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Abstract The GCMC (grand canonical Monte Carlo) sim-
ulation technique was used to predict the competition ad-
sorption characteristics of benzene and propene in differ-
ent pore systems of MCM-22. The nine-site model of ben-
zene was used, which proved to be effective and efficient.
The zeolite was divided into three adsorption sites follow-
ing a simulated annealing method. It is found that benzene
and propene have the same preferential adsorption site and
a similar adsorption order in different sites. Moreover, the
pure and mixture isotherms of the three sites are drawn.
From the isotherms, we obtained a selectivity reversal of the
mixture isotherms of benzene and propene in different sites.
It is also noted that the competition adsorption in the three
adsorption sites for the two adsorbates can fall into three
successive steps and the adsorption order of propene in mix-
ture in these three sites is S3 — S1 — S2. A new model
is presented to predict the benzene and propene adsorption
equilibrium in MCM-22. This approach yields better multi-
component equilibrium predictions than ideal adsorbed so-
lution theory (IAST). Isotherms at different mole fraction of
benzene in gas phase indicate an advantage to increase the
feed radio of benzene and propene. Thus, this work is help-
ful for a better understanding of the adsorption mechanism
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of benzene and propene in MCM-22 and hence the relation
of the catalytic properties of the zeolite to its structure.
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1 Introduction

Zeolites are crystalline microporous materials with well-
defined three-dimensional frameworks with channels and/or
cavities. Among a wide variety of zeolites, zeolite MCM-
22 (IZA structure code MWW) is unique in its framework
topology as it has two independent pore systems. One pore
system consists of two-dimensional sinusoidal intersecting
channels with elliptical 10-member ring (MR) cross sections
(4.1 x 5.1 A). The other system possesses large cylindrical
supercages with a diameter defined by a 12-MR (7.1 A) and
a height of 18.2 A; these supercages are accessible through
10-MR apertures (4.0 x 5.5 A) (Ayrault et al. 2004). Such
a structure renders it attractive when used as ion exchang-
ers (Pawlesa et al. 2007), sorbents (Chen et al. 2001) and
catalysts (Jifejka et al. 2002). As a catalyst in particular,
MCM-22 has been found to have high activity for a vari-
ous range of industrially important reactions involving or-
ganic molecules, e.g., catalytic cracking (Zhu et al. 2005),
isomerization of paraffins (Asensi et al. 1996) and alkylation
of hydrocarbons (Degnan et al. 2001; Perego and Ingallina
2002). In these applications, understanding the relationship
between the chemical and catalytic properties of the zeolite
and its structure is of particular importance for an effectual
design of the catalyst (Hansen et al. 2008a, 2008b).

This paper mainly concerns the adsorption of benzene
and propene in the framework of MCM-22, aiming at a
first step insight into the alkylation process of benzene with
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propene on the active sites of MCM-22. Although the re-
action performances of MCM-22 for the benzene alkylation
with alkanes and alkenes have been studied extensively by
experiment (Jifejka et al. 2002; Corma et al. 1996, 2000),
to our knowledge, the adsorption behaviors of the benzene
and/or propene in MCM-22 are not well understood yet
in the literature. Experimentally, Fu and Ding (2005) re-
ported data of adsorption heat for benzene/MCM-22, and
observed the preferential adsorption of propene in the two-
dimensional sinusoidal channels at high loadings. To date,
complete experimental adsorption isotherms for the benzene
and/or propene in MCM-22 are not available. On the other
hand, atomic-level simulations of the adsorption of the sys-
tem were carried out by several researchers. Using an all-
atom model with 12 charged sites, Hou et al. (2001) iden-
tified four adsorbing regions for benzene and propene in
MCM-22 based on simulation results of pure component ad-
sorption. A significant simulation work by Ban et al. (2007)
investigated the adsorption selectivity of benzene/propene
in MCM-22 using a nine-site benzene model, and demon-
strated the dominant adsorption of benzene over propene in
binary propene/benzene mixtures. While some adsorption
characteristics of benzene and propene in MCM-22 have
been revealed by the few studies, a comprehensive and de-
tailed description of adsorption properties of the system is
still wanting.

The objective of the present study is to elucidate the in-
trinsic inhomogeneity of the MCM-22 structure by iden-
tifying different adsorption sites with the probing guest
molecules, so as to gain insight into the behavior of adsorp-
tion of benzene and propene in MCM-22 qualitatively and
quantitatively. Equilibrium data both for single and binary
forms are reported and analyzed. In the present work, ad-
sorption sites are distinguished according a simulated an-
nealing method. The GCMC (grand canonical Monte Carlo)
simulation technique was used to predict the competition
adsorption characteristics of benzene and propene in differ-
ent adsorption sites of MCM-22. We intended to show the
competition adsorption of the two adsorbates and how tem-
perature, pressure, and the feed radio can affect the results.

Three-site Langmuir model and the ideal adsorbed solution
theory (IAST) (Myers and Prausnitz 1965) were used to fit
the pure and mixture isotherms respectively. Finally, a new
model was presented, which perform better than IAST in
predicting the mixture equilibrium data.

2 Molecular models and simulation methodology

We selected the siliceous, cation-free analogue of MCM-22,
ITQ-1, as the host structure of adsorption. ITQ-1 has an unit
cell composition of Sij4407; in the P6/mmm space group
with @ = 14.2081 A and ¢ = 24.9452 A, as characterized
by the neutron diffraction study of Camblor et al. (1998).
Benzene and propene were the adsorbates.

In our simulations, both dispersion and Coulombic in-
teractions were taken into account for benzene, while the
propene was assumed to interact with the surroundings
through dispersion interactions only. The dispersion inter-
actions were described by the (6-12) Lennard-Jones (LJ)
model; Table 1 lists the parameters adopted. The Ewald
summation was used for the Coulombic interactions, and
a cutoff radius of 13 A was applied for the LJ interac-
tions. The LJ interactions between adsorbates and Si atoms
were taken to be zero since the size and polarizability
of the Si atoms are much smaller than those of the O
atoms. Such a treatment has been justified for similar host-
guest systems, e.g., alkanes in silicate (Schenk et al. 2001;
Ban et al. 2007).

Benzene was described by the nine-site model of Zhao et
al. (2005), Wick et al. (2002). The partial charges of the ze-
olite atoms (g, = —1.025¢, g5; = +2.05¢) were taken from
Calero et al. (2004). The adequacy of this model in describ-
ing adsorption of benzene in silicate zeolite has been con-
firmed by Ban et al. (2007). For propene, whilst charged
models are available in the literature (Sastre et al. 1999;
Hou et al. 2001), in the present work an uncharged united
atom model was used, for simplicity and in view of that for
GCMC simulation, Liu et al. (2008) and Ban et al. (2007)
have proved the applicability and accuracy of this model in

Table 1 Lennard-Jones

parameters for guest-guest and Molecule Atom type o (A) &/ kg (K)
guest-host interactions®
Propene CH3-CHj3 3.76 108.0

CH; (sp2)-CHa(sp2) 3.68 92.5

CH-CH 3.73 52.0

CH3-0 3.48 93.0

CHj(sp2)-O 3.50 82.6
#Interaction parameters for

H(sp2)- 4 .

non-identical hydrocarbon CH(sp2)-0 343 69:0
groups were calculated using Benzene CHbenzene—CHbenzene 3.74 53.5
the Jorgensen mixing rules CHbenzene—O 3.38 73.0

(Jorgensen et al. 1984)
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simulating alkanes adsorption in various pure silica zeolites.
The parameters for the CH3—CH3 and CH3—O interactions
were taken from Calero et al. (2004). The other interaction
parameters for propene (LJ interactions, bond bending, and
bond stretching) were the same as those used by Jakobtor-
weihen et al. (2005).

All adsorption calculations were carried out in the grand
canonical ensemble at fixed w, V and T. The technical de-
tails of the method could be found elsewhere (Frenkel and
Smit 1996; Snurr et al. 1993) and not repeated here. In our
simulations, eight unit cells of ITQ-1 (2 x 2 x 2) were used
to construct the simulation box, and periodic boundary con-
ditions were applied. The zeolite atoms were assumed to be
rigid. According to Vlugt and Schenk (2002), assuming flex-
ibility results in only very small deviations for the determi-
nation of adsorption properties such as adsorption isotherms
and Henry coefficients. For the real equilibration of the sys-
tem under simulation, long production runs of total 3 x 107
steps were performed, in which course a configuration of the
system was recorded every 400 steps. The first 1.5 x 107
steps were used for equilibration and not included in the
statistic averaging.

To check the adequacy of the methodology we adopted,
the isosteric adsorption heat of benzene in silicalite at a load-
ing of four molecules per unit cell was calculated. Our re-
sult is shown in Table 2, along with the simulated one by
Ban et al. (2007) and the experimental data by Jentys et al.
(2006) and Song et al. (2006). We see a good agreement be-
tween our result and the others. We then calculated the ad-
sorption energy values of different regions of MCM-22 and
compared them with the literature data; see Table 3. The ex-
perimental data of Corma et al. (1996) were obtained from
the calorimetric study of adsorption of toluene in MCM-22.

Table 2 Comparison of isosteric adsorption heats of benzene in sili-
calite

Researchers Isosteric adsorption heat (kJ/mol)
This paper 51.95

Ban et al. 52.00

Experiment® 50.00-53.00

2Experimental data were taken from Jentys et al. (2006) and Song et
al. (2006)

The simulated values of Hou et al. (2001) and Rungsirisakun
et al. (2006) were those from GCMC and MD simulations,
respectively. It is noted that the force field here used gives
agreeable energy values to those by Corma et al. (1996) and
Rungsirisakun et al. (2006). In contrast, our adsorption en-
ergy value for the supercages differs significantly from that
by Hou et al. (2001), which can be attributed to the differ-
ent force fields adopted. For the simulation of adsorption of
benzene in silicate, it has been shown that the 12-site model
(12 partial charges) for benzene adsorption in silicate over-
estimated the adsorption heat value by around 10 kJ (Chen
et al. 2007). Hence, the 9-site model here adopted is not only
computationally much more efficient than the 12-site model
(3 vs. 12 partial charges), but more accurate in predicting the
adsorption of benzene in the two zeolites.

3 Results and discussion
3.1 Adsorption of pure components

To identify the adsorption sites for the two guest molecules
in the two pore systems of MCM-22, we first divided the
accessible pore spaces into subspaces by adopting a method
similar to that of Clark et al. (1998). Twenty benzene and
sixty propene molecules were used as the probe molecules
respectively. A simulated annealing method was used in-
cluding a canonical Monte Carlo sampling within the search
space. During the course, the temperature is gradually de-
creased, and finally the system approaches a state corre-
sponding to a local minimum of the potential energy hyper-
surface in an area of the search space. Other possible local
energy minima can be found by repeating the annealing pro-
cess and thereafter be grouped into two corresponding sets
to the two pore systems of MCM-22. The results for benzene
and propene are shown in Fig. 1. Both benzene and propene
molecules are seen to adsorb on identifiable adsorption sites:
the first type of site, denoted as S1 site, locates in the bidi-
mensional sinusoidal channels of MCM-22; the second type
of site, denoted as S2 site, locates in the “pockets” adjacent
to the supercages that include the interconnected regions be-
tween two adjacent supercages; and the third, S3 site, lies in
the central region of the 12-MR supercages.

Table 3 Comparison of

adsorption energies of benzene Researchers Adsorption energy for different regions (kJ/mol)
in different regions of MCM-22 Sinusoidal channel Supercage
This paper 86.49 47.72
Corma et al. (2000) 80.00 45.00-50.00
Rungsirisakuna et al. (2006) - 47.81
Hou et al. (2001) 83.36 75.02
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Fig. 1 The accessible sites of (a) benzene and (b) propene in
MCM-22. Sites volumes are shown based on a 50 kJ/mol potential
cutoff for the center of mass coordinate of adsorbates. S1 site: green;
S2 site: cyan; S3 site: purple
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Fig. 2 The center-of-mass distributions in zeolite lattice. (a) Benzene;
(b) Propene

Figure 2 shows typical center-of-mass distributions of the
adsorbed benzene and propene in MCM-22, where the cen-
ter of mass of each adsorbate molecule in each configura-
tion is displayed as dots in the model space. We see that
the spatial distributions of the molecules are roughly ter-
ritorial or segregated (Krishna and Baten 2007). Figure 3
shows the distributions of non-bonding interactions of ben-
zene and propene with MCM-22, respectively. The energy
distribution of benzene is three-peaked, with the extremes
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Table 4 The adsorption energies of different sites

Components Adsorption energy (kJ/mol)

S1 site S2 site S3 site
Benzene 86.49 69.81 47.72
Propene 43.97 38.97 25.22

Table 5 The saturated loadings on different sites

Components Saturated loadings (molecules/unit cell)

S1 site S2 site S3 site
Benzene 2 2
Propene 4 3

being 86.49 kJ/mol, 69.81 kJ/mol and 47.72 kJ/mol, in re-
lation to the three sites S1, S2, and S3, respectively. For
propene, there are also three peaks with energy values of
43.97 kJ/mol, 38.97 kJ/mol and 25.22 kJ/mol, respectively.
Comparing the peak values for the two adsorbents (see Ta-
ble 4) shows that the adsorption strength of benzene is
stronger than that of propene on the three respective adsorp-
tion sites.

Figures 4 and 5 show the adsorption isotherms of ben-
zene and propene at 400 K and 450 K, respectively. For the
two adsorbates, a rapid saturation (three molecules per unit
cell) in S1 site is observed at very low pressure; then the S2
site is filled; and adsorption starts on S3 site after satura-
tion of both S2 and S1 sites. This is entirely consistent with
the hierarchy of magnitudes of the adsorption energies pre-
sented in Table 4, which are higher in S1 and S2 sites than
that in S3 site. Table 5 presents the saturated loadings in dif-
ferent sites for the two adsorbates, respectively. Although
having a stronger adsorption strength than propene (refer to
Table 4), fewer benzene molecules are adsorbed on the three
sites. This can be attributed to the higher packing efficiency
of propene that has a smaller size.

In order to correlate the adsorption isotherms of ben-
zene and propene, the following three-site Langmuir equa-
tion was tested

Oi A satbi AP Oi B sabi BP
1+b;aP 14+b; P
O; ¢, satbi,c P
1+ bi,C P

O(P) =

ey

where P is the pressure of bulk gas at equilibrium with the
adsorbed phase, kPa; ©; A sar, O B.sar and ©; ¢ sqr are the
maximum loadings of component i in sites A, B and C; and
bi A, bi p and b; ¢ are the corresponding affinity constants.
The results are plotted in Figs. 4 and 5. The fitted parameters
are listed in Table 6. The good agreement between the fitted
and simulated results indicates that the three-site Langmuir
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Fig. 3 The adsorbates-zeolite interaction potential energy distribution in zeolite lattice. (a) Benzene; (b) Propene

Table 6 Pure component parameters for three-site Langmuir model

Components Temperature bi.a Oi A sar bi B i B, sar bic Oi.c, sat
XK) (kPa~ 1) (molecules/ (kPa~1) (molecules/ (kPa~ 1) (molecules/
unit cell) unit cell) unit cell)
Benzene 400 1.5800 1.30 383.3900 4.70 0.0087 1.10
450 0.9700 1.60 80.9900 4.10 0.0052 1.00
Propene 400 0.0010 2.45 0.1800 5.07 0.0035 5.33
450 0.0014 1.74 0.0420 5.14 0.0021 5.27

equation is physically consistent with the three sites nature
of the pure component adsorption of benzene and propene
in MCM-22.

3.2 Adsorption of binary benzene /propene mixtures
3.2.1 Mixture adsorption isotherm at 400 K

Figure 6 shows the adsorption isotherms of benzene and
propene in an equimolar (50/50) mixture at 400 K. In gen-
eral, a significantly preferential adsorption of benzene over
propene is observed over the range of the pressure simu-
lated. Obviously, the energetic advantage of benzene dom-
inates the adsorption process. For benzene, the loading in-
creases continuously up to a pressure of 60 kPa. In this
pressure domain, the sequence of benzene adsorption on the
three sites follows the hierarchy S1—S2—S3, quite anal-
ogous to the sequence in the case of its pure component
adsorption. The loading of benzene starts decreasing in ex-
cess of 60 kPa, in accompany with decreasing in loadings
on all the three sites. For propene, there is no appreciable

adsorption below 1 kPa. The loading of propene increases
after 1 kPa, mainly arising from its adsorption on the S3
sites that are left unoccupied by the benzene molecules. At
higher loadings (higher than 60 kPa), the entropic advantage
of the smaller propene molecules then shows up, causing
preferential adsorption of propene on the three sites with the
hierarchy of sequence S3— S1—S2, which is not in parallel
to the adsorption order of pure propene (S1—S2—S3).

3.2.2 The effect of temperature

To show the effect of temperature on mixture adsorption,
we additionally computed the binary adsorption isotherms
at 360 K and 450 K and compared them with that of 400 K,
which is shown in Fig. 7. As seen, below 10 kPa, the load-
ings of both CO, and CH4 decrease from 360 K to 450 K
at the same pressures. With the increase of pressures, an in-
crease in temperature causes the selectivity reversal to occur
at a higher value of pressure, i.e., 200 kPa for 360 K and
850 kPa for 400 K. We do not observe a selectivity reversal
up to 1000 kPa for 450 K.
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Fig. 4 Simulated adsorption

isotherms of benzene in 7L

different regions at (a) 400 K; |

and (b) 450 K 6 L
5
4 |

Loading (molecules / unit cell)

pure benzene 400 K
B total simulated
B S1 site simulated
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total fitted
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~
=

Loading (molecules / unit cell)

10°

3.2.3 The effect of mole fractions of benzene

To show the effect of the mole fractions of benzene on mix-
ture adsorption, Fig. 8 presents the mixture isotherms at
400 K and 1000 kPa at different mole fractions of benzene
in the gas phase. It is noticed that the loadings of benzene
quickly surpass propene at a relatively lower feed ratio, i.e.,
0.10. A carefully examination indicates that selectivity re-
versal occurs in S1 site at 0.75 and S2 site at 0.60. After
the selectivity reversal, benzene molecules quickly displace
propene in S1 and S2 sites almost completely. However, for
S3 site, to 0.75 that is a higher mole fraction, more ben-
zene molecules adsorb in than propene. Thus, for S3 site,
the propene can be located at all mole fraction except the

@ Springer

pure benzene 450 K
B total simulated
® S1 site simulated b
A S2 site simulated
V¥ S3site simulated

total fitted T

— S1 site fitted ]

— S2 site fitted

— S3 site fitted

10" 10" 10° 10° 10"
Pressure (kPa)

(b)

mole fraction of 1.00. According to Fu and Ding (2005), the
polymerization of propene will occur when there are more
propene molecules than benzene. Our results indicate that
it is necessary to increase the mole fractions of benzene to
avoid this mainly in S3 site.

3.3 Mixed-gas adsorption equilibria prediction

For practical applications, mixed-gas adsorption equilibria
prediction from pure component data is of great impor-
tance. Mixed-gas adsorption prediction from pure compo-
nent data based on the ideal adsorbed solution theory (IAST)
(Myers and Prausnitz 1965) has shown better successes
(Maurer 1997). However, it has been recognized that fail-
ures of IAST predictions may occur due to the treatment
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of the adsorbent homogeneous (Myers and Prausnitz 1965;
Sircar 1995). From the data of Table 6, the derived IAST
data were shown in Fig. 9, which clearly exhibits the fail-
ure of the IAST in predicting mixture adsorption of ben-
zene/propene in MCM-22.

The heterogeneous ideal adsorbed solution (HIAST)
model employs IAST to evaluate the multicomponent equi-
libria on each energy site. The overall adsorption equilib-
ria are the integral of the local equilibria over the complete
range of energy distribution (Valenzuela and Myers 1998).
Gusev and O’Brien (1996) presented a new theory of multi-
component adsorption equilibrium, namely, the multi-space
adsorption model (MSAM). The MSAM accounts for the in-

herent nonuniformity of the adsorbed phase in microporous
adsorbents by conceptually dividing the pore volume into
distinct “spaces”. Then the model predicts multicomponent
adsorption equilibrium by applying the IAST separately to
each space. This implies treating the spaces as distinct, uni-
form phases, each independently in equilibrium with the
bulk fluid. Maurer (1997) also employed the IAST and a
modified Langmuir-Freundlich (LF) model at low and high
surface coverage respectively. This approach yields better
multicomponent equilibria predictions than IAST-only mod-
eling approaches for many relatively nonideal adsorption
systems.
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The adsorption of benzene and propene in MCM-22 is
very energetically heterogeneous in nature with distinct sites
or spaces. Therefore, we assume that for different adsorption
sites, the IAST is applicable to each site separately.

First, the two-site Langmuir model is used to fit the pure
components isotherms of benzene and propene in different
adsorption sites.

Oi,A,satbi A P
1+b;aP

©i,B,sabi,B P
1+b; P

O, ;(P)= ©)

where @: j (P) is the adsorption amount pure component of
species i in site j. Thus, adsorption isotherms in S1, S2 and
$3 sites is described by @, (P), ©;,(P) and ©; 5(P) re-

spectively. The fitted lines are shown in Figs. 4 and 5 at
400 K and 450 K. The fitted parameters are listed in Ta-

@ Springer

1E-3

—&— 360K benzene
—&— 360K propene
—A— 400K benzene
/ —w— 400K propene
/ —<4— 450K benzene
—»— 450K propene

0.01 0.1 1 10
Partial pressure (kPa)

ble 7. The mathematical framework for the IAST calculation
in each site is as follows.

Since the adsorption order of propene in mixture in these
three regions is S3—S1—S2, which may indicate that the
S3 site is the first place that competition adsorption occurs.
Thus, the IAST is first applied to S3 site.

The integrated isotherm equations of pure components in
S3 site

_RT [P 0(P)

= dpP 3
my=— o P 3)

relates the spreading pressure of site 3, 3, to the bulk pres-
sure, P,.O (this pressure is used as a standard-state pressure in
the mixture calculation), using the pure species isotherms,
(H): 3(P) (Myers and Prausnitz 1965). Here, A is the adsor-
bent surface area, R is the universal gas constant, and 7 is
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Table 7 Pure component parameters for two-site Langmuir models corresponding to S1, S2, S3 sites

Components Temperature bia O A.sar bi.p Oi,B,sar
(K) (kPa~1) (molecules (kPa~h) (molecules
/unit cell) /unit cell)
S1 site
Benzene 400 0.0015 0.02 167.4000 3.05
450 0.0018 0.01 123.9900 3.03
Propene 400 0.2971 3.06 0.0001 0.80
450 0.0653 2.85 0.0653 2.24
S2 site
Benzene 400 0.0010 0.01 63.1160 2.01
450 0.0010 0.01 6.7655 2.01
Propene 400 0.0724 2.07 0.0001 0.74
450 0.0200 2.04 0.0001 0.01
S3 site
Benzene 400 0.0075 0.99 0.0077 1.04
450 0.1700 0.99 0.0016 1.01
Propene 400 0.0004 0.89 0.0038 5.20
450 0.0009 6.03 0.0010 0.01

the temperature. The assumption of ideal adsorbed solution
behavior, given by

P, = Py; = P, 5(m3)xi3 @)

gives the mixture composition.

The overall adsorbed phase composition is calculated by
summing the amount of each species adsorbed on each site
(Gusev and O’Brien 1996). The total amount adsorbed for
the mixture in S3 site, n; 3, is calculated by

1 x,',3
— =y )
0, 3(P; 3)

ne3

where @: 3(PZ3) is the number of moles of species i that
would be adsorbed from the pure gas at Pl.°3(7r). The num-
ber of moles of each species adsorbed in S3 site from the
mixture, n; 3 follows directly:

ni3 =n;3X; (6)

However, adsorption in S1 site cannot be determined in-
dependently of the S3 site calculation but rather depends on
both the composition and the amount of adsorption in S3
site (Gusev and O’Brien 1996). The amount adsorbed in S1
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site is scaled by the fractional occupancy of S3 site, 11 (P),
which is calculated by

i3(P
mpy =y 22l

ai3

)

where a; 3 is the saturation capacity of S3 site for species
of i, which is shown in Table 6.
Equation (3) applied to adsorption in S1 site is written as:

RT [P=F e, ,(P)
= m(P)—L—ap

A oy P ®)

The amount adsorbed in S2 site is scaled by the summa-
tion of fractional occupancies of S3 and S1 sites, 63(P) and

@ Springer

01(P), which is calculated by

m(P) =Y (63(P) +61(P))

_ Z(m,3(P) N ”i,l(P))
j a1

ai3

€))

where a; | is the saturation capacity of S1 site for i species
that is shown in Table 6. Equation (3) applied to adsorption
in S2 site is written as:

RT [P=F’ 0, ,(P)
Ty = m(P)———d

P 10
A oy P 10)
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Finally, summing over the three sites gives the aggregate
number of moles of each species adsorbed

Oi=ni1+nip+n3 (11)

where, n; ; is the number of moles of each species adsorbed
in j site from the mixture, which have been calculated re-
spectively. ®@; ; is the total adsorbed amount of species i.

The results are plotted in Fig. 9. As can be seen, at lower
loadings, the IAST and the new model can all predict well
for benzene and propene; however, at higher loadings, it is
very evident that the new model have better performance
than IAST. What is more, the selectivity reversal is not pre-
dicted by IAST. However, the new model is not perfect.
The deviations between the new model predictions and the
simulation results indicate that something is still missing in
the model, such as steric exclusion of the larger molecules
from micropores accessible to the smaller molecules. What
is more, it is not very accurate that we assume the adsorption
mechanism to be an analogous multilayer adsorption, which
is the most important reason for the deviation. However, the
new model has made a good attempt, and a relatively better
result is attained than IAST.

4 Conclusions

In order to know the competition adsorption characteris-
tics of benzene and propene in different pore systems of
MCM-22, and how temperature, pressure and mole fraction
can affect the adsorption results, Grand Canonical Monte
Carlo simulation was used to calculate the mixture isotherms
in different adsorption regions of MCM-22. The nine-site
model of benzene was used, which have been proved ef-
fective and efficient. It is found that MCM-22 is suffi-
ciently energetically heterogeneous for adsorption of ben-
zene and propene, which is different from each other in
size and adsorption energy. What is more, benzene and
propene have the same preferential adsorption site and a
similar adsorption order in different sites, which indicates
that the two adsorbates follow the competition adsorption
scenario proposed by Clark et al. (1998). A selectivity re-
versal of the mixture isotherms of benzene and propene is
observed. Moreover, the situation is similar in the three ad-
sorption sites which can be attributed to the energetic advan-
tage of benzene at low loadings and entropy advantage of
propene at high loadings in different sites. In addition, the
competition adsorption in the three adsorption sites for the
two adsorbates can fall into three successive steps. More-
over, the adsorption order of propene in mixture in these
three sites is S3—S1—S2. A new model is presented to
predict the benzene and propene adsorption equilibrium in
MCM-22. This approach yields better multicomponent equi-
librium predictions than IAST. In addition, with the increase

of the mole fraction of benzene, the equilibrium ratio of ben-
zene/propene in S1, S2 sits is quickly lower than 1 at a rel-
atively lower feed ratio. However, the situation in S3 site is
different, which indicate the necessity to improve the feed
radio of benzene and propene.
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