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A new methodology proposed here correlates the adsorption of pure components and
predicts the adsorption of binary and ternary mixtures in homogeneous and heteroge-
neous solids. This methodology uses the algorithm of molecular simulation in the grand
canonical ensemble as an equation of state for the adsorbed phase. In all case studies
presented, the simulations described the adsorption characteristics of systems. The re-
sults obtained for the adsorption of the binary mixtures of propane� CO and2
propane� H S, which are strongly nonideal, were quite satisfactory, showing the poten-2
tial of this technique for the description of real systems.

Introduction

The application of adsorption in several separation and
purification processes has intensified the interest in the mod-
eling of adsorption phenomenon, and many isotherm models
are available in the literature. In particular, the interest in
models based on the energy heterogeneity of the active sites
is increasing. Two reasons can be pointed out: the energy
nonhomogeneity of solids controls the adsorption phenom-
ena, and the inadequacy of the models for homogeneous
solids in predicting the behavior of adsorption phenomena on
heterogeneous surfaces.

Most isotherm models do not use information about the
solid structure. This type of information is available in the
literature, but the models are not derived to use this type of
information. In this context, a way of using this information is
to utilize a molecular simulation technique as an equation of
state for the correlation and prediction of adsorption phe-
nomena in real systems. Therefore, the main motivation for
using molecular simulation is that this technique turns the
thermodynamic model more microscopic and, starting from
information on the solid structure, it is possible to develop
appropriate solid models for each type of real system. An-
other motivation is that the necessary computational effort is
less prohibitive today, due to the progress in computer sci-
ence and in hardware technology.

Even though the molecular simulation techniques were
proposed in the 1950s, their applications to adsorption are
more recent. The method commonly used to simulate this
phenomenon is the Monte Carlo technique for a grand
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Ž .canonical ensemble, where the chemical potential � , the
Ž . Ž .number of sites M , and the temperature T are specified.

Examples of the use of the Monte Carlo technique in ad-
Ž .sorption are the work of Vlugt et al. 1999 and of Macedonia

Ž .and Maginn 1999 . A common feature of these publications
is that they use detailed force fields for the solid and for the
fluid. Even though very interesting results have been ob-
tained from these simulations, their large computational ef-
fort still limits applications to engineering problems.

For this purpose, the use of less detailed models, which
still capture the major aspects of adsorption phenomena, rep-
resents a feasible compromise. Several recent articles fol-
lowed this approach. In these publications, the authors sup-
posed that the adsorbent surface is represented by a two-di-
mensional square lattice of M active sites. Ramirez-Pastor et

Ž .al. 1995 studied the adsorption of dimers on heterogeneous
surfaces, using experimental adsorption isotherms for O and2
N adsorbed on zeolites 5A and 10X to test the reliability of2
their simulation model. The parameters of the simulation
model were adjusted to fit the experimental data. Nitta et al.
Ž .1997 used the Monte Carlo method to simulate the adsorp-
tion of dimers on heterogeneous solid surfaces represented
by square lattices with two types of sites, each of them char-
acterized by a different adsorption energy. The active sites

Ž .were randomly distributed. Ramirez-Pastor et al. 2000 used
Monte Carlo simulations to study the adsorption of noninter-
acting homonuclear linear k-mers on heterogeneous surfaces.
The authors modeled the heterogeneous surface with two
kinds of sites. These sites formed square patches distributed
at random or in a chessboardlike ordered domain on a two-

Ž .dimensional square lattice. Bulnes et al. 2001 studied the
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adsorption of binary mixtures on solid heterogeneous sub-
strates using the Monte Carlo simulation in the framework of
the lattice gas model. A historical review of the application of
computer simulation to adsorption phenomena, especially for
two-dimensional systems, has been recently published else-

Ž .where Steele, 2002 .
The present article provides a new and systematic method-

ology for applying the approach of these previous publica-
tions to real systems, with a small computational effort. For
this purpose, the Monte Carlo technique of molecular simu-

Žlation for a grand canonical ensemble �, M, and T speci-
.fied was used to correlate pure-component data and predict

adsorption of binary and ternary mixtures. In this way, the
molecular simulation acts as an equation of state for the ad-
sorbed phase. In the simulations, a two-dimensional square
lattice represents the adsorbent surface. The parameters of
the simulation model are fitted using experimental data of
pure components. This parameter-fitting procedure is analo-
gous to that performed in the case of the usual equation of
state for determining the PVT properties of a fluid.

Examples and reviews of the usage of normal equations of
state to predict or correlate adsorption of the gas mixtures
from single-gas adsorption isotherm data can be found in

Ž . Ž .Martinze and Basmadjian 1996 , Siperstein and Myers 2001 ,
Ž .and Ustinov et al. 2002 .

Experimental data of the adsorption of gaseous pure com-
ponents and mixtures are used for evaluating this new
methodology. The experimental data are divided in two ad-
sorption systems:

System 1. Experimental data of O , N , CO, and their2 2
binary mixtures adsorbed on zeolite 10X, at 144, 172, 227 and

Ž .273 K Danner and Wenzel, 1969 .
System 2. Experimental data of propane, H S, CO , and2 2

their binary and ternary mixtures adsorbed on H-mordenite,
Ž .in 303 K Talu and Zwiebel, 1986 .

The outline of the article is as follows: in the next section,
we present the basis of the Monte Carlo technique for the

Ž .grand canonical ensemble �, M, and T specified . Next, we
present the strategy used for parameter fitting. We then pre-
sent our predictions for adsorbed binary and ternary mix-
tures. Finally, in the last section, we present our conclusions.

Molecular Simulation
In this work, the Monte Carlo technique is used to simu-

late the adsorption of chainlike molecules on homogeneous
and heterogeneous surfaces. The lattice-gas model is used. In
this way, each molecule segment occupies a specific site of
the solid surface. Each of the sites is occupied by only one
molecule segment.

The most important parameters in a lattice model with
Ž . Ž . Ž .chainlike molecules are: 1 the total number of sites M ; 2

the number of neighboring sites each of them has, named
Ž . Ž .coordination number Z ; 3 the adsorption energy between

Ž . Ž .a molecule segment and a site of the solid � ; 4 the num-
Ž . Ž .ber of segments of each molecule m ; and 5 the interaction

energy between two adsorbed segments in neighboring sites
Ž .� .

ŽAccording to the Metropolis algorithm Allen and Tildes-
.ley, 1987 , the Monte Carlo method for a grand canonical
Ž .ensemble T , M, � , � , . . . , � specified consists of three1 2 nc

basic movements: displacement, insertion, and removal of an
adsorbed molecule. The transition probability from a config-
urational state, m, to a new state, n, is expressed by

�n
P smin 1, 1Ž .m™ n ½ 5�m

where � r� is the ratio between the probability densities ofn m
the configurational states, n and m. The movement is ac-
cepted if such probability P is larger than a number ran-m™ n
domly generated between 0 and 1. The following subsections
detail each movement.

Particle displacement
The adsorbed molecule that will be moved is chosen ran-

domly. One end of the molecule is chosen at random to be
the head, while the other is the tail. The head is moved to a
new position on the lattice and all the other segments move
one site along the chain and the tail position becomes vacant.
If the site chosen as the new position of the head is occupied,
the movement is immediately rejected. This type of motion is

Ž .termed ‘‘reptation’’ movement Allen and Tildesley, 1987 . If
the displacement is possible, the ratio between the probabil-

Ž . Ž .ity densities of the new state n and old state m is calcu-
Ž .lated by the following expression Allen and Tildesley, 1987

� U yUŽ .n n msexp y 2Ž .
� kTm

where T is the temperature, k is Boltzmann’s constant, and
U is the configurational energy of the state mm

nc ns nc nc1
Žm. Žm.U sy N � y Nc � 3Ž .Ý Ý Ý Ým i j ji ik ik2is1 js1 is1 ks1

In Eq. 3, N Žm. is the total number of adsorbed segments, i,i j
in sites j; � is the adsorption energy between a segment iji
and a site j; NcŽm. is the number of contacts between ad-ik
sorbed segments i and k; and � is the interaction energyik
between adsorbed segments i and k in neighboring sites.

Particle insertion
In order to add a molecule to the lattice, a position in the

lattice is chosen to place the first segment of the molecule
and, through another random number, a neighboring site is
chosen for adding the second segment. If one of these sites is
already occupied, the movement is rejected. To insert the

Ž .third segment, only Zy1 neighboring sites are available.
The procedure just described is repeated until the molecule
is completely inserted. Next, the energy of this new configu-
ration is computed, and the ratio between the probability

Ž . Ž . Ždensities of the new n and old m states Allen and Tildes-
.ley, 1987 is calculated as follows

� M � U yUŽ .n i n ms exp y 4Ž .
� N q1 kT kTm i

where N is the total number of molecules, i, adsorbed in thei
old state, and � is the chemical potential of component i.i
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The movement is also accepted if a generated random num-
ber between zero and one is lower than the transition proba-

Ž .bility P defined by Eq. 1.m™ n

Particle remo©al
A randomly chosen adsorbed molecule is removed, the en-

ergy of this new configuration is calculated, and the ratio be-
Ž . Ž .tween probability densities of the new n and old m states

Ž .Allen and Tildesley, 1987 is computed as follows

� N � U yUŽ .n i i n ms exp y y 5Ž .
� M kT kTm

The movement is accepted if a generated random number
between zero and one is lower than the transition probability
Ž .P defined by Eq. 1.m™ n

Relationship with Thermodynamics
ˆThe relationship connecting the fugacity, f , and the chem-i

ical potential of the component i in the gaseous phase is given
by the classic equation

ˆ� s� qkT ln f 6Ž .Ž .i 0 i i

where � is the reference-state chemical potential for the0 i
ideal gas under atmospheric pressure and at the temperature

Ž � .of the system. On the other hand, the Henry constant K bi
for adsorption on a homogeneous solid that only contains sites

Ž .of a given type, b, is Hill, 1960

K � � m �bi 0 i i b isexp exp sK 7Ž .biž / ž /� kT kTi

where m is the number of segments of adsorbed molecule i,i
and � represents a correction term for the partition functioni

Žcorresponding to the internal degrees of freedom such as
.vibrational, electronic, rotational of the adsorbed molecule i

compared to the same degrees of freedom in the condition of
the ideal-gas reference state. For convenience, in the rest of

Ž � .this article, we will refer to the ratio K r� sK as thebi i bi
Henry constant. Therefore, from Eqs. 6 and 7, we obtain an
expression for the chemical potential

� m �i i biˆs ln K f y 8Ž .Ž .bi ikT kT

Solid Model
The solid heterogeneity is represented by the existence of

two kinds of sites, characterized by the energies � and � .a b
ŽThe sites that performed a stronger connection larger en-

.ergy: � are called active sites. The fraction of active sites isa
denoted by � . The solid lattice is modeled as a square matrixa

Ž .of dimension 100�100 Ms10,000 . For each fraction of ac-
tive sites, several topologies can be generated, each of them
characterized by a random distribution of square grains with
a specific number of sites. To visualize this statement, Figure
1 shows four solid square-lattice samples with a fraction of

Ž .30% of active sites and clusters grains of sites with dimen-

Figure 1. Four 40�40 square-lattices with 30% of ac-
tive sites, randomly distributed in grains with

( ) ( ) ( )dimension A Dgs1, B Dgs4, C Dgs8,
( )and D Dgs12.

sion Dgs1, Dgs4, Dgs8, and Dgs12. In order to mini-
mize the effect of the solid size, periodic boundary conditions
are considered both for distributing the grains of active sites
on the solid and for moving a molecule in the lattice.

Parameter Fitting
The parameters of the simulation model are the Henry’s

Ž . Ž �.constant K ; the amount adsorbed at infinite pressure N ;bi
a parameter, r , that is related to the surface heterogeneity;a
and the interaction energy between two adsorbed segments

Ž .in neighbor sites �rkT .
Parameter N� was introduced because the results ob-

tained in the simulations are in the form of a covering frac-
tion. In this way, this parameter was created to relate the

Ž . Žcovering fraction 	 of the solid obtained by molecular sim-
. Žulation to the total amount adsorbed obtained from experi-

.mental data . Therefore, the adsorbed amount of component
Ž ads.i N is calculated through the following equationi

N adss	 N� 9Ž .i i

The energetic heterogeneity of solids is characterized by
an r parameter. The equation of this parameter is given bya

� y�Ž .b a
r sexp 10Ž .a kT

Therefore, when the values of parameters � and r areb a
defined, the adsorption energy between an active site and a
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Ž .molecule segment � is determined using Eq. 10. In the casea
of homogeneous solids, � s� and the parameter r is,b a a
therefore, equal to 1.

For fitting the parameters just described, the subroutine
UMPOL of the ISML library was used. This subroutine mini-
mizes a multivariable function using a direct search algo-
rithm.

The objective function used for parameter fitting was the
least-square function related to deviations in the adsorbed
amount. The expression of this function is given by

np
2exp simulFOBJs N yN 11Ž .Ž .Ý i iad s ad s

is1

where np is the experimental number of points, and N exp
i ad s

and N simul are the adsorbed amount obtained from experi-iad s

mental data and calculated by molecular simulation, respec-
tively.

In order to the reduce the computational time needed to
fit the parameters, preliminary tests were performed for de-
termining the minimum number of configurations necessary
for calculating the average properties that would be obtained
in the simulations. These tests indicated that 3 �104 configu-
rations were enough for the equilibration step and for the
average properties calculation step. The standard deviation
of the obtained average properties was around 10y3.

For the parameter fitting of each substance, approximately
Ž .700 evaluations of the objective function Eq. 11 were neces-

sary. One evaluation of the objective function demands sev-
eral Monte Carlo simulations, each of them at the pressure
of the corresponding experimental data point. Given that the

Ž .experimental data sets typically contain 20 data points np ,
about 20�700s14,000 Monte Carlo simulations were neces-
sary for the parameter fitting. The fitting process was per-
formed in a period of four to five hours in a PC with a Pen-
tium II processor of 233 MHz and 64 Mb of memory. Next,
we present the strategies employed for the parameter fitting.

System 1: O , N , and CO adsorbed on zeolite 10X2 2

The molecules of O , N , and CO were modeled as dimers.2 2
The solid heterogeneity was characterized by the existence of
the random distribution of active sites with Dgs1. The frac-

Ž .tion of active sites � was assumed to be a ratio of thea
amount of Caqq cations to the amount of aluminum and sili-

Žcon in the zeolite 10X. It is suggested in the literature Nitta
.et al., 1984 that this value is equal to � s0.22 for zeolitea

10X. The choice of the parameter Dg was based on the work
of Nitta, but there is a difference in our approach. Nitta as-
sumes independence among the grains. In the case of grains
of dimension Dgs1, our approach is less restrictive, because
it allows, for example, that one segment of a dimer molecule
adsorbs in an active site and the other in a nonactive site.

ŽAt each temperature, the fitting of the four parameters K ,b
�.r , �rkT , and N for oxygen was made initially. As seena

earlier, the three components had two segments. Therefore,
the three components had the same value for the parameter
N�, that is, the amount adsorbed at the infinite pressure is
the same for the three components. Next, the parameters K ,b
r , and �rkT were fitted for the molecules of N and CO.a 2

Table 1. Parameters for System 1: Oxygen, Nitrogen, and
Carbon Monoxide Adsorbed on Zeolite 10X at Temperatures

of 144, 172, 227, 273 K

Parameters
�T K Nby1Ž . Ž . Ž .Substance K Pa molrkg r �rkTa

y1 y1 y1O 144 1.904�10 7.2494 8.5606�10 2.557�102 y2 y1172 4.092�10 6.5527 1.3967 1.715�10
y3 y3227 7.077�10 6.0000 0.999 3.899�10
y3 y2273 1.868�10 7.1129 1.1846 2.543�10

y1 y1N 144 3.938 7.2494 6.9846�10 y5.5783�102 y1 y1 y1172 7.966�10 6.5527 2.2000�10 y4.0774�10
y2 y1227 3.258�10 6.0000 1.000 y3.468�10
y3 1273 6.179�10 7.1129 1.2112 y3.2479�10
1 y1CO 144 1.752�10 7.2494 1.8411 y6.3822�10

y1 y1172 4.890 6.5527 3.2857�10 y5.4263�10
y1 y2 y1227 2.223�10 6.0000 1.067�10 y2.277�10
y2273 1.076�10 7.1129 5.689535 y2.3990

Table 1 shows the parameter values fitted at each tempera-
ture. The Henry’s constant has an Arrhenius-type tempera-

Ž .ture dependency. To verify this dependence, ln K was plot-b
ted as a function of inverse temperature. Figure 2 shows the
linear fit with the parameters obtained on the fit. Figure 3
presents the results for the correlation of the pure compo-
nents obtained by molecular simulation.

System 2: H S, CO , and propane adsorbed on2 2
H-mordenite

In this system, the molecules of CO and H S were mod-2 2
eled with three segments. In this way, the amount adsorbed
at infinite pressure had the same value for the molecules of
CO and H S. The number of segments of propane was em-2 2
pirically calculated using the following equation

3r2

propane

m sround m 12Ž .propane CO2 ž /
CO2

Figure 2. Temperature dependence of the Henry con-
( )stant K .b
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( ) ( )Figure 3. Adsorption isotherms of A O , B N , and2 2
( )C CO on zeolite 10X.

Equation 12 relates the number of segments of the
Ž .molecules m and m with their molecule diame-propane CO2

Ž .ters 
 and 
 . In this equation, ‘‘round’’ representspropane CO2

the round-off to the nearest integer. From doing this calcula-
tion, the value 4 was obtained for the number of propane-
molecule segments. The amount of propane adsorbed at infi-
nite pressure was calculated using the following equation

N� m sN� m sN� m 13Ž .propane propane CO CO H S H S2 2 2 2

H-Mordenite is characterized by having two elliptic chan-
nels of different dimensions. The main channels have a maxi-

˚ ˚mum diameter of 7.0 A and a minimum diameter of 6.5 A.
˚The secondary channels have diameters of 4.7 and 3.9 A. The

molecule diameters of CO , H S, and propane are 3.3, 3.62 2
˚and 4.3 A, respectively. Therefore, the main channels are ac-

cessible to all of the molecules, but the secondary channels
Ž .65% in area are accessible only to the molecules of the CO2
and H S. For this reason, the surface was modeled by a ran-2
dom distribution of square grains of dimension Dgs4 and a
fraction of active sites � s0.35. The Henry constant ofa
propane in nonactive sites was set equal to K s1.0�10y8

b
kPay1. This procedure requires that propane molecules ad-
sorb exclusively on the active sites.

ŽInitially, the four parameters of the CO molecule K ,2 b
�.�rkT , r , and N were fitted. Next, the three parametersa

Ž .K , �rkT , and r of the H S molecule were fitted. Theb a 2
Ž � .amount of H S adsorbed at infinite pressure N was de-2 H S2

termined by Eq. 13. Finally, the propane parameters �rkT
and r were obtained by the fitting procedure. The parame-a
ter K had been fixed previously, and the amount adsorbedb

Ž � .at infinite pressure N was also calculated by Eq. 13.propane
Table 2 presents the values of parameters obtained in the
fitting.

Figure 4 shows the results of isotherm diagrams of the three
pure components.

Binary Mixtures
The results of the predicted behavior of adsorbed binary

mixtures are presented in two diagrams. The first diagram
presents the mole fraction of component 1 in the gas phase
Ž .y as a function of the mole fraction of component 1 in the1

Ž .adsorbed phase x , and the second diagram presents the1
adsorbed amount vs. the mole fraction of component 1 in the

Ž .adsorbed phase x .1
For each simulated point, 1 �106 Monte Carlo steps were

performed to allow the system to reach equilibrium. The av-
erage properties of the system were computed to each 105

steps. This procedure was repeated 10 times, for different

Table 2. Parameters for System 2: Propane, H S, and CO2 2
Adsorbed on H-Mordenite at a Temperature of 303 K

Parameters
�Ž .T K K Nby1Ž . Ž .Substance Pa �rkT r molrkga

y8Propane 1.0�10 y6.4975 69.4983 8.2612
y2 y1CO 1.7321�10 y4.9145 1.0677�10 11.01492 y1 y3H S 1.6408�10 y4.6862 4.1198�10 11.01492
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( ) ( )Figure 4. Adsorption isotherms of A propane, B H S,2
( )and C CO on H-mordenite.2

randomly generated solids with the same fraction of active
Žsites and the same dimension Dgs1 for zeolite 10X, and

.Dgs4 for H-mordenite . The global average and the stan-
dard deviation of the properties, in each point, were calcu-
lated using the 100 average values obtained.

The proposed simulation model needs combining and mix-
ing rules, in the same fashion as an equation of state applied
to the determination of the PVT properties of a gas mixture.
The following mixing rule was used to determine the amount

Ž � .of mixture adsorbed at infinite pressure Nmix

nc1 xis 14Ž .Ý� �N Nmix iis1

where N� is the amount of component i adsorbed at infinitei
pressure and x is the mole fraction of component i in thei
adsorbed phase. Equation 14 is obtained using the following
reasoning: at infinite pressure, the excess area is equal to zero
and the area occupied by each pure component is equal to
the area occupied by the mixture in the infinite pressure. In
this way

A� s A�s A� s . . . s A� 15Ž .mix i iq1 nc

and

� ncA xmix i�s A 16Ž .Ýmix� �N Nmix iis1

The following combining rule, suggested by Romanielo
Ž .1991 , was used to calculate the cross-contact energy
Ž .� rkTki

1r2
� m m � q�Ž .ki k i kk iis 17Ž .ž /kT kT m qmk i

Binary mixtures of O , N , and CO adsorbed on zeolite2 2
10X

Ž . Ž .Danner and Wenzel 1969 and Nolan et al. 1981 studied
the binary mixtures of O �N , O �CO, and N �CO ad-2 2 2 2
sorbed on zeolite 10X at 101.32 kPa and temperatures of 144,
172, 227 and 273 K. The three binary mixtures present simi-
lar characteristics. All mixtures exhibit nearly ideal behavior.

( ) ( )Mixture O 1 � N 2 at a Pressure of 101.32 kPa. The2 2
Ž . Ž .mixture O 1 �N 2 , at temperatures of 144, 172, 227 and2 2

273 K, presents a selective adsorption of N with respect to2
O , which is more pronounced in the region of high oxygen2
concentration in the gaseous phase. The diagrams of phase
equilibrium of this mixture are similar at all of the tempera-
tures, except 144 K. In this condition, in contrast with the
behavior of the system at the other temperatures, the total
adsorbed amount increases with the increase in the oxygen
concentration of, as shown in Figure 5b. The simulations pro-
vide satisfactory predictions for the O �N mixture, as can2 2
be observed in Figure 5.

( ) ( )Mixture O 1 � CO 2 at a Pressure of 101.32 kPa. The2
Ž . Ž .O 1 �CO 2 mixture adsorbed on zeolite 10X at tempera-2

tures of 144, 172, 227 and 273 K is characterized by an ad-
sorption of CO much larger than that of O . In all of the2
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( ) ( ) ( ) ( )Figure 5. A, C, E Phase-equilibrium diagrams and B, D, F of total adsorbed amount for the mixture O 1 –N 22 2
on zeolite 10X at 101.32 kPa and the temperatures of 144, 172, 227 K.

analyzed conditions, the total amount adsorbed decreases
with the increase in the mole fraction of oxygen.

All of the simulations predict the behavior of the
Ž . Ž . Ž .O 1 �CO 2 mixture at the temperatures studied Figure 6 .2

The best results are obtained at the temperatures of 227 and
273 K, where there is an almost quantitative prediction of the
experimental data.

( ) ( )Mixture N 1 � CO 2 at a Pressure of 101.32 kPa. The bi-2
Ž . Ž .nary N 1 �CO 2 mixture adsorbed on zeolite 10X pre-2

sents the same characteristics as the previous mixture
Ž Ž . Ž ..O 1 �CO 2 , that is, nitrogen adsorbs less than CO, and2
the total amount adsorbed decreases with the increase in the
composition of N , at all the four analyzed temperatures.2

Again, the simulations represent the experimental behav-
Ž .ior well Figure 7 . The largest deviations are found at the

temperature of 227 K. However, the simulations continued to
predict the phase-equilibrium diagrams qualitatively and the
total adsorbed amount.

Binary mixtures of H S, CO , and propane adsorbed on2 2
H-mordenite

Ž .Talu and Zwiebel 1986 obtained experimental data for
the adsorption on H-mordenite of the binary gaseous mix-

Ž . Ž . Ž . Ž .tures of CO 1 � H S 2 , propane 1 � CO 2 , and2 2 2
Ž . Ž .propane 1 �H S 2 at 303 K adsorbed.2
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( ) ( ) ( ) ( )Figure 6. A, C, E Phase-equilibrium diagrams and B, D, F of total adsorbed amount for the mixture O 1 –CO 22
on zeolite 10X at 101.32 kPa and the temperatures of 172, 227, 273 K.

( ) ( )Mixture CO 1 � H S 2 at a Pressure of 15.5 kPa. The2 2
Ž . Ž .CO 1 �H S 2 mixture adsorbed on H-mordenite presents2 2

typical behavior of the ideal mixture in the adsorbed phase,
where the CO adsorbs less than the H S and the total ad-2 2
sorbed amount decreases with the increase in the CO com-2
position.

The ideal-like behavior of this mixture was predicted by
the simulations, as can be seen in Figure 8.

( ) ( )Mixture Propane 1 � CO 2 at a Pressure of 40.93 kPa.2
This mixture presents a strong nonideality effect character-
ized by the occurrence of a maximum in the curve of the total

Ž .amount adsorbed vs. the mole fraction of component 1� 1
and also by the inversion of selectivity exhibited in the phase

Ž .diagram. The simulations Figure 9 predict this azeotropy
and the maximum in the curve of the total adsorbed amount.
The largest deviations are found in this last diagram. In this
study, the results are all predictive, that is, without the use of
binary interaction parameters. Should these be used, the cal-
culations would lose their predictive character, but better re-
sults might be obtained.

( ) ( )Mixture Propane 1 � H S 2 at a Pressure of 8.13 kPa. As2
in the previous case, this mixture also presents a strong non-
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( ) ( ) ( ) ( )Figure 7. A, C, E Phase-equilibrium diagrams and B, D, F of total adsorbed amount for the mixture N 1 –CO 22
on zeolite 10X at 101.32 kPa and the temperatures of 144, 172, 273 K.

ideality effect with the same characteristics as the previous
Ž .mixture. Again, the simulations Figure 10 predict the be-

havior of the mixture. The largest deviations are found in the
prediction of the total adsorbed amount, which is overpre-
dicted.

Ternary Mixture
The results of the predicted behavior of adsorbed ternary

mixtures of propane�H S�CO at 13.35 kPa and 303 K are2 2
presented in Figure 11. This figure contains a comparison

between the experimental and calculated mole fraction of
each component adsorbed in H-mordenite for different vapor
compositions. The simulations are in good agreement with
the experimental data.

Conclusions
In this work, a new methodology was proposed for corre-

lating the adsorption of pure components and for predicting
the adsorption of binary mixtures in homogeneous and het-
erogeneous solids. This methodology used the Monte Carlo
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( ) ( )Figure 8. A Phase-equilibrium diagrams and B of to-
( )tal adsorbed amount for the mixture CO 12

( )H S 2 on H-mordenite at 15.5 kPa and 303 K.2

( ) ( )Figure 9. A Phase-equilibrium diagrams and B of
total adsorbed amount for the mixture

( ) ( )propane 1 –CO 2 on H-mordenite at 40.932
kPa and 303 K.

( ) ( )Figure 10. A Phase-equilibrium diagrams and B of
total adsorbed amount for the mixture

( ) ( )propane 1 –H S 2 on H-mordenite at 8.132
kPa and 303 K.

algorithm of molecular simulation for a grand canonical en-
semble as an equation of state of the adsorbed phase.

In the case of pure components, the simulations correlated
the studied systems very well. The parameter-fitting proce-
dure was affected, probably by the absence of experimental
data in certain pressure ranges. For example, in the adsorp-

Ž .tion of H S on H-mordenite Figure 4b , the lack of experi-2

Figure 11. Ternary mixtures on H-mordenite, data of
( )Talu and Zwiebel 1986 ; predicted mole

fractions are obtained by simulations.
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mental data in both the low and higher pressure ranges de-
creases confidence in the estimated values of the Henry con-
stant and of the amount adsorbed at infinite pressure.

In the case of the adsorption of multicomponent mixtures,
the simulations predict the behavior of all systems studied.
The knowledge of microscopic information about the solid
structure facilitates an understanding of the nonideal behav-
ior presented by the binary mixtures of H S�propane and2
CO �propane. This type of information was one of the fac-2
tors that allowed the quite reasonable results for adsorption
in those systems to obtained. Although a large amount of
information of this type exists in the literature, models that
use this information are still scarce. Therefore, this technique
makes the thermodynamic model more microscopic and pro-
vides parameters with a clearer physical meaning.
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