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In the present paper, the multicomponent adsorption of polyatomic species is described as a
fractional statistics problem, based on Haldane’s statistics. Site exclusion is characterized by a
“mutual exclusion matrix” g, which relates to the sizes of the different species and lattice geometry.
The adsorption process has been monitored through total and partial isotherms, energy of adsorption
and configurational entropy of the adsorbed phase. The thermodynamic functions calculated for a
monomer-dimer mixture were applied to describe the adsorption of methane-ethane mixtures in
zeolites. In the case of zero lateral interactions, the present approach was compared to the
well-known ideal adsorbed solution theory. The results show that the treatment of this complex
problem can be significantly simplified if looked up from the new theoretical perspective. © 2009
American Institute of Physics. �DOI: 10.1063/1.3124163�

I. INTRODUCTION

The adsorption of gas mixtures on solid surfaces has
received great attention for many decades due to its impor-
tance in many technological applications, especially gas
separation and purification and catalysis.1–4 Particularly, the
adsorption of hydrocarbons in zeolites is of considerable
practical interest in petrochemical applications due to the
unique characteristics of zeolite pores which permit the sepa-
ration of alkane mixtures on the basis of molecular shape and
size.5–7 From the theoretical point of view, most of the stud-
ies about gas-mixture adsorption are devoted to the adsorp-
tion of molecules with single occupancy.8–12 However, hy-
drocarbon molecules adsorbed on solid surfaces should be
regarded under the light of a multisite-adsorption model,13 in
order to properly account for the effects of configurational
entropy �k-mer size and flexibility� on the thermodynamics
of the adlayer.

The difficulty in the analysis of the multisite statistics is
mainly associated with three factors which differentiate the
k-mers statistics from the usual single-particle statistics.
They are the following: �i� no statistical equivalence exists
between particles and vacancies; �ii� the occupation of a
given lattice site ensures that at least one of its nearest-
neighbor sites is also occupied; and �iii� an isolated vacancy
cannot serve to determine whether that site can ever become
occupied. For these reasons, it has been difficult to formu-
late, in an analytical way, the statistics �and kinetics� of
occupation for correlated particles such as dimers. Note
that even in the simplest noninteracting dimer case, no
exact solution to Langmuir isotherm exists for two or more
dimensions.

Over the years, several attempts, successful to varying
degrees, have been made to solve the k-mer problem.14–20

More recently, a new theory to describe adsorption with mul-
tisite occupancy has been introduced,21 which incorporates
the configuration of the molecule in the adsorbed state as a
model parameter. The fractional statistical theory of adsorp-
tion �FSTA� of polyatomics is based on a generalization of
the formalism of quantum fractional statistics �QFS�, pro-
posed by Haldane22,23 as an extended form of Pauli’s exclu-
sion principle. The appealing feature of Haldane’s statistics
or QFS is that a system of interacting particles confined in a
finite region of the space can be characterized by a “statisti-
cal exclusion parameter,” g, accounting for the number of
states that are excluded from the states spectrum when a
particle is added to the system. The relevant range of g in
quantum physics is 0�g�1 being the limiting cases of
bosons and fermions statistics, respectively. Although QFS
has been interpreted in the context of quantum systems as to
describe one-dimensional quantum fluids, fractional quantum
Hall effect, quantum thermal conductance, etc., it has been
shown that adsorption of structured lattice gases can be
treated in the framework of a generalized statistics with an
exclusion parameter defined in the range g�1. In addition,
the advantages of using this simple description as a tool for
interpreting polyatomics adsorption data and characterization
of the adsorption potential has been shown by analyzing
simulation results in lattice and off-lattice gases as well as
experimental adsorption isotherm of various adsorbates.24

Here, the theory presented in Ref. 21 is extended in or-
der to include adsorption of mixtures of polyatomic species.
The new theoretical scheme is applied to study binary alkane
mixture adsorption at high pressures, providing a simple
model from which experiments may be reinterpreted. The
outline of the paper is as follows: In Sec. II we describe the
theoretical model. The results and general conclusions are
presented in Secs. III and IV, respectively.
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II. THEORY

A. Basic formalism: thermodynamic functions

In what follows, the basis of the mixture adsorption in
the framework of the FSTA are introduced. Consider an
m-component system Nm= �N1 , . . . ,Nm�, containing N1 mol-
ecules of component 1 ,N2 molecules of component
2 , . . . ,Nm molecules of component m. One isolated compo-
nent or species i interacting with a regular solid surface con-
fined in a fixed volume V can be represented by an adsorp-
tion potential having a spectrum of states with a total number
Gi of local minima in the space of coordinates necessary to
define the adsorption configuration �here the term “species”
may apply in general to different adsorbed configurations of
a given molecule�. Shortly, Gi denotes the set of states for a
species i at low density limit, Gi= #Gi being the cardinality
of this set �namely, number of equilibrium adsorption states
of a single species i in the low density limit�. Thus,
G= �G1 , . . . ,Gm� represents a vector of coordinates Gi’s.
Clearly, not all the adsorbed species have the same spectrum
of states, hence, in general, Gi�Gj ∀i� j. In addition, given
two species i and j, in general the intersection between Gi

and G j is nonempty �Gi�G j�0”∀ i , j�. This is clearly the case
of two kinds of monomers i and j, which can adsorb on the
same sites on a surface lattice.

Since all the equilibrium states of the adsorbed species
take place in the fixed volume V, upon adsorption of a
particle of any species j �depending on the typical size
and adsorption configuration of the adsorbed species j
with respect to the location of the neighboring local
minima corresponding to the species i�, a number of states
Gi0�Nm�=� j=1

m gijNj out of Gi are excluded �prevented� from
further occupation of particles of the species i, where the
“mutual exclusion parameters” gij denote the number of
states available to the species i excluded by a particle of the
species j adsorbed in the volume V. Accordingly, given Nm
in the fixed volume V, the number of available states for the
species i, di, is given by

di = Gi − �
j=1

m

gijNj with i = 1, . . . ,m . �1�

The set of gij’s can be shortly denoted by the “mutual exclu-
sion matrix” g with range m2 and, in matricial notation,
d=G−gNm, where d= �d1 , . . . ,dm�.

The set of all available states for the species i is denoted
by �i�Nm� and its cardinality is di= #�i�Nm� �Eq. �1��. At low
density, �N1 , . . . ,Nm�→0, �i=Gi, and di=Gi.

Since out of the set of states �i�Nm�, some can be occu-
pied only by the species i ��i��Nm��, some by two ��ij� �Nm��,
three ��ijk� �Nm��, or more different species ��ijk¯� �Nm��, the
set �i�Nm� can be expressed as the conjunction of all nonin-
tersecting ��’s. In general, the relationship between ��’s and
�’s depends on the type of problem studied �Sec. II B, this
point will be discussed in detail�.

In this context, we propose to describe the adsorption of
alkane mixtures by means of a generalized statistics with

gij �1, for which the number of distinguishable configura-
tions of a system characterized by �N1 , . . . ,Nm� molecules
and d state is

��N1, . . . ,Nm,d� =
�d + �i=1

m Ni − 1�!

��i=1
m Ni ! �d − 1�!� . �2�

It is tacit that the d states can be occupied by any of the m
species.

By assuming �i is the adsorption energy per particle for
the species i, the Helmholtz free energy F�N1 , . . . ,Nm ,T ,V�
and the partition function Q�N1 , . . . ,Nm ,T ,V�
= ��i=1

m qi
Ni���N1 , . . . ,Nm�exp�−��i=1

m �iNi� relate through
�F=−ln Q, where �=1 /kBT and qi is the partition function
from the internal degrees of freedom of a single molecule of
the species i in the adsorbed state. The configurational factor
��N1 , . . . ,Nm�, can be written as

��N1, . . . ,Nm� = 	�
i=1

m

��Ni,di��
	 �
�i, j�2

��Ni,Nj,dij� �

		 �

�i, j,k�3

��Ni,Nj,Nk,dijk� �
¯
		 �

�i, j, . . . , l�m−1

��Ni,Nj, . . . ,Nl,dij. . .l� �

	��N1, . . . ,Nm,d1. . .m� � , �3�

where � �n represents n-uples where all indices are different
between them.

The main thermodynamic functions can be obtained
from the standard canonical ensemble equations. Thus,

δδδδ
2
= δδδδ

3

δδδδ
1

δδδδ´
1 2 3

δδδδ´
1

(b)

(3)

(2)

(1)

(a)

FIG. 1. �a� Schematic representation of the three different adsorption con-
figurations for a monomer-dimer mixture: �1� species 1, dimer lying parallel
to the surface �or flat dimer�; �2� species 2, dimer adsorbed perpendicular to
the surface �or vertical dimer� and �3� species 3, monomer. �b� Snapshot
representing the relation between the set of states for a species i, �i, and
the ��’s. The image may correspond to the low density limit,
where �N1 ,N2 ,N3�→0, �i=Gi, and di=Gi. In this case, d1=G1=cM /2,
d2=G2=M, and d3=G3=M.
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S = −  �F

�T
�

V,N
, �4�

and

E = − T2 �F/T
�T

�
V,N

, �5�

where S and E designate entropy and energy, respectively.
Finally, the chemical potential of the adsorbed species i,

i,ads, can be calculated as


i,ads =  �F

�Ni
�

Nj�s
. �6�

B. Applications: Lattice model of mixtures
of monomers and straight rigid k-mers

In this section, we will calculate explicitly the main ther-
modynamic functions corresponding to a mixture of mono-
mers and straight rigid k-mers adsorbed on a substrate of
connectivity c. To illustrate these concepts, Fig. 1 shows a
typical case, corresponding to a monomer-dimer mixture.
This system is of interest for describing the adsorption of
methane-ethane mixtures. The lattice-gas model is character-
ized by three different adsorption states: �1� flat k-mers or
k-mers lying parallel to the surface, and therefore occupying
k adjacent sites; �2� upright k-mers or k-mers adsorbed per-
pendicular to the surface on single sites; and �3� monomers
occupying singles sites. Under these conditions, the problem
can be treated as a mixture of three species �m=3�, with the
following constraints �Fig. 1�b��:

�1 = �1� � �123� , �7�

and

�2 = �3 = �123� . �8�

We label flat k-mers, upright k-mers, and monomers as spe-
cies 1, 2, and 3, respectively.

Equation �3� can now be written as

��N1,N2,N3� = ��N1,d1����N1,N2,N3,d123� �

=
��N1,d1�

��N1,d123� �
��N1,N2,N3,d123� �

=
��N1,d1�
��N1,d2�

��N1,N2,N3,d2� . �9�

In addition,

G = �cM/2,M,M� , �10�

g =�
c

2
k

c

2

c

2

k 1 1

k 1 1
� , �11�

and, consequently,

d = M −
c

2
kN1 −

c

2
N2 −

c

2
N3,M − kN1 − N2 − N3,M

− kN1 − N2 − N3� , �12�

where M is the number of adsorption sites.
Then, from Eqs. �2�–�12�

��N1,N2,N3� =

�M − N1�k − 1�� ! 	 c

2
M − N1 c

2
k − 1� −

c

2
N2 −

c

2
N3
!

N1 ! N2 ! N3 ! 	 c

2
�M − kN1 − N2 − N3�
 ! �M − N1�k − 1� − N2 − N3�!

. �13�

Although no interactions between admolecules have
been considered in the derivation in order to obtain an
explicit analytical isotherm function, the fact that ad-ad
interaction may be appreciable can be accounted through
a mean-field contribution. The Bragg–Williams approx-
imation is the simplest mean-field treatment for inter-
acting adsorbed particles, even in the case of multisite
occupancy. In this context, the canonical partition function
Q�N1 ,N2 ,N3 ,T ,M� for a system of N1 flat k-mers,
N2 upright k-mers, and N3 monomers adsorbed on M
sites at a temperature T, considering nearest-neighbor
lateral interaction between adsorbed molecules can be
written as

Q�N1,N2,N3,T,M�

= q1
N1q2

N2q3
N3��N1,N2,N3�

	exp�− ���1N1 + �2N2 + �3N3��

	exp�− ��w11N̄11 + w22N̄22 + w33N̄33

+ w12N̄12 + w13N̄13 + w23N̄23�� , �14�

where exp�−��w11N̄11+w22N̄22+w33N̄33+w12N̄12+w13N̄13

+w23N̄23�� is the mean-field factor, N̄ij the average number of
pairs of nearest-neighbor units belonging to the species i and
j, and wij represents the nearest-neighbor interaction energy
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between a i-molecule and a j-molecule. We calculate N̄ij as
follows: an i-molecule has, on the average �random distribu-
tion�, �i� j nearest-neighbor sites occupied by units belonging
to the species j, where �i is the number of nearest-neighbor
sites of an adsorbed i-molecule and � j is the partial coverage
of each species j ��1=kN1 /M, �2=N2 /M and �3=N3 /M�.
Therefore

N̄ij = 1
2 �Ni�i� j + Nj� j�i� , �15�

where the factor 1/2 is inserted to avoid counting each ij pair
twice. In addition,

�i = �2�c − 1� + �k − 2��c − 2� , for i = 1

c , for i = 2

c , for i = 3.
� . �16�

From Eqs. �15� and �16�, we can write

N̄11

M
= �1

kN1
2

M2 =
�1

k
�1

2, �17�

N̄22

M
= c

N2
2

M2 = c�2
2, �18�

N̄33

M
= c

N3
2

M2 = c�3
2, �19�

N̄12

M
= �1

2k
+

c

2
� kN1N2

M2 = �1

2k
+

c

2
��1�2, �20�

N̄13

M
= �1

2k
+

c

2
� kN1N3

M2 = �1

2k
+

c

2
��1�3, �21�

and

N̄23

M
= c

N2N3

M2 = c�2�3. �22�

Accordingly, from Eqs. �13�–�22� and the formalism
presented in Sec. II A, the configurational entropy per site
s=S /M is given by

s

kB
= 	1 −

�1

k
�k − 1�
ln	1 −

�1

k
�k − 1�


+ 	 c

2
−

�1

k
 ck

2
− 1� − �2

c

2
− �3

c

2



	ln	 c

2
−

�1

k
 ck

2
− 1� − �2

c

2
− �3

c

2

 −

�1

k
ln

�1

k

− �2 ln �2 − �3 ln �3 −
c

2
�1 − �1 − �2 − �3�

	ln
c

2
�1 − �1 − �2 − �3� − 	1 −

�1

k
�k − 1�

− �2 − �3
ln	1 −
�1

k
�k − 1� − �2 − �3
 . �23�

In addition, the total adsorption energy per site u=E /M
results

u = �1
�1

k
+ �2�2 + �3�3 +

�1

k
�1

2w11 + c�2
2w22 + c�3

2w33

+ �1

2k
+

c

2
��1�2w12 + �1

2k
+

c

2
��1�3w13 + c�2�3w23.

�24�

Finally, the chemical potential of the adsorbed species takes
the form

y1,ads � ��
1,ads − �1� = �k − 1�ln	1 − �11 −
1

k
�


+  c

2
k − 1�ln� c

2
	1 −  2

ck
− 1��1 − �2 − �3
�

+ ln
�1

k
−

c

2
k ln	 c

2
�1 − �1 − �2 − �3�


− �k − 1�ln	1 − 1

k
− 1��1 − �2 − �3


+ �	2�1�1w11 + �1

2
+

ck

2
��1w12

+ �1

2
+

ck

2
��3w13
 , �25�

y2,ads � ��
2,ads − �2� =
c

2
ln	1 − 1 −

2

ck
��1 − �2 − �3


+ ln �2 −
c

2
ln�1 − �1 − �2 − �3�

− ln	1 − 1 −
1

k
��1 − �2 − �3


+ �	2c�2w22 + �1

2k
+

c

2
��1w12 + c�2w23
 , �26�

and

y3,ads � ��
3,ads − �3� =
c

2
ln	1 − 1 −

2

ck
��1 − �2 − �3


+ ln �3 −
c

2
ln�1 − �1 − �2 − �3�

− ln	1 − 1 −
1

k
��1 − �2 − �3


+ �	2c�3w33 + �1

2k
+

c

2
��1w13 + c�2w23
 . �27�

174715-4 Dávila, Riccardo, and Ramirez-Pastor J. Chem. Phys. 130, 174715 �2009�

Downloaded 08 May 2009 to 190.3.93.131. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



III. RESULTS

Now we consider a monomer-dimer mixture, with
equimolar amounts of each kind of molecules in gas phase,
in two cases: �i� without lateral interactions wij =0, and �ii�
with lateral interactions wij�0. The results can be applied to
the study of methane-ethane mixture adsorption in
silicalite.25

At equilibrium, the chemical potential of the adsorbed
and gas phase are equal. Then,


1,ads = 
d,gas, �28�


2,ads = 
d,gas, �29�

and


3,ads = 
m,gas, �30�

where 
d,gas �
m,gas� corresponds to dimers �monomers� in
gas phase.

The chemical potentials of each kind of molecule in an
ideal gas mixture, at temperature T, and pressure P, are


d,gas = 
d
0 + kT ln XdP , �31�

and


m,gas = 
m
0 + kT ln XmP , �32�

where 
d
0 and 
m

0 �Xd and Xm� are the standard chemical
potentials �mole fractions� of dimers and monomers, respec-
tively. In addition,


i
0 = − kT ln	2mikT

h2 �3/2

kT
 . �33�

One can work out ln P,

ln P = y1,ads + ���1 − 
d
0� − ln Xd, �34�

ln P = y2,ads + ���2 − 
d
0� − ln Xd, �35�

and

ln P = y3,ads + ���3 − 
m
0 � − ln Xm, �36�

where y1,ads, y2,ads, and y3,ads are given by Eqs. �25�–�27�,
respectively.

The values of �
d
0 and �
m

0 were obtained by using Eq.
�33� with mm �md� equal to the molecular mass of methane
�ethane�. Thus, mm=16.04 uma, md=30.07 uma �where
1 uma=1.660 531	10−27 kg� �Ref. 26� and, consequently,
�
d

0=−26.77 and �
m
0 =−25.83. As in Refs. 10 and 11, T is

set to 250 K.
Case i: wij =0∀ i , j. In order to evidence clearly the

multisite-occupancy effect associated to the dimers lying
parallel to the surface, the adsorption energy assigned to
the species 1 is set larger than the adsorption energies
corresponding to species 2 and 3. A typical result for this
case is shown in Fig. 2, where the values of the adsorption
energies per particle were taken from Ref. 10: ��1=−21.43
��1=−7.4	10−20 J and T=250 K�; ��2=−14.48 ��2=−5.0
	10−2 J and T=250 K�; and ��3=−14.48 ��3=−5.0
	10−20 J and T=250 K�.

The partial adsorption isotherms are shown in Fig. 2�a�.
Due to the fact that the flat dimers have greater adsorption
energy, they begin to adsorb first. As the pressure is in-
creased, the adsorption of monomers and upright dimers
starts becoming more energetically favorable, therefore these
species start displacing the flat dimers.

On the other hand, the behavior of the configurational
entropy as a function of the pressure is reported in Fig. 2�b�.
The entropy curve presents two peaks and a local minimum,
which can be explained as follows: The first peak, at pressure
P1, occurs when the lattice is occupied by only one of the
three species �flat dimers�. Then, this singularity can be eas-
ily understood by analyzing the dependence on coverage of
the configurational entropy of dimers adsorbed on a one-
dimensional lattice, which is shown in Fig. 3. As it can be
observed, the curve in Fig. 3 has a maximum for ��0.56,
being s /kB���0.56��0.49. These values coincides with
those shown in Fig. 2 for the local maximum at P1.
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FIG. 2. �a� Partial adsorption isotherms and �b� configurational entropy per
site vs surface coverage for an equimolar monomer-dimer mixture on a
one-dimensional lattice. Parameter values: ��1=−21.43, ��2=��3=−14.48,
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0 =−25.83, and wij =0.
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FIG. 3. Configurational entropy per site vs surface coverage for the single-
gas adsorption of noninteracting dimers on one-dimensional lattices.
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For pressures higher than P1, the adsorption of species 1
continues and the configurational entropy diminishes as �1 is
increased, reaching a minimum at pressure P2, when the lat-
tice is basically filled with flat dimers. As the adsorption
process continues, species 2 and 3 begin to adsorb on the
surface, and the entropy increases due to the presence of the
three species on the lattice. This process continues until a
maximum is reached at pressure P3. Then, s /kB decreases
monotonically to a constant value for P→�. The limit value
of entropy, which will be discussed in details later, is differ-
ent to zero because there are present two different species on
the lattice.

As it can clearly be observed in Fig. 2, the total coverage
of dimers �flat dimers+upright dimers� has a maximum and
later decreases to a limit value. This behavior is known as
adsorption preference reversal �APR� and has been observed
in Monte Carlo simulations, mean-field theory, and exact cal-
culations for methane-ethane mixtures adsorption in
silicalite.9–11 In these papers, the authors show how the com-
petition between two species in presence of repulsive mutual
interactions reinforces the displacement of one species by the
other and leads to a decreasing in the total coverage.

Our results represent a contribution to the understanding
of the phenomenon, showing that if realistic single species
adsorption energy values are used when studying mixtures,
the APR will appear as a result of the difference in size �or
number of occupied sites� between the adsorbed species.
Thus, to introduce repulsive lateral interactions in the adsor-
bate is a fictitious or effective way of taking into account
geometric or steric effects by means of energetic arguments.
A real description of the displacement of flat ethane by meth-
ane and upright ethane should include multisite-occupancy
adsorption. A comprehensive study of the APR phenomenon
in terms of the difference of size between ethane and meth-
ane is under preparation and will be submitted shortly.

In the next, we will discuss the main characteristics of
the final state reached for P→�. In this regime �1=0 and the
final state is governed only by species 2 and 3. In the case
studied in Fig. 2, monomers and upright dimers have the
same adsorption energy, each molecule occupies one site
on the lattice and Xd=Xm. Then, the differences between
�2�P→�� and �3�P→�� should be associated with the dif-

ferences between the standard chemical potentials for mono-
mers and dimers. By inspecting Eqs. �25�–�27�, we see that
the term ��i−
i

0� could be interpreted as an effective adsorp-
tion energy corresponding to the i species. Under these con-
siderations, the values of �2�P→��, �3�P→��, and
s /kB�P→�� can be calculated from the minimum of the
Helmholtz free energy. The procedure is shown in Fig. 4,
where the Helmholtz free energy per site �in kBT units�,
�f =�u−s /kB, is plotted versus �2 and �3. In the calculation
of �f we use Eq. �23� �with �1=0� and Eq. �24� �with
�1=0 and �2 and �3 equal to the effective adsorption energies
��2−
d

0� and ��3−
m
0 ��. As it can be observed from the fig-

ure, the values of �2 and �3 in the minimum correspond to
the limit values reported in Fig. 2. In addition, introducing
these values in Eq. �23�, the limit value of the entropy
�s /kB�P→���0.59� is obtained.

As a corroboration of the previous arguments, we repeat
the study in Fig. 2, but this time doing 
d

0=
m
0 . The results

are shown in Fig. 5. Parts �a� and �b� present adsorption
isotherms and Helmholtz free energy per site, respectively. In
this case, the effective adsorption energies of species 2 and 3
are equal and, consequently, �i� the partial isotherms corre-
sponding to species 2 and 3 coincide; and �ii� �2�P→��
=�3�P→��=0.5 �see final state in Fig. 5�a� and minimum in
Fig. 5�b��. The results obtained reinforce the robustness of
the analysis introduced here.

One can do a similar analysis in two dimensions �2D�. In
this case we present as substrate a lattice with connectivity
c=4. The fractional coverage and the energy per site are very
similar to those in one dimension �1D� because the adsorp-
tion energy is the same, and there are not lateral interactions
between particles. The entropy is the amount in which one
can observe appreciable differences between one dimension
and 2Ds �see Fig. 6�. In 2D the entropy is higher than in 1D
due to the number of available states increases when the
connectivity increases. This is shown in the inset of Fig. 6,
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where s /kB versus coverage is presented for dimers on 1D
and 2D. Both c=2 and c=4 have the same limit in the con-
figurational entropy because at high pressure there are just
monomers and upright dimers in the lattice.

Finally, it is interesting to compare the present approach
with the well-known ideal adsorbed solution theory �IAST�,
developed by Myers and Prausnitz27 to predict multicompo-
nent adsorption equilibria. The IAST, which is widely used
in engineering models, is based on the assumption that the
adsorbed phase can be treated as an ideal solution of the
adsorbed components �interested readers are referred to Refs.
7 and 28 for a more complete description of IAST�.

In order to compare to the data in Fig. 2, we examine the
simplest approximation within IAST. Namely, �1� a mixture
of three species is considered: methane molecules, ethane
molecules lying parallel to the surface, and ethane molecules
adsorbed perpendicular to the surface; �2� each pure compo-
nent isotherm is given by the Langmuir isotherm; and �3� the
values of the adsorption energy parameters are as in Fig. 2.
The results are shown in Fig. 7, where the lines represent
data from IAST. As it can be observed, IAST does not pre-
dict the APR phenomenon for the values of the parameters
used. A more refined study, including the multisite-
occupancy effect associated to the ethane molecules lying
parallel to the surface, seems to be required to allow the
appearance of APR in the framework of IAST. This point
will be addressed in future work.

Case ii: wij�0∀ i , j. By following the bead segment
model, we set the dimer-dimer lateral interaction as the
double of the monomer-monomer coupling and the
monomer-dimer interaction as the semisum of the monomer-
monomer and dimer-dimer interactions:

�w33 = p, monomer-monomer interaction

�w13 = �w23 = 1.5p, dimer-monomer interaction,

�w11 = �w12 = �w22 = 2p, dimer-dimer interaction,

where p is a parameter which will be varied.
Figures 8 and 9 present adsorption isotherms and con-

figurational entropy per site, respectively, corresponding to a
monomer-dimer mixture with ��1=−21.43, ��2=−14.48,
��3=−14.48, c=4, and different attractive values of the lat-
eral interactions p �=0,−0.1,−0.2,−0.3�.
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As expected, flat dimers isotherms shift to lower values
of ln P and their slope increases as the ratio �w33�p� in-
creases, because molecules with attractive units facilitate
the adsorption. With respect to species 2 and 3, the values
of the lateral interactions �specifically, ��w22�� ��w33��
favor the adsorption of upright dimers and, consequently,
the characteristics of the final state vary as �p� is increased.
Thus, �2�P→����3�P→�� for �p�→0 and �2�P→��
��3�P→�� for �p��0.25.

On the other hand, the curves corresponding to the con-
figurational entropy per site �Fig. 9� present two peaks for all
value of p. The low-pressure peak, corresponding to flat
dimers adsorbed on the lattices, shifts to lower values of the
pressure as �p� is increased. This effect is due to the increase
in the slope of the flat dimers isotherms. Contrarily, the po-
sition of the high-pressure peak due to the presence of the
three species on the lattice, remains almost constant as �p� is
varied. For pressures between first and second peak, the par-
tial coverage of flat dimers increases with the attractive lat-
eral interactions �see Fig. 8� and, consequently, the minimum
of s /kB diminishes as �p� is increased.

The case corresponding to repulsive lateral interactions
between the adsorbed particles is shown in Figs. 10 and 11.
The values of the parameters used in the figures were
��1=−21.43, ��2=−14.48, ��3=−14.48, c=4, and different
values of p �=0,0.25,0.5,1.0�.

We start with the analysis of the adsorption isotherms
�Fig. 10�. In contrast to attractive interactions, repulsive lat-
eral interactions do not facilitate the adsorption of the flat
dimers and �1 decreases as p is increased. The decreasing of
�1 is also observed in the curves of the configurational en-
tropy �Fig. 11�, where the low-pressure peak disappears for
p�0. As the pressure is increased, the adsorption of mono-
mers is favored with respect to upright dimers �w33�w22�
and the final value of �2 ��3� decreases �increases� as p is
increased.

The repulsive character of the interactions favors the
mixture effect occurring as the three species are present in
the lattice and the high-pressure peak in the configurational
entropy �see Fig. 11� is reinforced for increasing values of p.

Finally, even though the curves corresponding to total
coverage of dimers ��1+�2� were not shown in Figs. 8 and
10 for clarity, note that the phenomenon of APR also occurs
for attractively or repulsively interacting adparticles.

IV. CONCLUSIONS

The basis of an original theory of multicomponent ad-
sorption of polyatomic species based upon the foundations of
Haldane’s statistics has been presented. The new formalism
provides a close approximation to study mixtures of interact-
ing polyatomics on one- and two-dimensional surfaces with
different geometries.

Analysis of adsorption isotherms and configurational en-
tropy per site of the adlayer has allowed a detailed under-
standing of the adsorption process. This understanding may
be useful in developing more general theoretical models and
in interpreting experimental adsorption data. In the present
case, thermodynamic functions calculated for a monomer-
dimer mixture were applied to describe the adsorption of
methane-ethane mixtures in zeolites. At low pressure the ad-
sorbed phase is almost entirely ethane, but at high-pressure
methane displaces ethane reproducing the phenomenon of
APR observed in Monte Carlo simulations, mean-field
theory, and exact calculations9–11 of the system under study.
References 9–11 show how the competition between two
species in presence of repulsive mutual interactions can be
responsible of the displacement of one species by the other.
Our results represent a contribution to the understanding of
the phenomenon, showing that if realistic single species ad-
sorption energy values are used when studying mixtures, the
APR will appear as a result of the difference of size �or
number of occupied sites� between the adsorbed species.
Thus, to introduce repulsive lateral interactions in the adsor-
bate is a fictitious or effective way of taking into account
geometric or steric effects by means of energetic arguments.
A real description of the displacement of flat ethane by meth-
ane and upright ethane should include multisite-occupancy
adsorption.
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In the case of zero lateral interactions, the present ap-
proach was compared to the simplest approximation within
IAST. The results revealed that a more refined study, includ-
ing the multisite-occupancy effect associated to the ethane
molecules lying parallel to the surface, seems to be required
to allow the appearance of APR in the framework of IAST.

The superiority of the proposed theory relies in its scope
�potentially applicable to a wide set of adsorption systems
ranging from small polyatomics, hydrocarbons, and perhaps
up to light polymers�, its simplicity �closed forms of func-
tions�, and the smallest number of parameters necessary to
account for the surface-molecule/molecule-molecule interac-
tions and the configuration state of the admolecule. A more
comprehensive analysis of simulated and experimental sys-
tems, necessary to determine the extent of the model to in-
terpret real systems, is in progress.
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