4 Conclusions
Self-consistent GCMC simulations and mean ﬁeld lattice
gas CDFT calculations were used to model adsorption of
methane in graphitic slit pores, and study the eﬀect, if
any, of unlike intermolecular interactions on adsorption
behaviour. The results of the GCMC simulations agreed
qualitatively with experimental data taken from the literature [8], and for P < 7 MPa, there was a clear trend
in terms of the amount of methane adsorbed versus the
unlike dispersive energy εSF : decreasing the magnitude of
the potential energy well depth εSF (i.e. increasing kij )
reduced the amount of methane adsorbed into the slit
pore. However, at higher pressures (i.e., P > 7 MPa),
there was no discernable trend.
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CDFT calculations were used to ﬁt intermolecular parameters to the experimental data [8], according to various
combinations of adjustable parameters:
– kij only;
– kij and lij ;
– kij , lij , εF F and σF F .
All models agreed qualitatively with the literature, although only the 4-parameter model produced a quantitatively agreeable ﬁt. Exploratory calculations for various
values of kij were undertaken for the 4-parameter CDFT
model, and it was found that increasing the magnitude
of the potential energy well depth εSF did not shift the
adsorption isotherm curve signiﬁcantly, although reducing
it could change the methane loading noticeably. Examination of the density proﬁles resulting from the CDFT calculations showed that unless σF F and σSF were reduced, the
monolayers on each pore wall would be adjacent, and practically indistinguishable. In addition, the pair distribution
functions generated during the GCMC simulations showed
density distributions that agreed more closely with the results from the 4-parameter CDFT calculation. This suggested that the square lattice gas description of methane
adsorbed in graphite should have intermolecular overlap
distances less than that for comparable LJ species.
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