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Abstract. In this paper we investigate the mixture adsorption of ethylene, ethane, nitrogen and argon on graphitized
thermal carbon black and in slit pores by means of the Grand Canonical Monte Carlo simulations. Pure component
adsorption isotherms on graphitized thermal carbon black are first characterized with the GCMC method, and then
mixture simulations are carried out over a wide range of pore width, temperature, pressure and composition to
investigate the cooperative and competitive adsorption of all species in the mixture. Results of mixture simulations
are compared with the experimental data of ethylene and ethane (Friederich and Mullins, 1972) on Sterling FTG-D5
(homogeneous carbon black having a BET surface area of 13 m2/g) at 298 K and a pressure range of 1.3–93 kPa.
Because of the co-operative effect, the Henry constant determined by the traditional chromatography method is
always greater than that obtained from the volumetric method.

1. Introduction

Adsorption behavior on open surfaces or in pores has
been studied extensively in the literature by various ap-
proaches, ranging from empirical approaches to those
that have basis in classical thermodynamics (Yang,
1987; Jaroniec and Madey, 1988). One of the earli-
est theoretical studies on mixture adsorption is the
Ideal Adsorption Solution Theory (IAST) of Myers and
Prausnitz (1965). This approach as well as many later
theoretical studies have been used by many researchers
for studying adsorption equilibria of mixtures (for ex-
ample, LeVan and Vermeulen, 1981; Moon and Tien,
1987; Russel and LeVan, 1996, 1997; Taqvi and LeVan,
1997; Staudt et al., 1998; Keller et al., 1999). Tabula-
tion of adsorption mixture data, mostly on porous acti-
vated carbon and other porous materials, are also avail-
able (Reich et al., 1980; Costa et al., 1981, 1989; Kaul,
1984; Valenzuela and Myers, 1989). Recently more ad-
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vanced tools of Monte Carlo simulation (Steele, 1999,
2002), molecular dynamics simulation (MD) and den-
sity functional theory (Latoskie et al., 1993a, 1993b,
1997; Olivier, 1995) have been applied to solve this
problem, and these tools use more fundamental pa-
rameters than those used in classical theories. Usually
these parameters are the molecular parameters associ-
ated with the interaction between interaction sites of
the molecules. In particular, the MC and MD methods
are suitable to study simple molecules as well as com-
plex ones that possess orientation and discrete charges.
The greater application of these tools in recent years is
mostly due to their power in describing adsorption be-
havior from a single information of a potential energy
model between fluid particles and a model for solid-
fluid interaction.

In this paper we studied mixtures of symmetrical
linear molecules and spherical molecules by using the
Grand Canonical Monte Carlo simulation. Here we
chose ethylene, ethane, nitrogen and argon as model
adsorbates, and studied their adsorption in slit pores as
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well as on graphitized thermal carbon black. The latter
has been used as a reference material for characterizing
carbon surface (Kruk et al., 1999; Gardner et al., 2001).
Pure component adsorption of ethane and ethylene on
graphitized thermal carbon black has been recently
studied (Do and Do, 2004), and the objective of this
paper is then to investigate the co-operation and com-
petition of the mixtures of ethane and ethylene as well
as mixtures with nitrogen and argon on open surface
of graphitized thermal carbon black and in slit pores of
various sizes. Isosteric heat from adsorption of mixture
is also obtained from the GCMC through the fluctua-
tion theory. For the case of ethane and ethylene mix-
ture, limited data on adsorption isotherms were avail-
able from the work of Friedrich and Mullins (1972) for
Sterling FTG-D5 (a homogeneous carbon black with
a BET surface area of 13 m2/g) and they are used to
confirm the validity of the model.

1.1. Two-Center Potential Model

One direct approach in dealing with linear molecules
is to treat every atom on these molecules as one site in
the calculation of intermolecular interaction (Chen and
Siepmann, 1999). This approach is time-consuming
and often it does not add extra insight into adsorption
from the alternative approach of united atom. In the lat-
ter approach a number of atoms are grouped together to
constitute one interaction site. For the case of ethylene
for example, there are two such united atoms, each one
of which contains one carbon atom and two hydrogen
atoms. In this paper, we consider a United Atom (UA)
model for ethane and ethylene, whose molecular pa-
rameters are given in Martin and Siepmann (1998) and
Wick et al. (2000), respectively. The site-site interac-
tion is described by the classical 12-6 Lennard-Jones
potential equation. To be explicit, the interaction po-
tential energy of a site a on a molecule i and a site b on
a molecule j is given by:
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where the subscript denotes for molecule while the su-
perscript indicates the interaction site. Each interaction
site is characterized by two parameters. For example,
for site “a” these parameters are the collision diame-
ter (σ (a,a)) and the well depth of the interaction energy
(ε(a,a)). Since the two groups of ethylene and ethane

Table 1. Parameters for ethane and ethylene for
the UA-TraPPE potential model.

UA model

Species σ (A) ε/k (K) ι (A)

Ethane 3.75 98 1.54∗

Ethylene 3.675 85 1.33∗∗

∗Carbon-carbon σ bond length; ∗∗carbon-carbon
double bond length.

are identical, the ethylene or ethane molecule is char-
acterized by one value of the collision diameter, one
value of the well depth of the interaction energy and
the distance between the two interaction sites. Given
the site-site interaction energy, the molecule-molecule
interaction energy is then calculated from:

ϕi, j =
M∑

a=1

M∑
b=1

ϕ
(a,b)
i, j (1b)

where M is the number of sites on a molecule (in this
case M = 2). The values of these parameters for ethy-
lene and ethane are given in Table 1.

For nitrogen, it is modeled as two dispersive sites
(located at nitrogen atom centers) and a set of discrete
charges to account for the quadrupole and higher mo-
ments (the quadrupole moment of nitrogen is −4.9 ×
10−40 Cm−2). This quadrupole can be described by
specifying a set of discrete charges and their locations
on each nitrogen molecule. Having this information,
the electrostatic interaction between a charge “α” on
a molecule “i” and a charge “β” on a molecule “j” is
determined via the Coulomb law of electrostatic inter-
action (Tipler, 1999):
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where ε0 is the permittivity of free space (ε0 =
107/(4πc2) = 8.8543 × 10−12 C2J−1m−1; c is the
speed of light), r (α,β)

i, j is the distance between two
charges α and β on the molecules i and j, respectively,
qα

i is the value of the charge α on the molecule i and qβ

j
is the value of the charge β on the molecule j. The total
electrostatic interaction between two molecules takes
the form:

ϕq;i, j =
Mq∑
α=1

Mq∑
β=1

ϕ
(α,β)
q;i, j (2b)
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Here Mq is the number of charges on the molecule. It
may not be the same as the number of LJ sites, M , and
their positions may also not be the same as those for
dispersion sites.

The potential model that we use in this paper for
nitrogen is the one proposed by Murthy et al. (1983).
Each nitrogen molecule has 2 LJ sites and 3 discrete
charges (M = 2 and Mq = 3). One positive charge
(0.810e) is at the center of the molecular axis joining
the two centers of nitrogen atoms and the two sym-
metric negative charge (−0.405e) are on the same axis
with a distance of 1.1 A from each other. The collision
diameter and the well-depth of the interaction energy
of a nitrogen atom are:

σ N−N = 3.32 A, εN−N /k = 36.4 K

The distance between the two LJ sites is the same as
that between two negative charges (i.e. the charge is on
the LJ site).

Argon is treated as a spherical molecule, and the
molecular parameters for argon are σ = 3.405 A, ε/k
= 119.8 K.

2. Theory

The simulation tool used in this paper is the Grand
Canonical Monte Carlo (GCMC) simulation (Norman
and Filinov, 1969; Adams, 1975). This tool is described
in details in Allen and Tildesley (1987). In the Grand
Canonical Monte Carlo (GCMC) simulation, we spec-
ify temperature, volume (pore volume) and the chem-
ical potential. This simulation is suitable for studying
adsorption in pores as well as on solid surfaces. The
common feature shared by all Monte Carlo simulation
methods is that a Markov chain of molecular configu-
rations is produced. Any properties of interest can be
obtained by averaging over this chain. In GCMC, there
are three different moves used to generate the Markov
chain, which is composed of a series of molecular con-
figurations. The first move is the displacement. For lin-
ear molecules, we have an additional move, which is
the changing of particle’s orientation. The two remain-
ing moves in the GCMC are the insertion and removal
of a particle. In the insertion move, a particle is inserted
at a random position within the simulation box, while
in the removal move a particle is selected in random
and removed from the box. For the case of linear par-
ticle in insertion move, we randomly select a position
for the center of mass and choose a random orientation

on a sphere for the molecular axis. These two moves
are either accepted or rejected when appropriate prob-
abilities of acceptance are either greater or lower than a
random number generated uniformly between 0 and 1.
The additional move which is very useful for mixtures
is the identity swap, which was introduced by Cracknell
et al. (1993).

2.1. Solid-Fluid Interaction Energy

In the GCMC simulation of adsorption, the external
force exerted by the presence of solid surfaces can be
evaluated once a model for surface or pore is chosen.
In this paper, we take a simple model of surface and slit
pore, where the surface is assumed to be flat and homo-
geneous (structureless). It is infinite in the two lateral
directions x and y. Because of the infinite nature of the
pore, we will work with a finite simulation cell with
periodic boundary conditions in the x and y directions.
The interaction potential energy between a particle
and the homogeneous solid carbon substrate is calcu-
lated by the well-known 10-4-3 Steele potential (Steele,
1973, 1974). The interaction between a site a on a
molecule j and the surface takes the following form:
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where ρC is the volumetric carbon atom density
(114 nm−3), 	 is the spacing between two adjacent
graphene layers (3.35 A), and z(a)

i is the shortest dis-
tance between the site a on the molecule i and the plane
passing through all carbon atoms of the outermost
layer of carbon wall. The solid-site molecular parame-
ters, the collision diameter and the interaction energy,
are calculated from the Lorentz-Berthelot mixing rule.

σ (a,s) = (
σ (a,a) + σ (s,s)

)/
2 (3b)

ε(a,s) = (1 − ksf )
√

ε(a,a)ε(s,s) (3c)

The molecular parameters of carbon atom are σ (s,s)

= 3.4 A and ε(s,s)/kB = 28 K. The well depth of the
solid-fluid interaction energy (Eq. 3(c)) is adjusted
with the introduction of the solid-fluid binary interac-
tion parameter, ks such that the experimental Henry
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constant is reproduced by the GCMC simulations. Fit-
ting of the pure component Henry constant of ethylene
and ethane on graphitized thermal carbon black (Avgul
and Kiselev, 1970), we have found that the binary
interaction parameter is −0.05, −0.02, −0.04 and 0.02
for ethylene, ethane, nitrogen and argon respectively.
Knowing the site-surface interaction energy as given
in Eq. (3a), the molecule-surface interaction energy is
calculated from:

ϕi,s =
M∑

a=1

ϕ
(a)
i,s (3d)

In the GCMC simulations of adsorption on graphitized
thermal carbon black and in slit pores we use the fol-
lowing parameters. Generally, the box length is chosen
to be equal to 10 times the collision diameter, and the
cut-off radius is taken to be half of the box length. The
number of cycle in the equilibration step and in the col-
lecting statistics step is 50,000 each, and in each cycle
we have N displacements and rotations (N is the number
of particles). For the typical Monte Carlo parameters
listed above, the computation time is of the order of
ten hours to complete an isotherm for the case of linear
molecules. The deviation of the simulation results is of
the order of the size of the symbols used in the plots.

For simulations of an open graphitized thermal car-
bon black surface, we use a slit pore having width of
80 A. This width is large enough for that slit pore
to mimic two independent surfaces. In presenting the
GCMC simulation results we plot them as (i) average
surface excess (for open surface) and average pore den-
sity (for slit pore) versus pressure, (ii) 2D-plot of local
density versus the distance across the pore, and (iii)
3D-plot of local density versus the distance across the
pore and the angle θ formed between the molecular
axis and the z-direction (perpendicular to the pore sur-
face). The average surface excess and the average pore
density are defined as

�av = 〈N〉
LxLy

− ρ�LxLy(H − σss)�
LxLy

(4a)

ρav = 〈N〉
LxLy(H − σss)

(4b)

where ρ is the bulk molecular density, Lx and L y are the
box lengths in the x and y-directions, respectively, and
〈N 〉 is the ensemble average of the number of particle
in the pore. Here the pore width H is defined as the
distance between the plane passing through all carbon

atom centers of the outermost layer of one wall and the
corresponding plane of the opposite wall. In this paper,
we define the accessible pore width as H − σss.

To study how molecules are layered and their distri-
bution from the surface, we study the local density as
a function of distance from a pore surface. It is defined
as:

ρ(z) = 〈	N(z)〉
LxLy	z

(5)

where 	N (z) is the number of ethylene molecules
whose centers of mass are located in the segment hav-
ing boundaries at z and z + 	z, and Lx and Ly are the
box lengths in the x and y-directions, respectively. This
plot of ρ(z) versus z does not tell us about the way how
molecules are oriented. To do this, we need to study
the 3D-plot of local density distribution, and this local
density distribution is calculated from:

ρ(z, θ ) = 〈	N(z, θ )〉
LxLy	z sin θ	θ

(6)

where 	N (z, θ ) is the number of ethylene molecules
whose centers of mass are located in the segment hav-
ing boundaries z, z + 	, and the angle between the
molecular axis and the z direction falls between θ and
θ +	θ . This plot of ρ(z, θ ) versus z and θ allows us to
evaluate the preferential orientation of the molecules
located at various distances from the wall surface. An
angle of 0 means that the molecule lies perpendicu-
lar to the pore wall, while a value of π/2 means that
the molecule is parallel to the pore surface. All our
subsequent plots are presented as LJ-non-dimensional
density, defined as ρ∗ = ρσ 3.

The utility of the GCMC simulations is not only
in the generation of adsorption isotherm and the mi-
croscopic configuration of molecules, but also in the
calculation of various thermodynamics quantities, for
example the isosteric heat. Using the fluctuation the-
ory, the isosteric heat is calculated from Nicholson and
Parsonage (1982):

qiso
〈U〉〈N〉 − 〈UN〉
〈N2〉 − 〈N〉〈N〉 + kBT (7)

where N is the number of particle and U is the config-
uration energy of the system.
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3. Results and Discussions

We study the mixture adsorption of the following mix-
tures: (1) ethylene/Ar, (2) ethylene/nitrogen, and (3)
ethylene/ethane. The temperatures chosen in this sim-
ulation study is 200 K. At this temperature, the first two
systems have one component as sub-critical fluid and
the other as super-critical fluid, while in the last sys-
tem (ethylene/ethane) both components are sub-critical
fluids.

3.1. Ethylene-Argon Mixture

First we study the mixture of ethylene and argon. Of-
ten carried out in the literature to determine the Henry
constant of a solute is the application of the gas-solid
chromatography. A carrier gas, usually argon or nitro-
gen, is used to carry a minute amount of adsorbate (so-
lute) into a column packed with solid adsorbent. Due to
adsorption this adsorbate spends longer time than the
fluid residence time, and it elutes from the column at the
so-called retention time. After appropriately isolating
the dead volume, the corrected retention time is cal-
culated and hence the Henry constant is derived. This
Henry constant is then taken as a measure of affinity
of the adsorbate towards the solid adsorbent. We will
show in this section that such a conclusion is not strictly
correct as the carrier gas does affect the adsorption of
adsorbate.

First we consider adsorption of mixture of ethylene
and argon in slit pores of 10 and 15 A, typically of pore
sizes found in activated carbon. The temperature stud-

Figure 1. Adsorption isotherm of ethylene in slit pore of 10 A pore width (circle: mixture; triangle: pure component).

ied is 200 K, at which ethylene is a sub-critical fluid
while argon is a super-critical fluid (the critical tem-
peratures of ethylene and argon are 282.4 and 150.8 K,
respectively).

10 A Pore Width

It has been implicitly assumed in the literature that by
using an inert gas as a carrier the adsorption of solute in
mixture is the same as the adsorption of pure adsorbate
in a volumetric apparatus. We show in Fig. 1 the GCMC
results for the case of ethylene at 200 K and a pore
width of 10 A, with Fig. 1(a) showing the results at low
pressure range (0–500 Pa) while Fig. 1(b) for higher
pressure range (up to 10,000 Pa).

In this figure we plot the average pore density
(Eq. 4(b)) versus the partial pressure of ethylene. The
curve with triangle symbol is the result for the case of
pure ethylene, while the curve with circle symbol is for
the case of ethylene-argon mixture. The partial pressure
of argon in the case of mixture is maintained constant
at 1×105 Pa to mimic the chromatography conditions.
We observe that at low pressures the adsorption of ethy-
lene in the presence of argon is greater than that in the
case of pure ethylene. At first, it is thought that in the
presence of another adsorbate (argon) there will be a
competition between them and as a result the adsorbed
amount of ethylene in the case of mixture should be less
than that for the case of pure ethylene. The observed
opposite behavior at low pressure seen in Fig. 1(a) is
simply due to the fact that in that pressure range the
surface is only fractionally covered and therefore there
is no issue of competition for the available space on the
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Figure 2. Snap shot of adsorption for the case of ethylene/argon mixture (a) ethylene partial pressure = 100 Pa; (b) ethylene partial pressure
= 10,000 Pa.

surface for adsorption. The enhancement in the ethy-
lene adsorption is due to the lateral interaction between
ethylene and argon, increasing the amount of ethylene
adsorbed compared to that in the case of pure ethylene.
It must be borne in mind that argon does adsorb on
the surface and its partial pressure is 100,000 Pa. Such
an enhancement in adsorption is called the cooperative
adsorption, and such co-operation is possible for prac-
tically all mixtures as long as the surface is only frac-
tionally covered. However, when the partial pressure of
ethylene is increased (greater than 200 Pa), the surface
is fully covered with adsorbed molecules, ethylene and
argon, and the competition for adsorption space will
occur and as a result ethylene is dominantly favored
by the surface because of its greater affinity with the
solid surface. Eventually when the partial pressure is
high enough the ethylene adsorbed concentration in the
case of mixture will approach that in the case of pure
ethylene (Fig. 2(b)). The distributions of ethylene and
argon in pore and the orientation of ethylene can be
studied with the investigation of the local density dis-
tribution. We shall postpone this discussion of the local
distribution to the next sub-section where we will study
15 A pore.

Figure 2 shows a snapshot of ethylene and ar-
gon in the case of mixture adsorption, with Fig. 2(a)
for the ethylene partial pressure of 100 Pa (co-
operative region) and Fig. 2(b) for a partial pressure
of 10,000 Pa (competitive region). In the co-operative
region (Fig. 2(a)) in which the surface is fractionally
covered, the presence of adsorbed argon on the surface
helps to increase the adsorption of ethylene, resulting
from the adsorbate-adsorbate interaction between ethy-
lene molecules and argon molecules (note the proxim-
ity of argon molecules for each ethylene molecule in

this figure). The difference between the pure ethylene
case and the case of mixture of ethylene and argon
can be seen in the shape of the adsorption isotherm.
In the case of pure ethylene, the curve is linear at very
low pressures (when ethylene molecules are far apart
and no fluid-fluid interaction occurs). However, when
pressure is higher, more ethylene molecules are ad-
sorbed on the surface (surface is sill below the com-
plete coverage) and the fluid-fluid interaction among
ethylene molecules now comes into play and gives rise
to a shaper increase in the rate of adsorption with pres-
sure, resulting in the sigmoidal shape of the isotherm
(Fig. 1(a)). On the other hand, in the case of mixture
(where argon partial pressure is maintained constant at
100,000 Pa), the surface is covered with some argon
molecules and it is these argon molecules that interact
with any ethylene molecule adsorbed on the surface,
resulting in a greater Henry constant (compared to the
pure ethylene case).

In the competitive region (partial pressure of ethy-
lene of 10,000 Pa), the surface is loaded with ethy-
lene and argon molecules, with ethylene being the
dominant species because of its greater affinity to-
wards the surface (Fig. 2(b)). It is this competition
for adsorption sites that ethylene simply displaces the
weaker component argon from the surface (compare
the snap shot of Fig. 2(b) with that in 2(a)). Also we
note in Fig. 1(b) that in the competitive region that
the adsorption of ethylene is greater in the case of
pure ethylene, which is what we would expect from
the presence of a second component (in this case,
argon).

Thus what we see thus far is the cooperative ad-
sorption when the total number of molecules is less
than that required to fill a monolayer coverage, and
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Figure 3. Heat of adsorption of pure ethylene and mixture of ethy-
lene/argon versus the partial pressure of ethylene.

the competitive adsorption when the total number is
greater than the monolayer amount.

Figure 3 shows the isosteric heat of adsorption for
the case of pure ethylene and the case of mixture of
ethylene and argon versus the partial pressure of ethy-
lene (partial pressure of argon is maintained constant
at 100,000 Pa). The lower heat in the latter case is due
to the lower solid-fluid interaction of argon compared
to that of ethylene. When the partial pressure of ethy-
lene is greater, the adsorption is mostly contributed by
ethylene. As a result, the isosteric heat of mixture is
getting close to that of pure ethylene. For example, at
10,000 Pa of ethylene in mixture, the isosteric heat is
28.8 kJ/mol, compared to 33.2 kJ/mol for the case of
pure ethylene.

Figure 4. Adsorption isotherm of ethylene in slit pore of 15 A pore width.

15 A Pore Width

We have seen the co-operative and competitive adsorp-
tion in the case of 10 A pore. Let us now turn to a
larger pore to investigate how significant is this phe-
nomenon when the solid-fluid interaction is weaker in
larger pores compared to that in smaller pores. We con-
sider a 15 A pore. The results are shown in Figs. 4(a)
and (b) for low pressure and higher pressure ranges, re-
spectively. The phenomenon of cooperative and com-
petitive is again observed for this 15 A pore, but the
extent of the cooperative is much less than that in the
case of 10 A. This is due to the stronger affinity with
solid surface for the latter case, as shown in the lower
pressure at which the cooperative mode is switched to
the competition mode. In the case of 10 A pore, the
switch-over pressure is about 170 Pa (Fig. 1(a)) while
that in the case of 15 A is 2,200 Pa (Fig. 4(a)).

To investigate the adsorption layering and orienta-
tion, we need to study the local density distribution.
Figure 5 shows the local density distribution as a func-
tion of distance from the pore surface for P = 1,500 Pa
and 10,000 Pa. The first pressure is for co-operative re-
gion, and the latter is for competition region.

In the co-operative region of partial pressure of ethy-
lene = 1,500 Pa and argon pressure of 100,000 Pa
(Fig. 5(a)), both ethylene and argon molecules are ad-
sorbed on the two contact layers close to the surface and
the inner core is free of any adsorbed molecules (15 A
pore can accommodate 3 layers). The contact layers are
only fractionally covered, and the amounts adsorbed of
these two species are comparable. The fluid-fluid inter-
action between argon and ethylene helps to enhance the
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Figure 5. Local density distribution of ethylene and argon for (a) co-operative region and (b) competitive region.

Figure 6. 3D-local density distribution of ethylene versus distance and angle θ (a) Ethylene partial pressure=1,500 Pa (co-operative adsorption);
(b) ethylene partial pressure = 10,000 Pa (competitive adsorption).

adsorption of ethylene compared to the case of pure
ethylene. However, in the competitive region (partial
pressure of ethylene is 10,000 Pa), the dominance of
ethylene is clearly seen in all three layers inside the
pore (Fig. 5(b)). This is due to the stronger affinity of
ethylene with the surface. The three peaks of argon are
much lower than those for ethylene, and we note that
the peaks of argon are quite comparable in all layers
despite the weaker solid-fluid interaction of argon and
the super-critical nature of argon. This is attributed to
the fluid-fluid interaction between argon and ethylene
molecules in all three layers.

The orientation of ethylene molecule in these two
regions is shown in Fig. 6 as plots of local density

versus distance from the pore surface and the an-
gle between ethylene molecular axis and the z-axis.
The angle of zero means vertical orientation and π/2
means for parallel orientation. In the co-operative re-
gion (Fig. 6(a)), the orientation of ethylene is domi-
nantly parallel to the surface. This parallel orientation
persists in the competitive region for the two contact
layers (Fig. 6(b)) although there is an increase in the
population of molecules having a vertical orientation.
This is simply due to the effect of fluid-fluid interac-
tion between molecules in the contact layers and those
in the inner core layer. On the other hand, ethylene
molecules in the inner core have no preferential orienta-
tion, although parallel orientation is slightly preferred.
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This is mainly due to the dominance of the fluid-fluid
interaction.

3.2. Ethylene-Nitrogen Mixture

We now consider a system of ethylene/nitrogen mix-
ture. The reason for investigating this is that nitrogen
is quite commonly used as a carrier for chromato-
graphic study and nitrogen carries discrete charges
(in contrast to no charge on argon molecule). Let us
consider this system for a 10 A slit pore. The cal-
culations of the dispersive interaction were carried
out with the minimum image convention, while those
of electrostatic interaction were done directly among
charges (including images) when the cut-off is less
than a threshold value, beyond which we use the long
range correction proposed by Heyes and van Swol
(1980).

The conclusions about the cooperation and competi-
tion obtained earlier for argon are also observed for ni-
trogen, as shown in the following figure (Fig. 7) where
we plot the ethylene amount adsorbed versus the ethy-
lene partial pressure at 200 K with a 10 A slit pore. The
nitrogen partial pressure is maintained constant at 1 at-
mosphere (1.013×105 Pa). As seen in this figure, at low
pressures when the surface is under-saturated, the pres-
ence of carrier gas in fact helps to increase the amount
of ethylene adsorbed. This is the cooperative effect as a
result of the interaction between the ethylene molecules
and nitrogen molecules on the surface, the same of
conclusion observed earlier with argon. When pressure
is increased beyond 120 Pa, the surface is now fairly

Figure 7. Adsorption isotherm of ethylene in slit pore of 10 A pore
width (filled circle: mixture; empty circle: pure component).

loaded with molecules and this is when the competition
between ethylene and nitrogen for the finite surface area
available for adsorption occurs. As a result of this com-
petition, the amount of ethylene adsorbed is less than
that when ethylene is the only component in the gaseous
phase.

3.3. Ethylene-Ethane Adsorption

Next we simulate the adsorption of ethylene and ethane
at 200 K to illustrate further the cooperation and com-
petition effects on the mixture adsorption. At this tem-
perature, both ethylene and ethane are sub-critical flu-
ids. Let us start with mixture adsorption in 10 A slit
pore.

H = 10 A

Figure 8(a) shows the adsorption isotherm of ethylene,
plotted as the pore density versus its partial pressure for
the case of mixture, and for the case of pure component
as pore density versus the ethylene pressure. In the case
of mixture, the gaseous mole fraction of ethylene is 0.5.
The curve with unfilled symbols is for the case of pure
ethylene while that with filled symbols is for the case of
mixture. For the low pressure range where the surface
loading is less than that required to form a monolayer,
the isotherm for the case of mixture is greater than
that for the case of pure ethylene. This is the coopera-
tive effect of interaction between adsorbed molecules
of like species as well as that between unlike species
that we have discussed earlier. When the pressure is in-
creased, we observe the competition and the isotherms
of ethylene and ethane in mixture is clearly less than
the isotherms for pure component. Figure 8(b) shows
the adsorption of stronger-adsorbing species (ethane)
and we see that the effect of cooperative phenomenon
is less with the strongly adsorbing component. This is
because the presence of the weaker adsorbing species
does not significantly increase the interaction among
all adsorbed molecules.

H = 15 A

Like the case of ethylene/argon we have dealt with ear-
lier in Fig. 4, we expect again here that the effect of
cooperative is lesser in importance in the case of larger
pores compared to smaller pores. Figure 9 shows the
adsorption of mixture of ethylene and ethane in 15 A
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Figure 8. Adsorption isotherm of (a) ethylene and (b) ethane in slit pore of 10 A pore width.

Figure 9. Adsorption isotherm of (a) ethylene and (b) ethane in slit pore of 10 A pore width.

slit pore. The mole fraction of ethylene in the gas phase
is 0.5. The phenomena of co-operation and competi-
tion also observed here for 15 A, but the effect is less
than that observed for 10 A.

The distribution of ethylene and ethane in the re-
gion of cooperation is shown in Fig. 10(a), while that
in the region of competition is shown in Fig. 10(b).
The pressure used in Fig. 10(a) is 1,000 Pa, at which
the total number of molecule of ethylene and ethane is
less than that required to form a complete monolayer.
We have co-operative adsorption. On the other hand,
the pressure used in Fig. 10(b) is 10,000 Pa, at which
the two contact layers close to the two walls are com-
pletely covered with adsorbed molecules and the layer
in the middle is also filled with adsorbed molecules.

The spread of the middle peak is greater than that of
the peaks of the contact layers. This is due to the weaker
solid-fluid interaction of the inner core layer. We also
note in Fig. 10 the dominance of ethane over ethylene
in all layers.

To understand the orientation of ethylene and ethane
in each layer, we plot in Fig. 11 the 3D-local density
distribution of these species versus distance from the
pore surface and the angle formed between the molec-
ular axis and the z-coordinate. In the region of pressure
in which we have cooperative adsorption, the two con-
tact layers have concentrations less than the monolayer
coverage and the orientation of ethylene and ethane in
this region of cooperative adsorption adopt preferen-
tially the parallel orientation (the angle is π/2). The
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Figure 10. Local distribution of ethylene and ethane in the (a) co-operation region and (b) competitive region.

Figure 11. 3D-Local distribution of (a) ethylene and (b) ethane in the co-operation region.

higher peak of ethane in Fig. 11 supports the domi-
nance of ethane over ethylene.

In the region of competitive adsorption, the three
layers in this 15A pore are filled with ethylene and
ethane molecules (Fig. 10(b)). The orientations of these
two species are shown in Fig. 12. In the contact lay-
ers, ethylene and ethane both prefer parallel orienta-
tion with the surface, while in the inner core layer
both species do not have any preferential orientation
although ethane molecules have a slight dominant par-
allel orientation. The somewhat random orientation of

ethylene and ethane in the inner core layer is due to the
stronger influence of fluid-fluid interaction compared
to the solid-fluid interaction, while the slight dominant
parallel orientation of ethane in the inner core is due to
its stronger solid-fluid interaction.

H = 20 A

Let us now consider a larger pore 20 A. With this width
there are four layers that can be accommodated in the
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Figure 12. 3D-Local distribution of (a) ethylene and (b) ethane in the competitive region.

Figure 13. Adsorption isotherms of ethylene and ethane in 20 A pore (a) high pressure region (b) low pressure region.

pore. Figure 13 shows the adsorption isotherms of ethy-
lene and ethane in the case of mixture (1:1 ratio of ethy-
lene and ethane in the gas phase) as well as those for
the case of pure components. For the case of mixture,
the isotherms of ethylene and ethane are plotted versus
their respective partial pressures.

For this pore, the pure component isotherms of
ethane (filled square symbol) and ethylene (filled circle
symbol) exhibit a 3D transition of pore filling. The 3D
transition pressure of ethane is lower than that of ethy-
lene, and this is due to its stronger affinity with the sur-

face. In the case of mixture, the 3D transition pressure is
between the pure component transition pressures. The
3D transition pressures of pure ethane and ethylene are
22,000 and 65,000 Pa, respectively, while the 3D tran-
sition pressure of mixture of ethylene and ethane (1:1)
is about 36,000 Pa. Even with this large pore we still
observe the cooperative adsorption (Fig. 13(b)), but this
cooperation is very small compared to that observed in
smaller pores.

The distribution of ethylene and ethane in the case
of mixture is shown in Fig. 14 for two values of



Cooperative and Competitive Adsorption of Ethylene, Ethane, Nitrogen and Argon 47

Figure 14. Local distribution of ethylene and ethane in the (a) co-operation region and (b) competitive region.

Figure 15. 3D-Local distribution of (a) ethylene and (b) ethane in the co-operative region for 20 A pore.

pressure. One is in the cooperative adsorption re-
gion while the other is in the competitive adsorp-
tion. The molecular layering is observed for all layers,
and the dominance of ethane is also observed in all
layers.

The orientation of ethylene and ethane is shown
in Figs. 15 and 16 for P = 10, 000 Pa and P =
100,000 Pa, respectively. Like all previous cases the
dominant orientation of the contact layers is the paral-
lel orientation. However in the competitive adsorption
region the vertical orientation of the contact layer is
becoming significant although the parallel orientation
is still dominant. This is due to the combined effects of
fluid-fluid interaction between layers and the weaker

solid-fluid interaction in larger pores. For the two inner
core layers, there is no preference in the orientation.

Graphitized Thermal Carbon Black Surface

Now we consider the potential of the GCMC simu-
lated results against the mixture data of ethylene and
ethane on graphitized thermal carbon black at 298 K.
The data are taken from Friederich (1970). At this tem-
perature, we match the GCMC results against the pure
component isotherms of ethylene and ethane to ob-
tain the following values for the binary interaction pa-
rameters, k = −0.027 and −0.012, for ethylene and
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Figure 16. 3D-Local distribution of (a) ethylene and (b) ethane in the competitive region for 20 A pore.

Figure 17. (a) Plot of the total amount adsorbed versus total pressure for ethylene/ethane adsorption on graphitized thermal carbon black; (b)
plot of the (y-x) versus gas mole fraction of ethylene.

ethane, respectively. Having this information we simu-
late the mixture isotherms at various gas phase compo-
sitions used in the work of Friederich (mole fractions
of ethylene are 0.086, 0.2, 0.341, 0.507, 0.607, 0.803
and 0.913). In all these cases the GCMC simulation
results agree very well with the experimental results.
We present below for the case of mole of fraction of
ethylene of 0.507 in the form of a plot of the total
amount adsorbed versus the total pressure (Fig. 17(a))
to show the agreement between the GCMC simula-
tion results and the data. Figure 17(b) shows the plot
of the difference of the gaseous mole fraction and the
adsorbed phase mole fraction of ethylene versus the

gaseous mole fraction of ethylene at a total pressure
of 100,000 Pa. Also shown in this figure are the results
calculated by the IAST theory. The agreement between
the IAST and the GCMC simulation results is good,
and that comes as no surprise as ethylene and ethane
are comparable in molecule properties.

4. Conclusions

We have presented in this paper the potential of GCMC
simulation as a useful tool to study adsorption micro-
scopic behavior of linear molecules in slit pores and on
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graphitized thermal carbon black. At pressures where
the surface is only fractionally covered, we have co-
operative adsorption irrespective of whether the fluid
is sub- or super-critical. Orientation of molecules in
the contact layer is dominantly parallel to the surface.
At higher pressures where the contact layers are com-
pletely filled, we have competitive adsorption, and yet
again the orientation of molecules in the contact layer is
parallel although some vertical orientation is observed
and it is due to the fluid-fluid interaction between lay-
ers, while that in second and higher layers shows no
preferential orientation. We have shown in some de-
tails the co-operation and competition in adsorption of
mixture with a number of systems involving ethylene,
ethane, nitrogen and argon, and in pores of various
sizes. The simulation results were tested against the
experimental results of ethylene/ethane adsorption on
graphitized thermal carbon black, and the agreement
was found to be very satisfactorily.
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