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The grand canonical ensemble Monte Carlo simulations have been carried out to investigate the thermodynamic 

and energetic properties for the Lennard-Jones system of argon gases adsorbed in 5A zeolites. The adsorption isotherm, 

the isosteric heat of adsorption and the energy distribution curves are computed at the fixed temperature of 233 

K over the bulk pressure range varying from 50 kPa to 400 kPa, and the resulting simulation data are compared 

with the available experimental values. For temperature and pressure conditions employed in this work the Monte 

Carlo results are shown to be in reasonable agreement with the corresponding experimental data. Two main peaks 

in the energy distribution curves are observed due to the energetically distinct regions near the sorption sites of 

such zeolite cavities.

Introduction

Because of their unique structure with exceptional po­

rosity, zeolite materials have played an important role in 

industrial applications such areas as purification, separation, 

catalysis and ion-exchange. In many cases the zeolite struc­

ture remains the fundamental factor responsible for these 

applications.1 The pore size, shape and dimensionality of zeo­

lites are dependent not only on the framework cavities but 

also on the type of neutralizing cations contained in the non­

framework structure. For instance, by exchanging the sodium 

cations in the A-type zeolite with the calcium cations, the 
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effective aperture diameter is increased from about 4 A (4A 

zeolite) to about 5 A (5A zeolite) while the potassium cations 

reduce to about 3 A (3A zeolite). This ion-exchange process 

may take place readily in an appropriate solution or molten 

salt.

In order to facilitate the selection and optimization tech­

niques required in the zeolite chemistry, it is frequently de­

sirable to investigate the related thermophysical properties 

at a molecular level. An alternative approach to this goal 

is the use of the molecular-based computer simulations2 via 

Monte Carlo and molecular dynamics methods. In principle, 

if one has an accurate knowledge of the pore structure and 

the interaction potentials, then it should be possible to obtain 

any macroscopic values from this microscopic information. 

Current computational studies in various zeolite systems can 

be classified into two groups : those dealing with the ideal­

ized pore model as a reference system3 and those dealing 

with the more realistic model including complicated geomet­

ric factors.4

In the present work, we investigate the thermodynamic 

and energetic properties of argon gases trapped inside 5A 

zeolite cavities under equilibrium conditions with the exter­

nal gas phase. To this end, grand canonical ensemble Monte 

Carlo (GCEMC) simulations have been carried out to eluci­

date the most important features governing the adsorption 

characteristics and the related energy distribution within 

zeolite systems. In the grand canonical ensemble the chemi­

cal potential, volume and temperature of the system are fi­

xed, and the equilibrium condition is maintained by requiring 

that the chemical potential in the adsorbed phase should 

be equal to that in the bulk phase. Since the number of 

adsorbed molecules in the pore phase is allowed to fluctuate 

in this ensemble itself, the GCEMC calculation is most ap­

propriate for determining the adsorption characteristics of 

model systems distributed between the bulk phase and the 

pore phase.5

Model and Computational Methods

The two-dimensional crystal structure for the unit cell of 

dehydrated 5A zeolite (th은 chemical composition, CaiNzy 

[(Si02)i2(A102)i2〕)is illustrated in Figure 1. In this figure 

the silicon/aluminium/oxygen framework atoms are displayed 

as ball-and-stick representations. Also shown as the smaller 

and larger spheres, which are not parts of the zeolite frame­

work but located near the middle of the six-membered oxy­

gen ring, indicate Na and Ca cations in the specific sites, 

respectively. The atomic coordinates for the crystal structure 

were taken from the refined atomic positions by the X-ray 

crystallographic analysis.6 For computational simplicity, we 

modelled the rigid zeolite system, in which the positions 

of both the framework atoms and the cation atoms are fixed. 

In this model, as a first approximation, the zeolite structure 

did not alter with the loading of adsorbate molecules during 

the sorption simulations.

We consider here the case of argon gases adsorbed within 

the 5A zeolite pores. The interaction energies for argon­

argon and argon-zeolite atoms are atomistically calculated 

using the simple potential function of a pairwise Lennard- 

Jones 6-12 model. The argon-zeolite interaction parameters 

appeared in the Lennard-Jones model may be calculated

Figure 1. The two-dimensional crystal structure for the unit 

cell of 5A zeolite with the zeolite framework as ball-and-stick 

representations. The smaller and larger spheres near the six­

membered oxygen ring indicate Na+ and Ca+2 cations, respec­

tively.

using several theoretical predictions, namely, the London 

equation, the Slater-Kirkwood equation and the Kirkwood- 

Muller equation. According to Razmus and Hall,4c) those pre­

dictions can give only an estimate of model parameters and 

the theoretical calculations yield the dispersion constants 

which differ by as much as a factor of six. The Lennard- 

Jones potential parameters employed here are chosen to be 

the same as described elsewhere,^1,7 in which the empirical 

method were used to fit the dispersion constant and the 

corresponding repulsion parameter was derived from the 

condition that the force must be zero at equilibrium distance. 

In practice the choice of a particular model potential and 

the level of approximation depend directly on simulation 

qualities that one is specifically interested in. Any choice 

involves a compromise between the quality of simulations 

and the amount of computing time. The possible induced 

effects due to the electric fields are ignored in modelling 

the argon-zeolite potentials since the polarizability of argon 

is known to be sufficiently small. In fact the long-ranged 

charge distributions in many silicalite materials are largely 

delocalized.40 Consequently, the electrostatic interactions can 

be neglected for the small and nonpolar molecules confined 

within zeolites. It should be pointed out, however, that such 

an assumption used in our case of argon sorbates may not 

be valid for larger and more polarizable molecules, for exam­

ple, chain molecules.4d)

The problem of describing an analytical model potential 

for the zeolite system is not trivial. The charged cations and 

the oxygen atoms distributed in the zeolite framework retain 

a certain amount of ionic character, which in principle cannot 

be neglected. Our approach arises from the need for a simple 

'effective' model that is able to reproduce the equilibrium 

features of rare gases adsorbed in zeolite cavities. Such a 

Lennard-Jones potential was successfully employed in the 

previous simulation studies of rare gases ad용。*bed in zeolite
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Figure 2. Adsorption isotherm as a function of bulk pressure.
• GCEMC results; — experimental data.10
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Figure 3. Total potential energy as a function of the amount 
adsorbed in the unit c이L • GCEMC results; — the least-square 

curve fitting.

cavities, for example, argon in 4A zeolite严'and xenon in 

zeolite X and Y負) and in NaA zeolite.사1) Some 쵸pplicationsiz 

would require more refined molecular degrees of freedom 

and more sophisticated potentials including the electrostatic 

interactions and the surface-mediated indirect interactions.

The GCEMC simulations adopted here are based on the 

asymmetric sampling algorithm proposed by Adams.8 The 

main loop consists of two independent steps. In the first 

step, a particle is randomly moved within a given maximum 

displacement. The move is either accepted or rejected sub­

ject to the total potential energy change. This procedure is 

exactly the same as the conventional canonical ensemble 

Monte Carlo method. The second step generates new trial 

configurations by attempting an addition or removal of a ran­

domly chosen particle. The success of either an addition or 

removal is controlled both by the potential energy change 

and by the chemical potential parameter. This compound 

event is repeated as many times as is desired and the equi­

librium properties are evaluated at each step. A more detail­

ed computational method is presented in our previous stud­

ies9 for the hard-sphere and Lennard-Jones systems confined 

within various porous media.

The initialization procedure was first to construct the com­

puter-generated zeolite structure, and then proceeded direct­

ly to the sorption simulations in the accessible pore volume. 

In order to minimize the system size effects the nearest 

image convention via periodic boundary conditions was ap­

plied in the fundamental cubic box consisting of the 2X2X2 

unit cells (384 oxygens, 96 silicons, 96 aluminiums and 64 

cations). A spherical cut-off distance was taken as half the 

simulation box length. During the initial stages of a simula­

tion the configurations generated were not representative 

of the equilibrium ensembles and were discarded from the 

averaging process. In all cases reported her•은 configurations 

were equilibrated for 1X105 steps before accumulating data 

and the resulting ensemble averages were obtained during 

the final 2 million simulation steps.

Results and Discussion

The GCEMC simulations were performed at the fixed tem­

perature of 233 K over the bulk pressure range varying from 

50 kPa to 400 kPa. In Figure 2 the adsorption isotherm, 

constructed from the ensemble averages of the number of 

adsorbed molecules per unit cell, is presented as a function 

of bulk pressure. The value of bulk pressure in the gas phase 

is calculated from the corresponding chemical potential with 

the assumption that the ideal gas law applied. Also shown 

in this figure as a solid curve are the experimental data 

measured by Miller et al.w These experimental data were 

reported in terms of the modified Langmuir equation with 

correlation parameters given in this work. The simulation 

results for the adsorption isotherm are shown to be in good 

agreement with the available experimental isotherm. This 

indicates that the atomic-type potentials based on a Lennard- 

Jones model is, at least qualitatively, of reasonably accuracy 

to predict such thermodynamic properties for temperature 

and pressure conditions considered here.

The initial increase in the adsorption isotherm res나Its pri­

marily from the attractive interactions due to the argon-zeo- 

lite potentials. At the limit of very low surface coverage, 

known as the Henry's law regime, the adsorbate-adsorbent 

energies dominate the adsorbate-adsorbate energies. For 

higher bulk pressure or higher surface coverage, the cavity­

filling effects are increased due to the increasing importance 

of the repulsive interactions among sorbate molecules. Under 

these conditions the larger deviation from Henry's law at 

higher coverage is caused by the thermal energy balance 

between the argon-argon and the argon-zeolite interactions.
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Figure 4. Normalized energy distributions for different bulk 

pressures. • 50 kPa; O 400 kPa.

This explains in part that the results of sorption sim니ations 

are gradually overestimated with increasing bulk pressures. 

It can be expected, if this were our case, that the much 

greater influence among sorbate molecules will be exerted 

than might be inferred from the simple Lennard-Jones inter­

actions.

The experimental value for the isosteric heat of adsorption 

was measured to be 14.02 kj/mol for the system of argon 

in 5A zeolites.10 This agrees well with our GCEMC simula­

tion results of 13.84 kj/mol, which was determined from the 

slope of the total potential energy versus the amount adsorb­

ed in the unit cell (Figure 3). The good agreement between 

simulation and experiment again confirms the quality and 

accuracy of our GCEMC calculation. As can be seen in this 

figure, the isosteric heat of adsorption obtained here is near­

ly independent of the coverage, suggesting that the gas ad­

sorption in this range of bulk pressures occurs on the steri- 

cally homogeneous surface.

In Figure 4 the normalized energy distribution curves for 

50 kPa and 400 kPa are plotted to illustrate the manner 

in which the energy distributions change with increasing 

bulk pressure. The distribution energies are clearly found 

to be the two-peaked curves in shape. The resulting distribu­

tion curves correspond to the energetically distinct regions 

in the zeolite cavities. The energy peak around —18 kJ arise 

from argon trapped near the localized adsorption sites, 

whereas the peak in the higher energies around —10 kJ~ 

— 12 kJ from those located in the le요s favored regions. These 

two main peaks are essentially associated with the different 

adsorption positions, and, obviously, the latter is more mobile 

because it is occupying the higher energy sites. This indi­

cates that the interaction energy of adsorbed molecules is 

a strong function of the adsorption site in the zeolite pore 

phase. As we increase bulk pressures, the actual pore config­

urations change from the monolayer structure against the 

zeolite pore wall to the promotion of the second layer forma­

tion. As a consequence of the three-dimensional symmetry 

in the unit cell of 5A zeolites, there are the eight equivalent 

sites near cations located in the framework cavities.

A similar trend was observed in the more complex sys­

tems studied by Woods and Rowlinson.*b) In this simulation 

work they attempted to understand the structural behavior 

of xenon and methane adsorbed in the systems of zeolite 

X and also zeolite Y. The molecular structure of methane 

is nearly spherical in shape and the hard-sphere diameter 

of methane is roughly equal to that of xenon. The resulting 

density profiles for methane were qualitatively the same as 

those for xenon. At the low pressure region sorbate 

molecules formed a predominantly monolayer structure in 

contact with the cavity wall. With increasing pressure there 

was a seconH layer near the cavity center and a distance 

between two layers was found to be approximately equal 

to the equilibrium molecular separation. The experimental 

measurements of xenonlla) and methanellb) in the systems 

of zeolite A found that adsorbed molecules were bound close 

to the cavity wall with the promoted layer corresponding 

to the potential minima. Although the exact comparison with 

our GCEMC results is not expected, the structural effects 

explained in this work are in agreement with those computa­

tional and experimental observations.

In summary, we have demonstrated that the microscopic 

behavior of adsorption characteristics would be very sensitive 

to the underlying molecular-scale event. Our GCEMC com- 

putations, coupled with the Lennard-Jones 12-6 model as an 

input potential, qualitatively reproduce the equilibrium and 

thermodynamic properties such as the adsorption isotherm 

and the isosteric heat of adsorption that are in close agree­

ment with the available experimental data. Molecular-based 

computational approaches can also provide the detailed infor­

mation about the related energetic properties at a molecular 

level. Although we have restricted our attention to the case 

of argon in 5A zeolites using the relatively simple model 

potentials, it would be of great interest to investigate other 

ze이ite systems in order to verify a number of the conclu­

sions observed here, which may be difficult to probe by the 

experimental measurement More precisely defined mole­

cular interactions and electrostatic effects w(mld be required 

for this application. Confirmation of obtaining this possibility 

is currently under investigation and further simulation re­

sults will be reported in the near future.
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Binding characteristics of single CO molecules adsorbed on cobalt surfaces: Co(0001), (1010), (1120), and (1012) were 

investigated theoretically employing the semi-empirical ASED-MO method to help better understand the mechanism 

of CO dissociation on these cobalt surfaces. On all these surfaces, there were observed gradual increases in optimum 

C-0 and Co-C distances (dC-0 and dCo-C) and the consequent decreases in C-0 and Co-C bond orders (pC-0 and 

pCo-C), and small increases in binding energy (BE) and relative stability of CO to the surface as the binding site 

of CO changes from on-top to 2-fold bridge and/or to 3-fold bridge (or hollow) s辻e on a given specific layer, the 

same trend in most calculation works. For such site change of CO, stretching C-0 vibration긴 frequencies (vC-O) 

decreased significantly on all cobalt crystal surfaces and the corresponding cobalt-C stretching frequencies (vCo-C) also 

dropped, but not as strongly as the vC-O. For example, from a CO on the (0001), vC-0 decreases from 1969-1992 

cm-1 for on-top to 1693-1763 cm-1 for 2-fold bridge and then to 1560-1635 cm-1 for 3-fold hollow site CO species 

and their >vCo-C declines from 569-590 cm-1 to 472-508 cm-1 and then to 470-482 cm-1. In addition, atomic C-Co 

stretching frequencies were computed as a possible aid in a future experiment.

Introduction

Transition metals have been paid a significant amount of 

attention through several decades as catalysts for hydrocar­

bon synthesis reactions such as the Fischer-Tropsch reac­

tion; the catalytic conversion of synthesis gas (CO and H2) 

to chain hydrocarbons.1,2 It was widely admitted that the first 

step in Fischer-Tropsch processes is the dissociation of CO 

molecules on a metal surface to form mai미y surface carbidic 

(rather than graphitic) carbon and oxygen, then followed by 

the hydrogenation of carbidic carbon to form hydrocarbons.3,4 

In order to help better understand the mechanism of this 

CO dissociation on metal surfaces, there have been numer­

ous studies on the surface structure and binding sites of 

carbon monoxide on surfaces of several transition metals 

such as nickel, iron, platinum, and ruthenium.

Here are abstracted some distinguished experimental and 

theoretical achievements from those studies. The interaction 

between CO and metal surface has been portrayed tradition­

ally by the Blyholder model,5 in which bonding in a metal­

carbonyl complex is depicted by the CO 5o to metal forward 

donation and metal d to CO 2n* back-donation, with some 

support6 and criticism7 later. Several experimental and theo­

retical studies indicated that CO adsorbs (or binds) in the 

end-on orientation with the carbon-end toward a metal sur­

face for transition metals in the right-side of the periodic


