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Abstract 

The separation of propane and propylene is the most energy consuming process in the 

petrochemical industry. Adsorptive technologies appear as a suitable alternative to 

cryogenic distillation. Several adsorbents have been tested, but selectivity to propylene 

was limited to a few commercial zeolites. Experimental measurements of adsorption 

properties of fluids and materials are often difficult to be made across the wide range of 

conditions required to define the parameters used in process design and modelling. 

The longstanding experimental work on propane/propylene separation carried out at 

the LSRE provided a large source of data, which motivated the start up of molecular 

simulation studies in order to apply reliable simulation techniques for evaluating the 

predictive potential of the simulated results. The purposes of the present work are to 

study and apply Monte Carlo (MC) simulation techniques for calculating the pure and 

binary adsorption equilibrium properties of propane and propylene in zeolite 4A and in 

zeolite 13X. 

The influence of sodium cations on the adsorption properties of zeolite 4A was 

investigated using a united atom (UA) force field in order to establish effective 

Lennard-Jones (LJ) parameters for the interactions between the cations and the 

sp2-hybridized bond of propylene, as well as the other cation-carbon interactions present 

in this system. Comparison of the simulation results with recent experimental data of 

propane in zeolite 4A has produced important findings regarding to the transferability of 

force fields, which are suitable for description of adsorption equilibrium in other 

Na-containing zeolite frameworks, namely, FAU, MFI and MOR, but do not reproduce 

the adsorption properties of propane in 4A. 

The force field for molecular simulation of the adsorption properties of linear alkanes 

in the sodium form of faujasite (FAU), MFI, and MOR-type zeolites was applied to 



reproduce experimental results of propane adsorption properties in zeolite 13X 

(Na-FAU). The LJ parameters for interactions between the sp2-hybridized bond of 

propylene and the other atoms of this system, including the cations, were successfully 

determined by fitting against experimental isotherms. This new set of parameters allows 

the calculation of adsorption properties of propane/propylene mixtures, as well as the 

isosteric heat of single-component adsorption of propane and propylene in zeolite 13X. 

Good agreement between simulation results and experimental data for propane and 

propylene adsorption isotherms at temperatures of 303, 323, 343, 373, 423, and 473K 

and pressures in the range of 0.2-110 kPa confirms the applicability of the force field. 

Other adsorbates were included, so that MC simulations can be used to assess potential 

desorbent candidates for use in the Simulated Moving Bed (SMB) process. 

Molecular Dynamics was applied for estimating self-diffusion coefficients of propane 

and propylene in 13X and 4A zeolites, as the second part of the planned studies. The 

simulations revealed how diffusion in porous solids remains challenging, as satisfactory 

results were obtained for propane and propylene diffusion in 13X, but also have shown 

that the slow diffusion regime in 4A requires alternative simulation techniques for more 

accurate predictions. 



Resumo 

A separação de propano e propileno é o processo de maior consumo de energia da 

indústria petroquímica. As tecnologias de adsorção aparecem como alternativas viáveis 

à destilação criogénica. Foram testados vários adsorventes, mas a selectividade em 

relação ao propileno é limitada a algumas zeólitas comerciais. As propriedades de 

adsorção de fluidos e materiais são geralmente difíceis de serem medidas 

experimentalmente, ao longo da larga gama de condições requeridas para definir os 

parâmetros usados em projectos e modelagem de processos. 

Os vários anos de trabalho experimental em separação de propano/propileno, 

conduzido no LSRE, deram origem a uma grande base de dados, o que motivou o 

arranque dos estudos de simulação molecular, de modo a aplicar técnicas confiáveis de 

simulação para que se pudesse avaliar o potencial preditivo dos resultados simulados. 

Os objectivos do presente trabalho são estudar e aplicar as técnicas de simulação de 

Monte Carlo (MC) para o cálculo das propriedades de equilíbrio de adsorção mono-

componente e binária de propano e propileno nas zeólitas 4A e 13X. 

A influência dos catiões de sódio sobre as propriedades de adsorção da zeólita 4A foi 

investigada usando o campo de força de átomos unidos (AU) para estabelecer efectivos 

parâmetros de Lennard-Jones para as interacções entre os catiões sódio e a ligação 

hibridizada sp2 do propileno, bem como para as outras interacções catião-carbono 

presentes nesse sistema. A comparação dos resultados das simulações com dados 

experimentais recentes de propano na zeólita 4A produziu importantes conclusões a 

respeito da transferabilidade de campos de força, apropriados para a descrição do 

equilíbrio de adsorção em outras estruturas zeolíticas contendo sódio, como FAU e 

MFI, porém que não reproduzem as propriedades de adsorção do propano na 4A. 



O campo de força para a simulação molecular das propriedades de adsorção de 

alcanos lineares em zeólitas do tipo Faujasita (FAU), MFI e MOR contendo sódio foi 

aplicado para reproduzir resultados experimentais da adsorção de propano na zeólita 

13X (Na-FAU). Os parâmetros LJ para as interacções entre a ligação hibridizada sp2 do 

propileno os catiões sódio e os outros átomos presentes nesse sistema foram 

determinados com êxito, através do ajuste contra isotermas experimentais. Este novo 

conjunto de parâmetros permite o cálculo das propriedades de adsorção das misturas 

propano/propileno bem como do calor isostérico de adsorção do propano e do propileno 

na zeólita 13X. A concordância entre as simulações e os dados experimentais para as 

isotermas de adsorção do propano e do propileno nas temperaturas de 303, 323, 343, 

373, 423 e 473K e pressões na gama de 0.2 a 110 kPa confirma a aplicabilidade do 

campo de força, Foram incluídos outros adsorbatos, de maneira a utilizar as simulações 

de Monte Carlo na avaliação de potenciais candidatos para uso como dessorventes no 

processo de Leito Móvel Simulado (LMS). 

A Dinâmica Molecular foi aplicada para a estimativa dos coeficientes de auto difusão 

do propano e do propileno nas zeólitas 13X e 4A, compondo a segunda parte dos 

estudos planeados. As simulações revelaram o quanto a difusão ainda é um desafio, já 

que foram obtidos resultados satisfatórios para propano e propileno em zeólita 13X, 

porém também demonstraram que o regime de difusão lenta na 4A requer a aplicação de 

técnicas alternativas de simulação para a obtenção de resultados mais precisos. 



Résumé 

La séparation du mélange propane/propylène est l’une des opérations les plus 

consommatrices d’énergie dans l’industrie pétrochimique. La technologie d’adsorption 

est apparue comme une alternative intéressante à la distillation cryogénique. Plusieurs 

adsorbants ont été testés mais la sélectivité au propylène reste limitée à quelques 

zéolithes commerciales. Les mesures expérimentales des propriétés d’adsorption des 

fluides et des matériaux sont souvent difficiles à obtenir sur de larges gammes de 

conditions requises pour définir les paramètres nécessaires à la modélisation et à la 

conception de procédés.  

Les nombreux travaux expérimentaux sur la séparation du mélange 

propane/propylène  réalisés au LSRE ont permis de fournir une large base de données, 

laquelle a motivé le démarrage d’études de simulations moléculaires afin d’appliquer 

des techniques de simulation fiables pour l’évaluation du potentiel prédictif des résultats 

simulés. L’objectif de la présente étude est d’analyser et d’applique les techniques de 

simulations de Monte Carlo (MC) pour le calcul des propriétés d’équilibre d’adsorption 

de corps purs et de mélanges binaires du propane et du propylène sur les zéolithes 4A et 

13X. 

L’influence des cations sodium sur les propriétés d’adsorption de la zéolithe 4A a été 

examinée en utilisant le champ de force de l’atome unitaire-AU (UA en anglais) dans le 

but d’établir des paramètres de Lennard-Jones (LJ) effectifs pour les interactions entre 

les cations et les liaisons hybrides sp2 du propylène ainsi que les autres interactions 

cation-carbone présentes dans le système. La comparaison des résultats de simulations 

avec les récentes données expérimentales du propane sur la zéolithe 4A a mis à jour 

d’importantes découvertes relatives à la transférabilité des champs de forces, ce qui est 

indispensable pour la description des équilibres d’adsorption dans d’autres structures 



zéolithiques contenant du sodium, telles que les zéolithes de type FAU, MFI et MOR, 

mais ne reproduit pas en revanche les propriétés d’adsorption du propane sur la zéolithe 

4A. 

Le champ de force pour les simulations moléculaires des propriétés d’adsorption des 

alcanes linéaires sous la forme sodium des zéolithes de type faujasite (FAU), MFI, et 

MOR a été utilisé pour reproduire les résultats expérimentaux des propriétés 

d’adsorption du propane sur la zéolithe 13X (Na-FAU). Les paramètres de LJ pour les 

interactions entre les liaisons hybrides sp2 du propylène et les autres atomes de ce 

système, y compris les cations, ont été déterminées avec succès en modélisant les 

isothermes expérimentales. Cette nouvelle série de paramètres a ainsi permis de calculer 

les propriétés d’adsorption des mélanges propane/propylène, ainsi que les chaleurs 

isostériques d’adsorption du propane et du propylène sur la zéolithe 13X.  Le bon 

accord entre les résultats de simulation et les données expérimentales des isothermes 

d’adsorption du propane et du propylène aux températures de 303, 323, 343, 373, 423 et 

473 K  pour des pressions comprises entre 0,2 et 110 kPa confirme l’applicatibilié du 

champ de force.  D’autres adsorbats ont été étudiés, ainsi les simulations MC peuvent 

être utilisées pour évaluer de potentiels désorbants dans le cadre d’un procédé 

d’adsorption en lit mobile simulé-LMS (SMB en anglais). 

La dynamique moléculaire a également été employée dans la seconde partie de 

l’étude pour estimer les coefficients de self-diffusion du propane et du propylène sur les 

zéolithes 4A et 13X. Les simulations ont démontré que la diffusion dans les solides 

poreux reste encore un défi à relever même si des résultats satisfaisants ont pu être 

obtenus pour la diffusion du propane et du propylène sur la zéolithe 13X. Par ailleurs, 

cette étude a également mis en évidence que le régime diffusionnel lent sur la zéolithe 



4A nécessitait des techniques de simulation alternatives pour des prédictions plus 

précises. 
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1 

1. Introduction 

1.1. Relevance  and Motivation 

In 1959, the Nobel physicist Richard P. Feynman observed that: 

"The principles of physics, as far as I can see, do not speak against the 

possibility of maneuvering things atom by atom. It is not an attempt to violate any 

laws; it is something, in principle, that can be done; but, in practice, it has not 

been done because we are too big. Ultimately, we can do chemical synthesis. 

… 

But it is interesting that it would be, in principle, possible (I think) for a 

physicist to synthesize any chemical substance that the chemist writes down. Give 

the orders and the physicist synthesizes it. How? Put the atoms down where the 

chemist says, and so you make the substance. The problems of chemistry and 

biology can be greatly helped if our ability to see what we are doing, and to do 

things on an atomic level, is ultimately developed…a development which I think 

cannot be avoided" 

“Plenty of Room at the Bottom”, R. P. Feynman, CalTech, December 1959. 

The vast development that molecular simulations have had in recent years became 

an important part in the evolution of Chemical Engineering in the last century. 

Chemical Engineering has undergone dramatic changes from an “old” vision of 

studying chemical process from a “unit operations” perspective to understanding 

processes and designing products from a molecular perspective (Rodrigues, 2008). 

The relevance of molecular simulations in Chemical Engineering is directly 

related to the impact in understanding how phenomena at a smaller length scale relate to 

properties and behavior at a larger length scale. The role of molecular simulations is a 
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fundamental piece of the “eternal triangle”: Molecules–Product–Process (Bruin, 2004).  

This new vision provides to chemical engineers an unprecedented ability to manipulate 

small structures and even individual molecules. This ability will give rise to new 

opportunities and new questions. Molecular simulations are uniquely positioned to help 

answer some of these questions and help guide the design of novel, molecular-scale 

processes (de Pablo & Escobedo, 2002). 

In recent years molecular simulations became a powerful tool to predict physical 

and chemical properties of a wide range of processes. Experimental measurement of 

such properties is often time consuming and molecular simulations appear as a valuable 

alternative to replace experiments at conditions too difficult to realize, such as high 

temperatures and pressures or handling of toxic materials. As a consequence of rapid 

increase in computer speed, more accurate results can be obtained and more complex 

systems are possible to simulate with a reasonable time. 

The motivation of this work is to study molecular simulation techniques in order 

to apply them to the modeling of the equilibrium and kinetics of adsorption processes, 

in particular to the propane/propylene separation by cyclic processes (Pressure Swing 

Adsorption, PSA and Simulated Moving Bed, SMB) using 4A and 13X zeolites,. It 

should be noted that these processes have been experimentally studied at LSRE. 

Microscopic and macroscopic properties of guest molecules in zeolitic hosts are 

amongst the processes in which molecular simulations play an important role. Sorption 

and diffusion in zeolites have been studied by Molecular Dynamics (MD) and Monte 

Carlo (MC) simulation techniques (Fuchs & Cheetham, 2001). 

The behavior of simple molecules, such as linear and branched alkanes in 

siliceous zeolites as silicalite has been widely studied by molecular simulation 

techniques, which can generate ensemble average properties of the host-guest system. 
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Propane adsorption isotherms in silicalite were reported both for experimental and 

simulation works (Smit, 1995; Du et al., 1998; Vlugt et al., 1999). Ferrierite, mordenite, 

silicalite, and amorphous silica were used for the experimental measurement of the heat 

of adsorption of propane, propene and other alkanes and alkenes, based on Fourier 

transform infrared spectroscopy. Propane and n-butane were found to adsorb onto 

silanol groups on the external surface of ferrierite indicating significant energy barriers 

preventing the alkanes from entering the micropores (Yoda et al., 2005). The 8-ring, 

pure silica zeolite ITQ-12 at 303, 318, 433 and 453 K has unique, temperature 

dependent adsorption selectivity and high potential for the separation of propylene from 

propylene/propane mixtures (Olson et al., 2004). 

Propane adsorption in all-silica zeolites has a vast number of studies by molecular 

simulations. However, this is not the case for propylene. Besides, the experimental work 

on separation of propane/propylene mixtures makes use of other zeolites, namely zeolite 

4A and 13X. As these zeolites contain sodium atoms in their frameworks, the relevance 

of this work is related to the application of molecular simulation techniques in order to 

evaluate the results obtained by the simulations in comparison with experimental data. 

The separation and purification of substances are often cost determinant in 

industrial chemical processes. More and more classical and high energy consumption 

separation methods are replaced by adsorptive technologies. Also, the removal of toxic 

components in wastewaters and air streams is an important application for adsorption. 

Many natural and synthetic materials show sorption capacity; activated carbon, zeolites, 

silica gel, and activated alumina amongst the most important commercial adsorbents. 

Activated carbon is mostly used in air treatment, separation of ethylene from 

methane and hydrogen, removal of odors in gases, in safety masks and water 
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purification. Silica gel and activated alumina are used for drying of gases, organic 

solvents and transformer oils. 

Due to their special structure, zeolites have a wide variety of applications, which 

include separation by selective adsorption of normal paraffin hydrocarbons, catalysis of 

hydrocarbon reactions separation of air components, carrying catalysts in the curing of 

plastics and rubber, removing carbon dioxide and sulphur compounds from natural gas, 

dissolving enzymes, separation of hydrogen isotopes and removal of atmospheric 

pollutants. There are 48 different types of zeolite known to occur naturally, while 

another 150 or so have been artificially synthesized. The majority of worldwide zeolite 

production is driven to ion-exchanger in detergents (Rhodes, 2007). 

1.2. Objectives and Outline 

The objective of this work is to study adsorption equilibrium and kinetics of 

propane, propylene and mixtures of propane/propylene on zeolite adsorbents by 

molecular simulation techniques. Zeolite 4A and 13X have been chosen due to their 

importance in separation of olefin/paraffin species, especially propane/propylene 

mixtures. Additional studies on adsorption properties of isobutane and 1-butene as 

possible desorbents for SMB technology by simulations of the single component 

adsorption isotherms and binary mixtures of desorbent with propane and propylene are 

presented as a predictive guidance to desorbent choice for further application in cyclic 

adsorption processes. 

The adsorption behavior of hydrocarbons in zeolites is usually quantified by 

means of the adsorption isotherm, which represents the amount of a sorbate as a 

function of the pressure at a given temperature. At high pressures, the amount of 

adsorbed material has a maximum, due to the limited space for guest molecules inside 

a zeolite. The Langmuir equation describes adsorption in zeolites: 
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max 1
q Kp

q Kp
=

+
 (1.1) 

in which q  is the adsorbate loading in the zeolite, qmax is the maximum loading, p is 

the pressure and K is a constant. For low pressures, there is a linear relation between 

the pressure p and the loading q (Henry’s law): q = KH.p in which KH is the Henry 

coefficient. 

The Langmuir model is only applicable if the following assumptions are true: 

• Adsorption takes place only at specific sites on the adsorbent surface. If all of 

these sites are occupied then no further adsorption can take place. 

• There is only a single layer of adsorbed molecules. 

• The temperature is constant throughout the adsorption process. 

• No phase transition occurs during the adsorption process. 

• There is no interaction between the adsorbed molecules. 

There are two types of adsorption: physisorption and chemisorption. 

Physisorption does not involve the creation of chemical bonds and relies on the van 

der Waals’ forces between the adsorbate and adsorbent. In contrast, chemisorption 

involves the formation of chemical bonds between the adsorbate and adsorbent and 

thus normally only one layer of adsorbates can form in a given region of the adsorbent 

surface. This thesis will focus exclusively on the physisorption of both single 

components and mixtures of propane and propylene in zeolites. Additionally, 

isobutane and 1-butene are included in this thesis, as they are suitable to be used as 

desorbents to operate a propane-propylene separation with an SMB technology. 

Molecular simulation techniques are based on models which describe the system 

under study at different levels of detail. The calculation of static and dynamic 

properties of the system, such as adsorption isotherms, heats of adsorption and 

diffusion coefficients, requires that all interactions between the atoms are known. The 
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set of functions and parameters needed to define the interactions in a molecular system 

is a force field. The basic functional form of a force field describes the bonded terms 

(related to atoms that are linked by covalent bonds), and nonbonded terms describing 

the long-range electrostatic and van der Waals forces. Force field functions and 

parameter sets are derived from both experimental work and high-level ab initio 

quantum mechanical (QM) calculations. The QM approach calculates the energy of a 

system, by solving the Schrödinger’s equation using several approximations. This 

energy is fitted into parameter sets of intra-molecular bonded interactions. The typical 

parameter set includes values for atomic mass, van der Waals radius, and partial 

charge for individual atoms, and equilibrium values of bond lengths, bond angles, and 

dihedral angles for pairs, triplets, and quadruplets of bonded atoms. However, 

quantum methods are limited to systems consisting of a few particles and very short 

time scales due to the enormous computational resources required to perform the 

simulations. 

A force field can also be obtained through fitting so that experimental data, like 

diffusion coefficients, vapor–liquid coexistence curves or heats of adsorption can be 

reproduced. Parameter sets and functional forms of a force field are developed to be 

transferable. This means that the force field should compute properties of different 

molecules. 

There are other two important simulation techniques to calculate equilibrium and 

kinetic properties of a system: Molecular Dynamics (MD) and Monte Carlo (MC). 

Each technique relies on models which approximate the system that is being studied. 

However, validation of simulations critically depends of reliable experimental data. 

Kinetic properties, such as diffusion coefficients, are calculated by MD simulations. 

An accurate prediction of equilibrium adsorption properties of single–component and 



Introduction 

7 

binary mixtures can be obtained by grand-canonical Monte Carlo simulations 

(GCMC) with a suitable force field (Frenkel & Smit, 2002). A more detailed 

description of these simulation techniques is given in the following chapters. The 

choice of a particular force field depends on the level of molecular detail and 

description of the structure and properties to be investigated. 

The all-atom (AA) force fields consider each atom individually. The united-atom 

(UA) and anisotropic-united-atom (AUA) force fields treat carbon atoms and their 

bonded hydrogens as a single interaction site. The UA models consider forces to act 

on the center of the site, while for the AUA models the force center is shifted to an 

intermediate position between the major atom and the related hydrogen atoms. For a 

simple alkane, the computational demands of a simulation with a UA force field are 

considerably smaller than those of an all-atom calculation (Martin & Siepmann, 1998; 

Ungerer et al., 2000). 

This thesis is organized in seven chapters. Chapter 1 is a summary of the 

relevance, motivation and the objectives of this work. Chapter 2 describes the basic 

principles of the Monte Carlo method, focusing on the grand-canonical ensemble (or 

µVT ensemble) and the force field functions and parameter sets of hydrocarbon 

adsorption equilibrium on zeolites. Chapter 3 presents the results of adsorption 

equilibrium of propane and propylene on zeolite 4A by molecular simulation with 

additional work on n-hexane adsorption on zeolite ITQ-29. The work on molecular 

simulation of adsorption equilibrium of propane and propylene on zeolite 13X is 

presented in Chapter 4, as well as n-butane, isobutane and 1-butene adsorption 

equilibrium on zeolite 13X, presenting the results of simulations of single component 

isotherms, and binary mixtures n-butane/propane, n-butane/propylene, 

isobutane/propane, isobutane/propylene, 1-butene/propane, and 1-butene/propylene. 
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The fundamentals of Molecular Dynamics are presented in Chapter 5. In Chapter 

6, we present the calculations of diffusion coefficients of propane and propylene in 

zeolites 4A and 13X. Chapter 7 is concerned with the conclusions and suggestions for 

future work. 
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2. Molecular Simulation of Adsorption Equilibrium 

This chapter introduces the concepts of molecular simulation and it provides a 

summary of the theoretical aspects encompassing Monte Carlo methods applied to 

simulation of adsorption equilibrium in zeolites. The molecular models and the types of 

potentials which describe the molecular interactions are explained. It is not intended as a 

complete theoretical background to Monte Carlo simulations, but to highlight some of 

the aspects of the Configurational-bias Monte Carlo technique applied to the grand 

canonical Monte Carlo ensemble. 

2.1. Introduction 

Molecular simulation is a general term that refers to theoretical methods and 

computational techniques, concerning both Monte Carlo (MC) and Molecular 

Dynamics (MD), in which the molecular structure of chemical species is explicitly 

taken into account. The Monte Carlo method specifically deals with equilibrium 

properties (such as phase equilibria). Molecular Dynamics allows determining the 

dynamic properties of a molecular system by solving Newton’s equations of motion 

(Chapter 5). 

The birth of Monte Carlo method is almost simultaneous to the computer. The 

first MC simulation was performed by Metropolis on the Los Alamos MANIAC 

computer (Metropolis et al., 1953). Instead of evaluating forces to determine time 

incremental atomic motions, Monte Carlo simulation generates different trial 

configurations randomly; evaluates an acceptance criterion by calculating the change 

in energy and other properties in the trial configuration, and compares the acceptance 

criterion to a random number, either accepting or rejecting the trial configuration. The 
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final result is computed after an arbitrary number of cycles (N) of repeated random 

sampling of the configurations that make the most significant contributions to the 

configurational properties of the system. 

In the next sections, the basic aspects of MC simulation used in this work are 

reviewed. The main focus is driven to adsorption equilibria in microporous 

adsorbents, namely zeolites that are used for industrial separations. Details of the 

theory underlying MC simulation are described in good textbooks on molecular 

simulation (Allen & Tildesley, 1987; Sadus, 1999; Frenkel & Smit, 2002; Ungerer et 

al., 2005). 

2.2. Force Fields 

In the context of molecular mechanics, a force field refers to the functional form 

and parameter sets used to describe the potential energy of a system of particles. The 

functional forms are sets of equations which analytically formulate the interaction of 

atoms between each other. A classical force field consists at least of bonded and non-

bonded terms: 

 -total bonded non bondedU U U= +  (2.1) 

 bonded bond bend torsion intra VDWU U U U U= + + +  (2.2) 

 
 -non bonded VDW CoulombU U U= +  (2.3) 

The typical parameter set includes values for atomic mass, van der Waals radius, 

and partial charge for individual atoms, and equilibrium values of bond lengths, bond 

angles, and dihedral angles for pairs, triplets, and quadruplets of bonded atoms. These 

interaction potentials are classified into two groups: intermolecular and 

intramolecular. 
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Intermolecular potentials are used for the atoms which do not belong to the same 

molecule or are separated by more than two bonds within the same molecule. 

Intramolecular potentials deal with atoms bonded to each other. The parameterization 

of these equations can be achieved by two ways. First is by quantum mechanical 

calculations. Second method is fitting of parameters to the experimental quantities 

such as liquid and vapor densities, heats of adsorption, dipole moments or heats of 

vaporization (Bezus et al., 1978; Martin & Siepmann, 1998). 

2.2.1. Intermolecular Potentials 

The intermolecular potentials are divided into two groups as Van der Waals and 

electrostatic potentials. 

2.2.1.1. Van der Waals Potential 

The van der Waals potential is a short range interaction which has a repulsive 

and an attractive term. The most widespread expression of dispersion and repulsive 

energy is the Lennard-Jones potential, in which the repulsive energy varies with the 

12th power and dispersion with the 6th power of separation distance (Ungerer et al., 

2005). The Lennard-Jones interaction energy between two atoms (or more generally, 

between two interaction centers) is written as 

 
12 6

( ) 4U r
r r
σ σε

⎡ ⎤⎛ ⎞ ⎛ ⎞= −⎢ ⎥⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

 (2.4) 

The Lennard-Jones 12-6 potential has two parameters, the collision diameter σ, 

at which the energy is zero and the well depth ε, where the net force is zero (Fig. 2.1). 

The parameter ε is often given as ε/kB, which has units of temperature. 

In the case of a system composed of different types of atoms, the total 

Lennard-Jones energy is: 
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,

12 6

( ) 4
i j
i j

ij ij
ij ij

ij ij
U r

r r
σ σ

ε
<

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥⎜ ⎟ ⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

= −∑  (2.5) 

where the summation includes all pairs of atoms belonging to different molecules. 

 

Figure 2.1 – Lennard-Jones potential of methane. The blue region is the repulsive part of the 

potential and the red region is the attractive part. 

2.2.1.2. Mixing rules 

In Equation 2.5, the parameters σij and εij depend on the pair of atoms 

considered. The interactions between different atoms are determined by the Lorentz-

Berthelot mixing rules: 

 ( )1
2ij ii jjσ σ σ= +  (2.6) 

 ( )
1

2.ij ii jjε ε ε=  (2.7) 
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2.2.1.3. Electrostatic Potentials 

Electrostatic potentials arise from interactions due to the unequal charge 

distribution over the atoms of a molecule. Due to charge conservation for a neutral 

molecule these sum to zero. The electrostatic potential energy is computed from 

Coulomb’s law: 

 
, 0

1
4

i j

i j
elec

i j ij

q q
U

rπε
<

=∑  (2.8) 

where ε0 is the permittivity of free space, q are atomic charges, and rij is the distance 

between atom i and j. 

2.2.1.4. Boundary Conditions 

In order to simulate bulk phases it is essential to choose boundary conditions 

that mimic the presence of an infinite bulk surrounding the N-particle model system. 

In an isolated three-dimensional simulation box with free boundaries, the fraction of 

all molecules in contact with the outside is proportional to N-1/3. Thus, in a cubic grid 

comprising 1000 molecules, almost 50% of the molecules are at the surface. If only an 

isolated simulation box is used to compute the interactions, the molecules located at 

the boundaries have fewer neighbors, which could lead to reduced attraction energies 

with respect to their surroundings. The concept of periodic boundary conditions is 

often employed to overcome this problem. The technique involves repeating identical 

replicas of the simulation box in all space directions (Figure 2.2). When a molecule in 

the original box moves, its periodic images in each of the surrounding boxes move in 

exactly the same way. If a molecule leaves the central box, one of its images will enter 

the box through the opposite face. It is not necessary to store the coordinates and 

momenta of all the images, only the ones in the central box are needed, because the 
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images can be obtained from translation operators. The boundary of the periodic box 

does not have any physical significance, only the shape and orientation is fixed. 

 

Figure 2.2 – Schematic representation of periodic boundary conditions (Frenkel & Smit, 

2000). 

2.3. Molecular Models 

The choice of a particular force field depends on the level of molecular detail and 

description of the structure and properties to be investigated. Two approaches may be 

used to represent the dispersion and repulsive forces acting on polyatomic molecules: 

1. a separate force center is assigned to each atom, located on its nucleus. Such 

methods are referred to as “All Atoms” or AA. 

2. a force center is assigned to a group of atoms such as CH, CH2 or CH3. This 

technique, referred to as “United Atoms” can be divided into classical United 

Atoms (UA), and Anisotropic United Atoms (AUA), depending on the 

position of the force centers. 

2.3.1. The “All Atoms” Model 

The all-atoms (AA) model considers each atom individually. Its advantage is 

that the model gives a good account of molecular geometry and structure. The counter 

part is that a great deal of computer time is required because of the large number of 
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force centers, bending and torsion angles involved. The number of parameters 

assigned to each atom is also increased. For instance, the parameters of hydrogen 

atoms bonded to oxygen atoms are different to those of hydrogens bonded to 

nitrogens. 

2.3.2. United Atoms Models 

The united-atom (UA) and anisotropic-united-atom (AUA) models treat carbon, 

sulphur and oxygen atoms and their bonded hydrogens as a single interaction site. The 

separation distances of Equations (2.4) and (2.5) are counted between the nuclei of the 

major atoms (Smit, 1995a, Martin & Siepmann, 1998). The influence of the hydrogens 

is considered through the parameterization of potential parameters. The Lennard-Jones 

diameter σ assigned to CH2 or CH3 is generally around 3.9 Å while the diameter of 

carbon in AA model is usually 3.5 Å (Ungerer et al., 2005). UA methods are often 

used for hydrocarbons because they use one-third to one-quarter the number of force 

centers and take one tenth the amount of computer time of AA models. 

The Anisotropic United Atom model shifts the force center to an intermediate 

position between the major atom and the related hydrogen atoms in order to take a 

better stock of the influence of the hydrogens (Ungerer et al., 2000). 

In the present work the UA model is used to simulate both equilibrium and 

kinetic adsorption properties of hydrocarbons in zeolites. 

2.4. The Monte Carlo Method 

Experimental measurements of adsorption isotherms are made by allowing the 

contact between a reservoir of molecules and the adsorbent until equilibrium is 

reached. The amount of adsorbed molecules is then measured by the difference in 

mass of the adsorbent. The adsorption isotherm represents the quantity of molecules 
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adsorbed as a function of pressure, at a constant temperature. Figure 2.3 shows a 

typical adsorption isotherm which can be fitted using the Langmuir equation which 

relates the loading or the concentration of molecules on a solid surface (q) to the gas 

pressure or concentration of a medium above the solid surface at a fixed temperature. 

 
max 1
q Kp

q Kp
=

+
 (2.9) 

 

Figure 2.3 – A typical adsorption isotherm 

Monte Carlo simulations are suitable to describe the properties of various 

systems at equilibrium. A system is in equilibrium if its physical properties do not 

change with time. This is the definition of macroscopic equilibrium. However, a 

system may be in macroscopic equilibrium, but microscopically it may be in constant 

change. For example, a gas at room temperature and constant volume is 

macroscopically static, but, at the microscopic scale, the molecules are in constant 

motion. In fact, there are many different ways in which the gas molecules can be 

arranged without changing the macroscopic properties of the system. 
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The macroscopic description of a system is made by specifying its macrostate. 

The macrostate of an isolated system is specified by giving the values of three state 

variables: the internal energy E, the volume V, and the number of particles N. All other 

thermodynamic variables can be determined from these three fundamental quantities. 

The microscopic description of a system is the complete description of each particle in 

this system (position and velocity), the quantum states that are eigenvectors of the 

Hamiltonian of the system, i.e. energy eigenvectors (Frenkel & Smit, 2002). In a 

system in equilibrium, the particles collide with each other constantly; with each 

collision their velocities change and their energy state’s change. This is a postulate of 

statistical mechanics for an isolated system at equilibrium. The collection of 

microstates is called a statistical ensemble; it is the universe of possible states from 

which the system draws its actual state from moment to moment. 

For a given macroscopic system, there are many microscopic states. This means 

that a system of particles with well defined constant properties such as pressure or 

volume or the number of molecules in the system can exist in a finite number of 

allowed microscopic states. This number can be very big, but it is finite. The 

microstates of the system keep changing with time from one quantum state to another 

as molecules move and collide with one another. The probability for the system to be 

in a particular quantum state is defined by its quantum-state probability Pi. The set of 

the Pi is called the distribution of probability. The sum of the probabilities of all the 

allowed quantum states must be unity, hence for any time t, 

 1i
i

P =∑  (2.10) 

When the system reaches equilibrium, the individual molecules still change from 

one quantum state to another. In equilibrium, however, the system state does not 

change with time; so the probabilities for the different quantum states are independent 
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of time. This distribution is then called the equilibrium distribution, and the 

probability Pi can be viewed as the fraction of time a system spends in the ith quantum 

state. 

From the microscopic description it is possible to simulate a small microscopic 

section (microstate) of the system and use the average of the values of the microscopic 

simulation to predict its macroscopic values. This is summed up in the following 

equation: 

 macrostate microstates
1

lim
N

i iN i
A A A P

→∞
=

= = ∑  (2.11) 

where A is the property that is being measured and Pi is the probability of finding the 

system in microstate Ai. 

There are several different types of statistical ensembles, depending on the type 

of system under study. This thesis focuses on two ensembles: the canonical ensemble 

(constant NVT) and the grand-canonical ensemble (constant μVT), where N is the 

number of molecules, V is the volume, T is the temperature and μ is the chemical 

potential. The number of particles N and the global volume V are identical for all 

system states, but they differ in total energy which is a fluctuating variable in this 

ensemble. When the temperature T is imposed, the energies of the system state display 

a specific distribution, which is characterized by the proportion Pi of members of the 

ensemble which exhibit a measurable macroscopic state i, where the proportion of 

microscopic states for each macroscopic state i is given by the Boltzmann distribution, 

 exp( )i B
i

E k TP
Z

−
=  (2.12) 

where kB is the Boltzmann constant (1.381 × 10-23 J.K-1) and Ei is the total energy 

(kinetic + potential) of the system in state i. A general notation used in statistical 

mechanics is: 
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 1
Bk Tβ =  (2.13) 

Thus, the probability of a given state i in the canonical ensemble is given by: 

 exp( )i
i

EP
Z
β−

=  (2.14) 

where Z, known as the partition function, is the sum of the Boltzmann distributions of 

all possible different states in the phase space. The partition function is a very 

important theoretical concept in statistical mechanics, although it is not explicitly 

computed in molecular simulations (Frenkel & Smit, 2002; Ungerer et al., 2005). Each 

ensemble is associated with a characteristic thermodynamic function. In the case of 

the canonical ensemble, the associated function is the Helmoltz free energy A, 

expressed as: 

 lnB NVTA k T Z=  (2.15) 

Other ensembles are possible depending on the choice of constant macroscopic 

properties (Sadus, 1999). Some commonly used statistical ensembles are summarized 

in Table 2.1. The microcanonical, canonical and isothermal-isobaric ensembles 

describe systems for which there is no change in the number of particles. The grand 

canonical ensemble describes an open system in which the number of particles can 

change. In this ensemble, the chemical potential μi of every species i is specified as 

well as temperature and volume, while the number of molecules fluctuates (Figure 

2.4). Actually, specifying the chemical potential μi is equivalent to specifying the 

partial pressures prevailing in the gas phase in equilibrium with the adsorbent 

(Ungerer et al., 2005). Adsorption isotherms, either for pure compounds or 

multicomponent systems, can be simulated by the grand canonical ensemble in which 

the main result is the average number of molecules < Ni > in the system for every 
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species i. In the case of microporous adsorbents, this is the average number of 

adsorbed molecules. 

Table 2.1 – Statistical ensembles 

Ensemble Constraints Associated 
thermodynamic potential Applications 

Canonical N, V, T 
A = E – TS 

(Helmoltz free energy) 
Phase properties 

(P, H, CV, μ) 

Isothermal-isobaric N, P, T 
G = H – TS 

(Gibbs free energy) 
Phase properties 

(H, CP, μ, ρ) 

Grand canonical μ, V, T 
PV 

(E – TS - ΣμiNi) 
Adsorption isotherms, 

selectivities 

 

Figure 2.4 – Schematic of the Grand Canonical Ensemble. The box on the left represents 

an LTA zeolite unit cell within the simulation cell and the box on the right represents a 

reservoir of n-hexane molecules held at constant temperature and chemical potential. 

A Monte Carlo simulation uses various techniques to explore different 

microstates. A Monte Carlo move is an attempt to change the system from one state to 

another. These moves include translation, rotation, insertion, removal, volume change 
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and regrowth. However, it is important to sample those states that make the most 

significant contributions. This is achieved by generating a Markov chain. A Markov 

chain is a sequence of trials in which the outcome of successive trials depends only on 

the immediate antecedent. In a Markov chain, a new state will only be accepted if it is 

more “favorable” than the existing state. This means that the new state is lower in 

energy, but also accepts states of higher energy, if lower than a random number. The 

generic algorithm for a Monte Carlo simulation is as follows (Metropolis et al., 1953): 

1. Select a particle at random, and calculate its energy U(r); 

2. Displace that particle in a random direction, r '  = r + Δ, and calculate its new 

energy U(r ' ); 

3. Accept or reject the move from r to r '  with probability: 

 [ ]{ }acc(old new) min 1, exp ( ') ( )( )U Uβ→ = − −r r  (2.16) 

When the system moves to a lower energy state, the exponential term is greater 

than 1, the energy change is negative and the move is accepted with probability 1. If 

the energy change is positive, the move is accepted with 

probability [ ]{ }min 1, exp ( ') ( )( )U Uβ− −r r . In this case, a random number Nran, 

between 0 and 1 is generated and compared with the resulting energy value. The move 

is accepted if Nran is less than [ ]{ }min 1, exp ( ') ( )( )U Uβ− −r r . Otherwise the move is 

rejected and the molecule returns to its old configuration. 

The standard Monte Carlo moves in the grand canonical ensemble involving a 

single simulation box are: Insertion, Deletion, Displacement and Rotation. 
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2.4.1. Configurational-Bias Monte Carlo (CBMC) 

The bottleneck in the grand canonical Monte Carlo scheme is the particle 

insertion step. The probability of accepting a particle that has been placed at a random 

position depends on its energy. This probability is high when the energy of the particle 

is low and the probability of success is low when its energy is high. Clearly, if a part 

of a molecule overlaps with one of the zeolite atoms, the probability of acceptance is 

zero (Smit, 1995b). To increase the number of successfully inserted molecules, the 

Configurational-bias Monte Carlo technique (CBMC) has been developed (Frenkel & 

Smit, 2000). 

In the CBMC scheme the total potential energy of a trial site is split into two 

parts: 

 int extU U U= +  (2.17) 

The first part is the internal, bonded, intra-molecular potential (Uint) which is 

used for the generation of trial orientations. For a model of a molecule in which the 

bonded interactions include bond stretching, bond bending and torsion, the internal 

potential for alkane molecules has the form: 

 ( ) ( ) ( ) ( )torsbond bend, ,int U l U UU l θ φθ φ + +=  (2.18) 

 ( ) ( )
bonds

2
0bond

1
2 lU l k l l= −∑  (2.19) 

 ( ) ( )
bends

2
0bend

1 cos cos
2

kU θθ θ θ= −∑  (2.20) 

 ( )
5

torsions 0
tors cos

n

n
nU φηφ

=

= ∑ ∑  (2.21) 

where Ubond(l) is the bond-stretching energy, Ubend(θ) is the bond-bending energy and 

Utors(φ ) is the torsion energy. The second part of the potential, the external potential 
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(Uext), is used to bias the selection of a site from the set of trial sites. The internal 

interactions are used to generate a trial configuration and the external interactions are 

used to compute the Rosenbluth factor. For a Monte Carlo trial move in which a 

randomly selected particle has to be moved and reoriented, the generation of trial 

orientations is biased by moving the center of mass of the molecule (or pseudo-atom) 

over a small random distance and calculating all interactions that are independent of 

the orientations {upos(n)}. Generate k trial orientations {b1, b2,…, bk} and calculate the 

energy uor(bi). 

The Rosenbluth factor is defined by: 

 
1

( ) exp ( )
k

or
j

j
W n uβ

=

⎡ ⎤= −⎣ ⎦∑ b  (2.22) 

The algorithm for biasing the orientation of molecules is very similar to an 

algorithm developed by Rosenbluth & Rosenbluth (1955), for sampling configurations 

in polymers. The factor W is referred as Rosenbluth factor (Frenkel & Smit, 2002). 

Note that this split into Uint and Uext is completely arbitrary and can be optimized 

for a particular application, but one has to be careful to split the potential energy 

because different interactions might not be independent (Vlugt, 2000). 

Figure 2.5 – Schematic sketch of a part of a molecule (Frenkel & Smit, 2002) 

The United Atom model (UA) of an alkane is a typical example of such a 

molecule. In the UA model, atoms are assumed to form an interaction centre (i.e. a 
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pseudo-atom). For hydrocarbons, the hydrogen atoms are usually grouped together 

with the carbon atom to which they are bonded (in such a case, a methyl group would 

be modeled as a single pseudo-atom or united atom). The centre of this pseudo-atom is 

located at the position of the carbon atom (Martin & Siepmann, 1998). 

For a molecule as shown in Figure 2.5, the chain is built from a first united atom, 

placed at a random position. The second atom is added to the first one and the bond 

length is assumed to be fixed. The chain is grown segment by segment. For each 

segment, a set of k trial orientations is generated according to the internal energy Uint 

and the external energy ext ( )iU j  of each trial position j of segment i is computed. The 

probability to generate a trial position k is given by 

 

ext extU ( ) U ( )i i

extU ( )i

- -

i k
-

1

exp expP ( ) = 
( )exp

j j

l

l

j
w i

β β

β

=

=
∑

 (2.23) 

The selected trial orientation is added to the chain, and the procedure is repeated 

until the entire molecule has been grown. For this newly grown molecule, the so-

called Rosenbluth factor is computed 

 ( )new

i
W w i=∏  (2.24) 

To compute the old Rosenbluth factor Wold of an already existing chain, 1k −  

trial orientations are generated for each segment. These orientations, together with the 

already existing bond, form the set of k trial orientations. In a dynamic scheme, a 

Markov chain of states is generated. The average of a property is calculated over the 

elements of the Markov chain. For an infinite Markov chain, the expression is exact. 

Every new configuration is accepted or rejected using an acceptance/rejection rule 

(Dubbeldam et al., 2004). 
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 acc(old  new) = min( 1, )
n

oW
W→  (2.25) 

2.4.2. Monte Carlo Moves 

During a simulation the following Monte Carlo moves can be employed. 

- Displacement Move: A chain is selected at random and a random displacement is 

given. The maximum displacement is taken such that 50% of the moves are 

accepted. The acceptance rule is 

 
new old( )acc(old  new) = min(1, exp )U Uβ− −→  (2.26) 

The energy of the new configuration Unew and the energy of the old configuration 

Uold only differ in the external energy. 

- Rotation Move: A chain is selected at random and a random rotation is given. The 

centre of the rotation is the centre of mass. The maximum rotation angle is 

selected such that 50% of the moves are accepted. The acceptance rule is given by 

Equation (2.25). Again, the energy of the new configuration Unew and the energy 

of the old configuration Uold only differ in the external energy. 

- Insertion Move: A chain is grown at a random position. The acceptance rule for 

insertion of the particle is given by 

 acc(   1) min 1,
1

new

IG
W V fN N

N W
β⎛ ⎞

⎜ ⎟→ + =
⎜ ⎟+
⎝ ⎠

 (2.27) 

- Deletion Move: A chain is chosen at random and the old Rosenbluth factor is 

computed. The acceptance rule for deletion of the particle is given by 

 acc( 1) min 1,
IG

old

WNN N
fW Vβ

⎛ ⎞
⎜ ⎟→ − =
⎜ ⎟
⎝ ⎠

 (2.28) 
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- Full Re-grow Move: A chain is selected at random and is completely re-grown at a 

random position. This move is essential for NVT to change the internal configuration 

of a molecule, and during this move, data for the average Rosenbluth weight can be 

collected. The acceptance rule for full re-grow is given by 

 
new

old
Wacc(o  n) = min( 1, )

W
→  (2.29) 

- Partial Re-grow Move: A chain is selected at random and part of the molecule is re-

grown. It is decided at random which part of the chain is re-grown and with which 

segment the re-growth is started. The acceptance rule for partial re-grow is given by 

Equation (2.27). 

- Identity Change Move (Mixtures): The identity-change trial move (Dubbeldam et 

al., 2004) is applied to mixtures. One of the components is selected at random and 

an attempt is made to change its identity. The acceptance rule is given by 

 
( )

new

old
Wacc(   ) = min  1, 

W 1
B A

A B

f NA B
f N

⎛ ⎞
→ ⎜ ⎟⎜ ⎟+⎝ ⎠

 (2.30) 

where fA  and fB are the fugacities of components A and B, and NA and NB are the 

number of particles. 

The relative probabilities for attempting these moves should be such that in the 

NVT-simulations 10% of the total number of moves are displacements, 10% rotations, 

10% partial regrowths, and 70% regrowths of the entire molecule. For the case of 

grand-canonical simulations of the pure components the distribution of moves is 

commonly: 15% displacements, 15% rotations, 15% partial regrowths, and 55% 

exchanges with the reservoir. For mixtures the number of exchanges should be 

reduced to 50% and the remaining 5% of the moves are attempts to change the identity 

of a molecule. 
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2.5. The Zeolite Model 

Zeolites are complex, crystalline inorganic materials which have a well defined three-

dimensional microporous structure. Their large internal surface, thermal stability, and 

the presence of acid sites are some of the unique properties that make zeolites an 

important class of materials for separations and catalytic petrochemical processes. 

Structural data of zeolites can be obtained from: 

(i)- powder diffraction techniques 

(ii)- electron microscopy 

(iii)- solid state NMR spectroscopy 

Falcioni & Deem, (1999) reported a biased Monte Carlo method to determine the 

structure of known and hypothetical zeolites from the powder diffraction pattern and 

density. All of the known zeolites were solved in a realistic application of the method. 

Ab-initio quantum simulation methods have been applied for the study of crystal 

frameworks from crystallographic data (Lipkowitz et al., 2005). 

In crystallography, the crystal structure is defined by the unit cell, and by the 

fractional coordinates of the atoms within the unit cell. The zeolites used in this work 

are modelled as rigid structures whose atomic coordinates do not change throughout the 

simulation. The simulation box contains the set of coordinates obtained from 

crystallographic data, the number of atoms, the atom types, and the size of the unit cell. 

Table 2.2 shows the coordinates of the first 10 atoms in an LTA unit cell. 

The cations move freely in the zeolite and adjust their positions according their 

interactions with the other atoms present in the system. 
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Table 2.2 – Coordinates file of zeolite LTA 

24.61 24.61 24.61  
576 1 1 1 
    
2 0.0000000000 2.2862690000 4.5380840000 
3 0.0000000000 4.5873040000 2.2198220000 
4 0.0000000000 2.7464760000 6.0860530000 
4 0.0000000000 3.6004430000 3.6324360000 
4 1.3240180000 1.4347630000 4.1935440000 
2 0.0000000000 22.3237310000 4.5380840000 
3 0.0000000000 20.0226960000 2.2198220000 
4 0.0000000000 21.8635240000 6.0860530000 
4 0.0000000000 21.0095570000 3.6324360000 
4 23.2859820000 23.1752370000 4.1935440000 

 

2.6. The Simulation Code 

This work uses the BIGMAC simulation code (Vlugt & Smit, 1998). The main steps 

of a simulation are shown in Figure 2.6. Once the input files have been read, a grid of 

Lennard-Jones potential values for the interaction between the zeolite and the 

adsorbates is generated. The grid reduces the amount of computational effort required to 

calculate the adsorbate-zeolite potential during the simulation. The simulation cell is 

then randomly filled with adsorbate molecules (at energetically feasible positions) until 

equilibration is reached. The simulation can now begin; a suitable Monte Carlo move is 

chosen (at random) and the molecule to which it will be applied is also chosen (again, at 

random). The move is carried out and accepted or rejected based on the acceptance 

rules. The statistics are then updated if the number of equilibrium cycles is completed. 

Finally, once the simulation has finished, the statistical data are stored in output files. 
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Figure 2.6 – Flow-sheet for the simulation code. 

2.6.1. Input and Output Files 

There are six input data files required to run the BIGMAC executable. They are 

organized according to the information provided to the program. The “run” script 

contains keywords associated to data that are read by the program. Table 2.3 lists the 

main keywords needed to run a simulation. 
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Table 2.3 – Main input parameters in BIGMAC “run” script. 

Parameter Keyword Data 

Type of ensemble LGibbs, LGrand, 

Lnvt, Lnpt 

“true” or “false” 

total number of MC cycles nstep    Number 

number of initialization cycles nminit   Number 

number of equilibration cycles nsamp   Number 

zeolite type zeolite Calls coordinate file “zeolite.bigmac” 

molecule(s) that are simulated molecule Calls files molecule.top (topology) 

and molecule.seq (sequence) 

temperature temp Number 

number of components (for 

mixtures) 

ncomp Number 

partial fugacity B Number 

initial value for random 

number generator 

iseed iseed = -1 means let the system 

choose a random seed using the 

system time 

The other input files called by the “run” script contain the zeolite coordinates 

(zeolite.bigmac), the force field information defining the nature of the molecular 

interactions (ffalkane, ffzeo), and the topology models of the molecules to be simulated 

(molecule.top and molecule.seq). 

The output files contain the results of the simulation and other data required in case of 

restarting a simulation using an old configuration. Optional generation of snapshot files 

is provided in the “run” script. The snapshot files have the PDB format (Protein Data 

Bank) and can be read by several visualization softwares. 
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2.7. Conclusions 

Computer simulations have been used to study many different aspects of porous 

materials and hydrocarbons, with the majority of the work focusing on all-silica 

zeolites. In the next chapters, we will present the results of our investigations on zeolite 

frameworks which contain sodium cations by applying the simulation techniques 

described in this chapter to propane/propylene, either single component or its mixtures.  

To perform the calculations on molecular simulation problems, several software 

packages are available, some of them for free academic use and some are sold for 

commercial purposes. The advantage in using free academic packages, besides the zero 

cost, is that the users can contribute to further developments of the software, improving 

its efficiency and share information about corrections and updates. To choose amongst 

so many types of codes, certain criteria should be followed: 

a) Ease of contact with the author(s). 

b) Good documentation. 

c) Capability to run either on an ordinary desktop or on a parallel cluster. 

d) Access to the source code. 

e) Good reproducibility of results. 

f) Having a good number of scientific publications which have made use of the 

software. 

After a search in scientific papers and on the Internet, more than 60 free software 

packages for simulations were found. BIGMAC is a general-purpose CBMC code based 

on the book “Understanding Molecular Simulation” written by Daan Frenkel and 

Berend Smit. Dr. Thijs J. H Vlugt granted the use of BIGMAC for our studies and 

provided a very helpful training at Utrecht University on the utilization of the package. 
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The large number of scientific papers published from BIGMAC simulations and the 

consistency of its results are strong reasons to develop our work with this software. 
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3. Adsorption Equilibrium of Propane and Propylene in 

Zeolite A 

In this chapter, we present the single component and binary adsorption equilibrium 

isotherms of propane and propylene in zeolite 4A obtained by molecular simulations 

using the Configurational-bias Monte Carlo technique applied to the grand canonical 

ensemble. The influence of sodium cations on the adsorption properties of zeolite 4A is 

investigated using the united atom (UA) force field in order to establish effective 

Lennard-Jones (LJ) parameters for interactions between the cations and the sp2-

hybridized bond of propylene as well as the other cation-carbon interactions present in 

this system. Additionally, the quality of the parameters describing the carbon-sodium 

interactions is investigated by comparing with published experimental results on ethane, 

propane and n-hexane for the cation-free LTA (zeolite ITQ-29) and by using other 

published LJ interaction parameters. 

3.1. Propane-Propylene Binary Adsorption Equilibrium in Zeolite 4A 

Propane/propylene separation is among the most energy-intensive separations in 

petrochemical industry. Adsorption in zeolite 4A appears as a promising alternative in 

terms of energy and operating costs. Molecular simulations can provide reliable 

predictions of adsorption properties and thus become very interesting to replace long 

time consuming experiments. 

Molecular simulations have made significant progresses in recent years, and 

gradually became a powerful tool in many fields of science and engineering. It is 

partly due to the rapid increase in computer power, and to a larger extent, to the 

development of new methods for simulation of complex fluids and materials. 
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Chemical engineers have been responsible for many of the developments and 

applications of molecular simulations (de Pablo & Escobedo, 2002). As a 

consequence, more accurate results can be obtained and more complex systems are 

possible to simulate within a reasonable time. 

Microscopic and macroscopic properties of guest molecules in zeolitic hosts are 

amongst the processes in which molecular simulations play an important role. The 

behavior of simple molecules, such as linear and branched alkanes in siliceous zeolites 

as silicalite has been widely studied by molecular simulation techniques, which can 

generate ensemble average properties of the host-guest system. Experimental and MC 

simulated propane adsorption equilibrium isotherms in silicalite were reported (Smit, 

1995; Du et al., 1998; Vlugt et al., 1999). The heat of adsorption of propane, propene 

and other alkanes and alkenes was measured using ferrierite, mordenite, silicalite, and 

amorphous silica, based on Fourier transform infrared spectroscopy (Yoda et al., 

2005). Propane and n-butane were found to adsorb onto silanol groups on the external 

surface of ferrierite indicating the presence of free energy barriers preventing the 

alkanes from entering the micropores. The 8-ring, pure silica zeolite ITQ-12 has a 

unique, temperature dependent adsorption selectivity and high potential for the 

separation of propylene from propylene/propane mixtures (Olson et al., 2004). 

Configurational-bias grand-canonical Monte Carlo (CB-GCMC) simulations with 

identity-swap moves for the adsorption of liquid mixtures of n-alkanes in silicalite 

from C5 to C12 together with batch adsorption measurements for the same systems 

were reported (Chempath et al., 2004). Additional improvements of the force field, 

concerning reproduction of experimental isotherms, particularly the inflection points, 

Henry coefficients, heats of adsorption, pre-exponential factors, entropies of 

adsorption, and maximum loadings were developed (Calero et al., 2004; Dubbeldam 



Propane and Propylene in Zeolite A 

39 

et al., 2004a, 2004b). Ab initio geometries and interaction energies have been used to 

optimize empirical force field parameters, which were determined by reproducing 

experimental heats of vaporization and molecular volumes for pure solvents. 

Application of this approach was performed on methane, ethane, and propane (Yin & 

MacKerell, 1998). 

There are numerous experimental studies on adsorption of alkane/alkene 

mixtures in zeolite 4A (Järvelin & Fair, 1993; Rege et al., 1998; Da Silva & 

Rodrigues, 1999; Grande et al., 2003), although published works on simulation 

techniques, applied to the evaluation of the adsorption properties of alkane/alkene in 

zeolite 4A are scarce (Zhang et al., 2003). The CBMC technique was applied to 

calculate adsorption isotherms of various alkenes and their mixtures in siliceous 

zeolites (Jakobtorweihen et al., 2005). Adsorption behaviors of ethene and propene in 

four pure-silica small-pore eight-membered-ring zeolites, Chabazite, DD3R, ITQ-3, 

and ITQ-32, have been recently reported (Liu et al., 2008). 

The present chapter describes adsorption properties of propane and propylene on 

zeolite 4A through molecular simulations using the Configurational-bias Monte Carlo 

(CBMC) simulation technique applied to the grand-canonical ensemble and compares 

simulation results with other simulations and experimental data. Experiments on 

zeolite 4A show different adsorption behavior for alkanes/alkenes and are of potential 

interest for industry, as the search for an effective adsorbent remains a primary 

research interest. The experiments also show that equilibration time is important, since 

large differences among diverse experimental studies have been found (Järvelin & 

Fair, 1993; Grande et al., 2003). CBMC techniques allow overcoming equilibration 

problems in molecular simulations; they are helpful to understand these differences. 
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Various force fields are available to study adsorption in zeolites as well as many 

different parameters for cation/carbon interactions (Zhang et al., 2003; Calero et al., 

2004; Dubbeldam et al., 2004a). Two different force fields for the simulation of 

adsorption loadings of propane/propylene in zeolite 4A at several pressures and 

temperatures are applied in this work, in order to show the influence of nonframework 

sodium cations on the results. First, a recently developed force field by Calero et al., 

(2004) was used for our study, as it was successfully applied in the description of the 

adsorption properties of linear alkanes in the sodium form of FAU-type zeolites, and 

later confirmed its applicability to Na-MFI (García-Pérez et al., 2005) and Na-MOR 

zeolites (Liu & Smit, 2006). Based on this force field, we developed Lennard-Jones 

(LJ) parameters for the interactions between the sodium cations and the adsorbates 

(propane/propylene). The set of LJ parameters was adjusted to the experimental 

adsorption data of zeolite 4A and validated to other hydrocarbons (methane, ethane 

and n-hexane). The reference experimental studies on propane/propylene adsorption in 

zeolite 4A are from Grande et al. (2003), Da Silva & Rodrigues (1999) and Järvelin & 

Fair (1993). Available simulation data from Zhang et al., (2003) have been also taken 

into consideration. The quality of the sodium interactions was tested by comparing 

with experimental results for the cation-free LTA of Corma et al., (2004). 

3.2. Configurational Bias Monte Carlo 

In the Grand-Canonical (µVT) ensemble the temperature, volume, and chemical 

potential are fixed. In MC simulations the zeolite crystals are allowed to exchange 

molecules with a reservoir of molecules at a fixed chemical potential (Frenkel & Smit, 

2002; Smit & Krishna, 2003). The alkane/alkene molecules are described with the 

united atom (UA) model, in which each CHn group is treated as single interaction 
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center. In the CBMC algorithm the chain is built from a first united atom, placed at a 

random position. The second atom is added to the first one and a harmonic potential is 

used for the bond length. The chain is grown segment by segment. Trial moves to 

insert and delete molecules have to be added. The nonframework cations are also 

described as single interaction centers, but these are charged, unlike the united atoms 

of the hydrocarbons (Calero et al., 2004). The zeolite framework is assumed to be 

rigid and the cations move freely in the zeolite and adjust their positions according to 

their interactions with the other atoms present in the system. Influence of zeolite 

framework flexibility is small in adsorption (Vlugt, 2002). 

3.3. Zeolite A Structure and Characterization 

Zeolite A exhibits the LTA (Linde Type A) structure, shown in Figure 3.1. The 

cavity is surrounded by eight sodalite cages (truncated octahedra) connected by their 

square faces in a cubic structure. The unit cell is cubic (a = 24.61Å) with Pm-3m 

symmetry. Zeolite A has a void volume fraction of 0.47, with a Si/Al ratio of 1.0. It 

thermally decomposes at 700ºC (The Atlas of Zeolite Structure Types). 

 

Figure 3.1 - The three-dimensional framework of small-pore zeolite A 

Zeolite LTA framework and synthesis were reported fifty years ago (Breck et al., 

1956; Reed & Breck, 1956). The refined unit cell structure of zeolite 4A (the LTA-

synthesized Na variety) has 12 Na atoms, placed as follows: 8 near the centre of 6-rings, 
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3 in the plane of 8-rings, and 1 in the large cavity opposite a 4-ring. All 12 Na atoms 

were found in unusual coordinations, as in many dehydrated zeolites, but the distances 

to nearest neighbors were reasonable (2.32 ± 0.01 to 2.59 ± 0.15 Å) when compared to 

other Na-bearing silicates (Pluth & Smith, 1980). Refinement of the crystal structure of 

dehydrated zeolite 4A confirmed Al and Si atoms alternate throughout the framework to 

give the 24.61 Å true unit cell. The composition of Na96A196Si960384 for this full super-

cell, which represents a super-cage containing the non-framework sodium cations, was 

used in our simulations. Replacement of aluminum by silicon generates a simulation 

box with cation-free unit cell. 

3.3.1. Blocking of Sodalite Cages 

LTA has 2 interconnecting, 3-dimensional channel systems; one consisting of 

connected α-cages, 11.4 Å in diameter, separated by 4.2 Å circular openings. The 

other system consists of β-cages, 6.6 Ǻ in diameter, alternating with the α-cages and 

separated by 2.2 Å apertures (Breck, 1984). A propane molecule does fit in the β-

cages dimension (6.6 Å), but it is not accessible from the main α-cages through the 

small 2.2 Å apertures. However, in CBMC, attempts are made to insert a molecule at a 

random position so molecules could actually enter these cages. To prevent this, the β-

cages are artificially blocked (Dubbeldam et al., 2005). The absence of this blocking 

could lead to false higher loadings, especially at low temperatures and/or large 

pressures, which are the most favorable conditions to a high adsorption loading. 

 

3.3.2. Duration of Simulations 

Literature reports at least 5×105 cycles to compute adsorption equilibrium 

isotherms for molecules smaller than pentane. In each cycle, the number of trial moves 

equals the number of hydrocarbon molecules in the system with a minimum of 20. For 
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longer chains and NVT simulations, 106 cycles are commonly used (Dubbeldam et al., 

2004a). Other authors state that simulations of approximately 104 - 105 Monte Carlo 

cycles are normally sufficient for determining thermodynamic properties of a fluid 

interacting with a Lennard-Jones potential. Longer simulation runs are required for 

systems with strong or long-range interactions, such as ionic, associating or long chain 

systems, or systems close to a critical point (Panagiotopoulos, 1996). Comparison of 

results for simulations performed with 104, 105 and 106 Monte Carlo cycles is shown 

in Table 3.1. The number of 105 Monte Carlo cycles is enough to compute the 

adsorption isotherms of propane/propylene in zeolite 4A. 

Table 3.1 - Number of Monte Carlo cycles used in the calculation of propane loadings in 

zeolite 4A at 473 K 

Monte Carlo Cycles 
Pressure [kPa] Loadings 

[molecules/unit cell] a 104 105 106 

27.75 2.11 2.10 2.14 2.14 

75 -- 5.17 5.17 5.17 

89.5 5.63 5.94 5.86 5.85 

126.37 7.93 7.63 7.69 7.64 

150 -- 8.59 8.60 8.60 

220.77 10.73 10.97 10.97 10.90 

300 -- 12.68 12.71 12.69 
a Grande et al., (2003). 

3.4. Force Fields 

In the present work, a LTA framework model was used to represent thezeolite 

4A structure. For hydrocarbon- hydrocarbon interactions, united atom (UA) TRAPPE 

force field was used (Martin & Siepmann, 1998). All non-bonded interactions are 

described with the Lennard–Jones (LJ) 12–6 potential. 



Chapter 3 

44 

 
12 6

( ) 4 ij ij
ij ij

ij ij

U r
r r
σ σ

ε
⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥= −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

 (3.1) 

where rij  is the bead–bead separation, ijε , the LJ well depth, and ijσ the LJ diameter, 

for beads i and j. The well known Lennard-Jones parameters are developed by 

reproducing model pure solvent properties, such as heats of vaporization and 

molecular volumes. Parameterization of force fields can be made either by ab initio 

studies (Maple et al., 1988) or empirical methods. Parameters are then fitted to 

experimental data of liquid properties at atmospheric pressure and vapor-liquid phase 

equilibria of several fluids (Allen & Tildesley, 1987). 

Table 3.2 - Force field parameters for bonded interactions 

bond energy constant  Blk k = 96500 K/Å2 

CHi⎯CHj l0 = 1.53 Å reference bond length 
CHi=CHj l0 = 1.33 Å 
Propane Bk kθ = 62500 K/rad2 

bend energy constant 
Propylene Bk kθ = 70400 K/rad2 

Propane θ0 = 114o
reference bend angle 

Propylene θ0 = 119.7o 
torsion 

η0 η1 η2 η3 η4 η5 
1204.654 1947.740 -357.854 -1944.666 715.690 -1565.572 

The Lennard-Jones potential does not represent the actual intermolecular 

interactions for any particular substance and other types of potentials are suitable to 

describe interaction terms between polar species or charged atoms. Computational 

simplicity and availability of a large number of results for its properties make the 

Lennard-Jones potential a very efficient tool in molecular simulations (Frenkel & 

Smit, 2002; Smit & Krishna, 2003). The Lorentz-Berthelot mixing rules have been 

used to determine the interactions between different pseudo-atoms. 
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All bond lengths are fixed (Table 3.2). 

3.5. Electrostatic Interactions 

Ewald summation was used for calculating electrostatic interactions in a periodic 

(or pseudo-periodic) system. The method works by splitting the lattice summation into 

a short-range part and a long-range part, where the long range-part is evaluated in a 

fast converging Fourier representation. The short-range part on the other hand works 

in real space and calculates particle-particle interactions of a Coulomb potential, 

originating from a Gaussian charge distribution, which results from the splitting 

procedure. Finally a self-energy correction is applied, taking into account summation 

over all particles in Fourier space (Frenkel & Smit, 2002). 

The accuracy of the method depends on the approximations, made in short- and 

long-range parts of the method, which are characterized by α (alpha), the width of the 

Gaussian charge distribution, rcut, the cutoff-radius in the real-space part and kmax, the 

maximum wave number in the Fourier space part. In practice the convergence of the 

Ewald sum is controlled by these three variables which are not independent, and it is 

usual to regard one of them as pre-determined and adjust the other two accordingly. In 

this treatment we assume that rcut is fixed for the given system. 

The Ewald sum splits the (electrostatic) sum for the infinite, periodic, system 

into a damped real space sum and a reciprocal space sum. The rate of convergence of 

both sums is governed by alpha. Evaluation of the real space sum is truncated at r = 
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rcut so it is important that alpha be chosen so that contributions to the real space sum 

are negligible for terms with r > rcut. 

The optimum values of alpha and kmax can be found by a convergence test of the 

Ewald sum directly from the simulations (Smith, 2003): 

i. Preselect the value of rcut, choose a working a value of alpha of about 3.2/rcut 

and a large value for the kmax (say 10, 10, 10 or more). 

ii. Then do a series of ten or so single step simulations with the initial 

configuration and with chosen value of alpha, ranging over plus and minus 

20%. 

iii. Plot the Coulombic energy versus alpha. 

If the Ewald sum is correctly converged, the plot shows a plateau. Divergence from 

the plateau at small alpha is due to non-convergence in the real space sum. Divergence 

from the plateau at large alpha is due to non-convergence of the reciprocal space sum. 

Redo the series of calculations using smaller kmax values. The optimum values for kmax 

are the smallest values that reproduce the correct Coulombic energy (the plateau value) 

at the value of alpha to be used in the simulation (Figure 3.2). 

 

Figure 3.2 Ewald sum convergence test. 
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Note that one needs to specify the three integers (kmax1, kmax2, kmax3) referring to 

the three spatial directions, to ensure the reciprocal space sum is equally accurate in all 

directions. The values of kmax1, kmax2 and kmax3 must be commensurate with the cell 

geometry to ensure the same minimum wavelength is used in all directions. For a 

cubic cell set kmax1 = kmax2 = kmax3. However, for example, in a cell with dimensions A 

= B = C/2 (i. e. a tetragonal cell, longer in the C direction than the A and B directions) 

use kmax1 = kmax2 = kmax3/2. If too small values for kmax are used, the Ewald sum will 

produce spurious results. If too large values are used, the results will be correct but the 

calculation will consume unnecessary amounts of cpu time. The amount of cpu time 

increases with kmax1 × kmax2 × kmax3. In this work the Ewald summation parameters α = 

0.3 and kmax = 9 were used. 

3.6. Simulations Results 

3.6.1. Propane Adsorption in Cation-free Zeolite A 

Synthesis of Al-free and pure silica zeolites with the LTA structure is described 

by Corma et al. (2004) as well as adsorption capacities of ITQ-29, the cation-free 

form of LTA measured for several adsorbates, including propane. Simulation results 

for propane agree with experimental results on ITQ-29 at pressure of 100 kPa and 

temperatures of 298, 313 and 333 K, which are shown in Table 3.3. These simulated 

results are 10% higher than experimental propane loadings in ITQ-29. When no 

cations are present, the LJ parameters of the force field according to Calero et al. 

(2004) and the force field developed in this work for the interactions between the 

adsorbate and the LTA framework are able to reproduce experimental results, as 

expected. 
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Table 3.3 - Propane Loadings in Cation-free LTA Compared with Experimental 

Adsorption Capacities of Zeolite ITQ-29 

 Experimental Force field 
 ITQ-29 This work Calero et al. (2004)  

Temperature molec./u.c. molec./u.c. molec./u.c. 
298 K 25 28 28 
313 K 23 25 25 
333 K 20 20 21 
Pressure = 100 kPa. Experimental results for propane as adsorbate. 

3.6.2. Force Field Validation for the Sodium Cations 

In order to validate the force field employed in this work, the maximum loadings 

of methane and ethane in zeolite 4A were calculated. The experimental loading of 

methane in zeolite 4A reported by Mohr et al. (1999) has a value of 32 molecules per 

unit cell and the simulated capacity was found to be 31 molecules of methane per unit 

cell. 

Adsorption isotherms of ethane in zeolite 4A crystals at three temperatures were 

reported by Eagan & Anderson (1975); the maximum experimental adsorption capacity 

of ethane at 273 K and 40 kPa was reported to be 42 molecules per unit cell. CBMC 

simulations employing the force field parameters used in this work have been carried 

out at the same conditions and the loading of 39 molecules per unit cell was found. Both 

methane and ethane simulations results are in good agreement with experimental data 

and provide a validation for the interaction parameters listed in Table 3.4. 

As these interaction parameters substantially differ from those reported by Calero et 

al. (2004) for Faujasites, sets of simulations were also performed using parameters from 

Calero and co-workers. Results for methane, ethane and propane maximum loadings in 

zeolite 4A are shown in Table 3.5. It can be seen that the simulations results, using the 
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force field according to Calero et al. (2004) considerably differ from the experimental 

data and this justifies a change in the cation interaction parameters of the force field for 

LTA. 

Table 3.4 - Force Field Parameters for Non-bonded Interactions a 

 OAl OSi Na CH4 CH3 CH2-sp3 CH2-sp2 CH-sp2 
115.00 115.00 285.20 158.50 130.84 94.21 116.07 86.31 CH4 
3.47 3.47 2.72 3.72 3.74 3.84 3.70 3.73 
93.00 93.00 197.20 130.84 108.00 77.70 95.81 71.25 CH3 
3.48 3.48 2.65 3.74 3.76 3.86 3.72 3.75 
60.50 60.50 137.78 94.21 77.70 56.00 68.99 51.30 CH2-sp3 
3.58 3.58 2.95 3.84 3.86 3.96 3.82 3.85 
77.30 77.30 398.40 116.07 95.81 68.99 85.00 63.21 CH2-sp2 
3.50 3.50 3.14 3.70 3.72 3.82 3.68 3.70 
62.50 62.50 289.02 86.31 71.25 51.30 63.21 47.00 CH-sp2 
3.46 3.46 3.17 3.73 3.75 3.85 3.70 3.73 
23.00 23.00 124.40 285.20 197.20 137.78 398.40 289.02 Na 
3.40 3.40 2.16 2.72 2.65 2.95 3.14 3.17 

Charge OAl OSi Na Si Al 
q [e] -1.20 -1.025 +1.00 +2.05 +1.75 

a The top entry is ε/kB [K], σ [Å] value is the bottom entry of each field. The partial charges 
[e] of the framework and the sodium cations are given at the bottom of the table. OAl are 
oxygens bridging one silicon and one aluminum atom, and OSi are oxygens bridging two silicon 
atoms. Most of parameters are taken from Calero et al. (2004), except the parameters of Na 
interactions which have been changed (bold). Details are given in the text. The parameters of 
sp2-bonded atoms (italics) are taken from Jakobtorweihen et al., 2005. 

Table 3.5 - Comparison of simulation results obtained by using different cation-carbon 

interaction parameters a 

 Force field   

 Calero et al.(2004) This work Experimental 

Adsorbate a molec./u.c. molec./u.c. molec-/u.c. Reference 

Methane 53 31 32 Mohr et al. (1999) 

Ethane 46 39 42 Eagan & Davidson (1975) 

Propane 32 20 18 Grande et al., (2003) 
a Results correspond to the maximum adsorption loadings of pure adsorbate in zeolite 4A. 
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3.6.3. Propane Adsorption in Na-LTA (Zeolite 4A) 

Simulations were carried out using our previously described force field. 

Experimental data were taken from Grande et al., (2003). Propane adsorption 

isotherms were simulated at temperatures of 423 and 473 K and pressure ranges of 10-

3 to 400 kPa. The experiments have demonstrated that propane takes three days at 423 

K and two days at 473 K to reach equilibrium (Grande, et al., 2003), although it has 

been previously reported as a weakly adsorbed gas in zeolite 4A with no clear 

temperature dependence, related to the molecular diameter of propane (4.3 Å) which 

is larger than the zeolite pore size – closer to 4.0 Å – (Da Silva & Rodrigues, 1999). 

The adsorption capacity of zeolite 4A was found to be very sensitive to the 

conditions employed in dehydration or pelletization of industrial adsorbents 

(Habgood, 1958). The physical properties of zeolite 4A extrudates used in the work of 

Grande, et al., (2003) are listed in Table 3.6. Details on analyses and characterization 

of this material are found in the work of Grande (2004). 

Table 3.6 - Physical Properties of Zeolite 4A (Grande, et al., 2003) 

Adsorbent density [g.cm-3] 1.21 
Adsorbent porosity [dimensionless] 0.315 
Zeolite average crystal radius [cm] 1.9 x 10-4 
Average extrudate diameter [cm] 0.055 

Interactions between sodium cations, the zeolite framework and alkanes have 

been recently reported for Na-FAU (Calero et al., 2004), Na-MFI (García-Pérez et al., 

2005) and Na-MOR (Liu & Smit, 2006) families of materials. The Lennard-Jones 

force field parameters explicitly distinguish silicon and aluminum atoms through the 

different types of oxygen framework atoms and take into account the interactions of 

non-framework cations with the adsorbates. However, the interactions with the cations 
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from Calero et al. (2004) were found to overestimate the adsorption capacities of 

methane, ethane and propane when applied in simulations for Na-LTA (zeolite 4A) 

framework (Table 3.5). Thus, based on parameters of Calero et al., the cation-

adsorbate interactions for Na-LTA were determined. The set of parameters used for 

simulations of propane adsorption on zeolite 4A is listed in Tables 3.2 and 3.4. 

Figure 3.3 - Adsorption equilibrium isotherms of propane in cation-free LTA and Na-LTA 

(Zeolite 4A) at 473K. Standard cation number is 96 sodium cations per unit cell 

Figs. 3.3 and 3.4 show the experimental isotherms for propane adsorption at 473 

K and 423 K and simulation results. Experimental values have been converted by 

considering that extrudates contain 80% of zeolite 4A crystals. The plots present 

simulations performed with cation-free and 96 cations per unit cell. 

Simulation results for propane adsorption equilibrium isotherm shown in Fig. 

3.3, at 473 K are in excellent agreement with experimental data. Fig. 3.3 also shows 

simulation results obtained by applying the force field according to Calero et al. 

(2004) with 96 cations per unit cell, which are much higher than the experimental 
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results. In Fig. 3.4, at 423 K, our force field reproduces very well the shape of the 

adsorption equilibrium isotherm although the simulation results for zeolite 4A with 96 

Na cations/unit cell show higher loadings than the experimental data. The deviations 

at 423 K suggest that propane could take a longer time to equilibrate. 

Figure 3.4 - Comparison of adsorption equilibrium isotherms of propane in cation-

free LTA and Na-LTA at 423K. Standard cation number is 96 sodium cations per unit 

cell 

Other sets of simulations have been performed and comparison with 

experimental (Järvelin & Fair, 1993) and simulation results (Zhang et al., 2003) are 

shown in Fig. 3.5. The low adsorption values for propane in zeolite 4A reported by 

Järvelin & Fair (1993) can be ascribed to the fact that in experiments equilibration 

time was taken as 2 hours; in fact, equilibration time for propane adsorption on zeolite 

4A was found to be much longer: three days at 423 K and two days at 473 K to reach 

equilibrium (Grande et al., 2003). 



Propane and Propylene in Zeolite A 

53 

 

Figure 3.5 - Adsorption equilibrium isotherms of propane in Na-LTA: Comparison with 

other experimental and simulation results. Lines are a guide to the eye 

Regarding the differences in simulation results reported by Zhang et al., (2003) 

and our present work they are not related with the type of force field used by those 

authors (the all-atom approach), but to the LJ interaction parameters of pseudo-atoms 

with the cations. 

In the all-atom approach the force field assigns the same values for partial 

charges of silicon and aluminum atoms, while the force field for Na-LTA simulations 

in the present work explicitly distinguishes the partial charges of silicon and 

aluminum atoms. However, the Lennard-Jones interactions with the cations have a 

major effect on the isotherms. The interactions by Zhang et al., (2003), are 

significantly weaker from those used in this work because they were adjusted to 

experimental results obtained after a too short equilibration time. 
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3.6.4. Propylene Adsorption in Na-LTA (Zeolite 4A) 

Adsorption properties of light alkenes in zeolite 4A determined by molecular 

simulation found in literature are limited to the pioneer work of Zhang et al., (2003). 

At that time, the available experimental data indicated a high selectivity in 

propane/propylene separation by adsorption in zeolite 4A, due to a very poor loading 

of propane and a high adsorption capacity for propylene in the zeolite 4A system (Da 

Silva & Rodrigues, 1999; Järvelin & Fair, 1993). However, further investigations 

have shown that equilibration time for propane was much longer (Grande et al., 

2003). 

3.6.5. Alkene-Sodium Interactions 

The interactions of sp2-bonded carbons with the sodium cations have been 

determined by adjustment of the simulation results to experimental data for the 

adsorption of propylene (Grande et al., 2003). Simulations using our force field were 

carried out for a pressure range of 0 to 500 kPa and temperatures of 373, 423 and 473 

K and are shown in Figs. 3.6, 3.7 and 3.8, in excellent agreement with the 

experiments. Also, simulations using the force field according to Calero et al. (2004) 

were performed. The work of Calero et al. deals only with adsorption of alkanes, so it 

was necessary to set LJ parameters to describe the sp2-bonded carbons with the 

sodium cations. Such parameters have been taken from Jakobtorweihen et al., (2005) 

and were added to the force field of Calero et al. (2004). It should be noted that the 

differences between our force field and the force field of Calero et al. (2004) are only 

in the interaction parameters of the sp3-bonded carbons with the cations.  
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Figure 3.6 - Adsorption equilibrium isotherms of propylene in zeolite 4A at 373 K. 

Smaller graph shows pressure range from 0 to 100 kPa. Lines are a guide to the eye 

 

Figure 3.7 - Adsorption equilibrium isotherms of propylene in zeolite 4A at 423 K. 

Smaller graph shows pressure range from 0 to 100 kPa. Standard cation number is 96 

sodium cations per unit cell. Lines are a guide to the eye 
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Higher adsorption loadings are obtained for propylene adsorption in zeolite 4A when 

the force field according Calero et al. (2004) is used. 

 

Figure 3.8 - Adsorption equilibrium isotherms of propylene in zeolite 4A at T = 473 K. 

Smaller graph shows pressure range from 0 to 100 kPa. Lines are a guide to the eye 

3.6.6. Propane/Propylene Binary Adsorption in Na-LTA (Zeolite 4A) 

Simulations of adsorption equilibrium for binary mixtures of propane/propylene 

have been performed at temperatures of 423 and 473 K and several molar fractions of 

propylene. The x-y diagrams are shown in Figs. 3.9 and 3.10.The simulations are in 

excellent agreement with experimental results from Grande et al., (2003). Fig. 3.9 also 

shows results obtained by using the force field according to Calero et al. (2004). A 

completely different behavior of propane/propylene adsorption is clearly seen, as if 

propane would be more adsorbed than propylene. These results confirm once more 

that the carbon-cation interactions determined for other Na-zeolite frameworks are not 

suitable for the Na-LTA. 
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Figure 3.9 - X-Y diagrams at 473 K propane/propylene equilibrium 

 

 

Figure 3.10 - X-Y diagrams at 423 K of propane/propylene equilibrium 
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3.7. Study on Hexane Adsorption in Zeolite ITQ-29 by Molecular 

Simulation 

Recent studies on n-hexane adsorption in zeolite ITQ-29 among others were 

reported by Gribov et al. (2005). Equilibrium isotherms and heats of adsorption were 

determined experimentally by IR spectroscopy. The loadings of hexane in ITQ-29 are 

presented in arbitrary units from integral intensities of the absorption bands [u.a.]. 

Zeolite ITQ-29 is the cation-free type of LTA framework, recently synthesized 

(Corma, et al. 2004). 

The heats of adsorption of n-alkanes for various all-silica zeolites are well 

documented, either experimentally or by molecular simulation (Dubbeldam, 2005a; 

Bates, 2006; Gribov et al. 2005) and pulsed field gradient (PFG) nuclear magnetic 

resonance (NMR) spectroscopy was used to measure self-diffusion coefficients of 

propylene in ITQ-29 (Hedin, et al. 2007). However, molecular simulation studies on 

adsorption isotherms of n-hexane in cation-free LTA are not found in the literature, 

although Molecular Dynamics (MD) studies on diffusion of n-alkanes are reported 

(Dubbeldam, 2005a; Dubbeldam, et al. 2005b; Schüring, 2002). 

The objective of this study is to apply the CBMC molecular simulation 

technique to calculate adsorption properties of n-hexane in zeolite ITQ-29 and to 

compare them with those obtained by classical calculation methods based on 

published experimental data. 

3.7.1. Computational Model 

The n-hexane molecule is described by a united-atom model, in which the CHn 

groups are considered as a single interaction center without charge. In the CBMC 

algorithm, the chain is built from a first united atom, placed at a random position. The 
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second atom is added to the first one and a harmonic bonding potential is used for the 

bond length. The chain is grown segment by segment. The bond bending between 

three neighboring beads is modeled by a harmonic cosine bending potential and the 

torsional angle is controlled by a Ryckaert-Bellemans potential, described in Chapter 

2. The bond length is fixed (1.53 Å). The carbon-carbon and carbon-zeolite 

interactions are described by a 12-6 Lennard-Jones potential. The interactions between 

different pseudo-atoms are determined by the Lorentz-Berthelot mixing rules. 

The force field parameters for bonded and non-bonded interactions used in this 

study are shown in tables 3.2 and 3.4. 

3.7.2. Results 

3.7.2.1.Adsorption of n-Hexane in Zeolite ITQ-29 

From the Langmuir approach the fractional coverage of n-hexane in the 

adsorbed phase θi can be calculated: 

 
max max 1

S

S

i i
i

K P
K P

q A
q A

θ =
+

= =  (3.4) 

where;  

qi = adsorbed phase concentration of n-hexane; 
 
qmax = maximum adsorbed phase concentration 
 
Ai = integral intensity of the given IR band 
 
Amax = integral intensity of the same band at maximum loading 
 
KS = sorption constant 
 
P = pressure. 

 

Thus, simulation loadings of n-hexane in ITQ-29 can be converted to fractional 

coverages and compared to the experimental fractional coverages. To do so, it is 
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necessary to determine the actual maximum integral intensities and, then, to calculate 

the correct fractional coverage for the experiments. The isotherm was plotted for a 

low pressure range and fitted by the Langmuir equation. 

The values of the sorption constant, KS were directly taken from the 

experimental data of Gribov et al. (2005). From such information one can apply the 

method described in Breck, (1984), as follows: 

Rewriting Eq. (3.4): 

 
max max

1

S

P P
A A K A
= +  (3.5) 

The value of P/A plotted against P gives a straight line with a slope of 1/Amax. 

Table 3.7 shows the calculations results: The differences between the values of Amax at 

different temperatures are not significant. 

Table 3.7 - Determination of Amax: 

Temp. [K] Amax [u.a.] = 1/a 

374 45.331 

415 43.592 

434 45.039 

453 42.824 

3.7.2.2.Heats of Adsorption  

The Arrhenius equation: 

 ( )( ) exp
H

RT
SK T C

−Δ
=  (3.6) 

in the form: 

 ( ) 1
ln ( ) lnS

H
K T C

R T
−Δ

= +  (3.7) 
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generates a plot of KS(T) versus 1/T which slope is (-ΔH/R) and the y-intercept is ln C. 

-ΔH is the heat of sorption at a given temperature T. Note: C is a pre-exponential 

factor. From the adsorption isotherms obtained by GCMC simulations, the isosteric 

heat of adsorption was calculated (39.7 kJ/mol), for a loading of 12 molecules per unit 

cell, in excellent agreement with the value of 39 kJ/mol reported by Gribov et al. 

(2005). 

Additionally, heats of adsorption of n-hexane in zeolite ITQ-29 have been 

obtained by GCMC ensemble from combined energy/particle fluctuations (Karavias 

& Myers, 1991). For the simulations the total number of cycles was at least 2×106. 

The calculated heats of adsorption as a function of the loading are shown in Figure 

3.11. The heat of sorption of n-hexane in ITQ-29 was found to be 50.5 kJ/mol for a 

loading of 20 molecules per unit cell, which is in excellent agreement with the value 

of 52.3 kJ/mol for a similar loading of 24 molecules per unit cell, corresponding to a 

loading of 3 molecules/supercage reported by Gribov et al. (2005). 

Figure 3.11 – Heats of adsorption n-hexane in ITQ-29 as a function of the loading 

It confirms that theoretically calculated heats of sorption are higher than those 

obtained from experimental data. However, for a loading range between 8 and 16 

molecules per unit cell (1 to 2 molecules per supercage), the sorption energy is not too 
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much dependent of the loading and the values remain among 36 and 40 kJ/mol. Table 

3.8 shows results of enthalpy of adsorption from literature, compared with our 

calculations. 

Table 3.8 - Heats of n-hexane adsorption 

Reference [kJ/mol] Method 
39.0 from IR 
52.3 
54.1 Gribov et al. (2005) 

46.6 
from calculations 

Bates et al. (1996) 41.2  

39.7 Clausius-Clapeyron 
(12 molec./u. c.) 

This work 
50.51 

Molecular 
simulation (20 
molec./u. c.) 

3.7.2.3.Hexane/ITQ-29 Isotherms by Molecular Simulation 

The experimental study was carried out for a very low pressure range. To 

compare the experimental fractional loadings with the simulations it is necessary to 

determine the maximum loading (Amax) which, as previously described, was calculated 

by linearization of P/A plotted against P, the slope of the resulting straight line being 

1/Amax. 

The maximum capacity was found to be 20 molecules per unit cell by molecular 

simulation. Force field parameters listed in Tables 3.2 and 3.4 (Calero et al, 2004) 

have been used. The estimated maximum capacity in units of integral intensities of the 

absorption bands [u.a.] were also calculated by using Eq. (3.4), for the same range of 

pressures. The results could be compared in fractional coverages and are presented in 

Figure 3.12 for temperatures of 374, 415 and 453 K. The fractional coverages for low-

pressure range are shown in Figure 3.13. 

In order to verify our results, ethane and propane isotherms have been calculated 

by CBMC simulations and compared with experimental data reported by Hedin et al. 
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(2007). The agreement between experiments and simulations is very good, as is 

shown in Figure 3.14. 

Figure 3.12 – Fractional coverages of n-hexane in zeolite ITQ-29. 
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Figure 3.13 – Fractional coverages of n-hexane in ITQ-29 – Range of low pressures 
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Figure 3.14 – Equilibrium adsorption isotherms of ethane and propane in ITQ-29. 

A snapshot of the equilibrium configuration of 20 adsorbed n-hexane molecules 

in the large α-cages of zeolite ITQ-29 is shown in Figure 3.15. At this high loading, 

the molecules are arranged in different ways to best fill the cavities, as a consequence 

of the loss of degrees of freedom. Shadowed parts of the snapshot represent a 

3-dimensional depth cueing from the frontal plane of view. 

 
Figure 3.15 – Snapshot of n-hexane in ITQ-29 - 20 molecules / unit cell 
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3.8. Conclusions 

Adsorption isotherms of propane, propylene and propane/propylene/mixtures in 

zeolite 4A have been computed by using the Configurational-bias technique in the 

grand-canonical Monte Carlo ensemble. Comparison between the LTA sodium-free 

framework and taking the sodium cations and framework partial charges into account 

has been done. The Lennard-Jones parameters for carbon-cation interactions have been 

determined and validated through simulations of the adsorption loadings for other 

hydrocarbons in zeolite 4A. Simulation results have a very good agreement with recent 

experimental data at 473 K. The deviations at 423 K suggest that propane could take a 

time to equilibrium of adsorption in zeolite 4A longer than 3 days. 

Previously reported simulation results shows very low adsorption loadings for 

propane in zeolite 4A, but it is due to the application of a different force field and to the 

fact that the reference experimental results were obtained after a too short equilibration 

time. 

The binary adsorption equilibrium of propane/propylene mixtures was also studied by 

CBMC simulations with results in excellent agreement with recently published 

experimental data. The influence of different LJ parameters for carbon-cation 

interactions was also analyzed and results clearly show that force field parameters 

developed for other framework types, namely FAU, MFI and MOR, overestimate 

adsorption capacities of propane when applied to the LTA structure. 

The molecular simulations results of adsorption equilibrium of n-hexane in zeolite 

ITQ-29 presented in this study have a good agreement with reported experimental data. 

The average ratio Q/A is 2.26 ± 0.072 at 374 K and 2.71 ± 0.087 at 453 K, which shows 

a linear dependence between the loadings in concentration units and IR absorption 

bands. In the range of the lowest pressures, some results of the simulations are up to 
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10% higher than the experimental data. The heats of adsorption obtained by molecular 

simulations are in very good agreement with other published results. Also, CBMC 

simulations with cation-free zeolite LTA show good agreement with experimental 

loadings of ethane and propane in zeolite ITQ-29. 

 

3.9. Nomenclature 

maxk  Ewald summation reciprocal space vector. 

Ks Sorption constant. 

1,2k  Constants related to the bonded interactions: bond stretching and bond 
bending, respectively. 

l  Bond length [Å]. 

cutr  Cut-off radius. 

P Absolute pressure 

T  Absolute temperature 

,U u  Potential energy. Subscripts/superscripts are self-explanatory. 

V  Volume. 

Greek letters 

α Ewald summation convergence parameter [Å-1]. 

ε  Characteristic energy in pair potential. 

φ  Torsion angle 

η  Constants related to torsional configurations. 

μ   Chemical potential. 

θ  Bending angle [rad]. 

σ  Characteristic distance in pair potential. 

Subscripts and Superscripts 

,i j  Pair of (pseudo) atoms. 
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4. Adsorption Equilibrium of Propane and Propylene on Zeolite 

13X 

In this chapter, we apply a recently developed force field for molecular simulation of 

adsorption properties of linear alkanes in the sodium form of FAU, MFI and MOR–type 

zeolites to reproduce experimental results of propane adsorption properties in zeolite 13X. 

The Lennard–Jones (LJ) parameters for interactions between the sp2–hybridized bond of 

propylene and the other atoms of this system are successfully determined by fitting against 

experimental isotherms. This new set of parameters allows the calculation of adsorption 

properties of propane-propylene mixtures as well as the isosteric heat of single component 

adsorption of propane and propylene in zeolite 13X.  

In the context of propane-propylene separation by Simulated Moving Bed (SMB), the 

choice of suitable desorbents is a key issue. Additionally, we present molecular simulation 

results of single component adsorption isotherms of isobutane and 1-butene, and x-y diagrams 

of binary mixtures of the desorbents with propane and propylene in zeolite 13X that 

successfully reproduce experimental data and can be used to guide further development of 

SMB processes. The interactions between the tertiary sp3-carbon (CH), the sodium cations 

and all other atoms of the studied systems are determined, since no data for these interactions 

are available in literature. 

4.1. Propane-Propylene Binary Adsorption Equilibrium in Zeolite 13X 

Separation of hydrocarbons by adsorption has great importance in the petrochemical 

industry. Olefin/paraffin separation requires cost-effective technologies to replace energy-

consuming processes, such as cryogenic distillation. Separation based on adsorption offers a 
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viable alternative, due to its less extreme operational conditions (Eldridge, 1993). Adsorptive 

separation in molecular sieve zeolites is an efficient way of removing unsaturated 

hydrocarbons from other hydrocarbon gas streams. Aluminosilicate zeolites have gained 

increasing attention due to their importance in the oil and gas industry. Faujasite zeolites 

(FAU) are among the most widely used zeolites in separation processes (Ackley et al., 2003, 

Breck, 1984). Sodium and calcium forms of zeolite X were studied via the gas 

chromatographic method to determine the potential of separation of ethylene from ethane and 

methane (Triebe et al., 1996). The use of Cd–exchanged wider pore 13X zeolite as base 

material in the separation of isobutene from n–butane improves the isobutene selectivity (Sad 

et al., 1996). Isotherms and heats of adsorption of propane and water vapor in zeolites X and 

Y with varying content of exchanged cations were measured, showing a reduction of the 

amount of adsorbed water and also of propane with decreasing of exchange cations 

concentration (Dzhigit et al., 1979).  

Molecular simulations are a very efficient tool to predict physical and chemical properties 

of a wide range of materials. Experimental data, however, still remain of crucial importance 

for the validation of simulations. Molecular dynamics (MD) and Monte Carlo (MC) 

simulation techniques have been widely used to study microscopic and macroscopic 

properties of guest molecules in all–silica zeolitic hosts (Smit, 1995; Du et al.; 1998; 

Macedonia & Maginn 1999; Vlugt et al.; 1999; Chempath et al., 2004). 

It was shown that grand-canonical Monte Carlo simulations (GCMC) with a suitable force 

field may provide a reasonably accurate prediction of single–component and binary mixtures 

adsorption data (Fuchs et al., 2001). However, transferability of potentials still needs more 

attention, as force field parameters may produce incorrect results when applied to molecular 

simulations of different zeolite frameworks (Granato et al., 2007). 
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Faujasite type zeolites have a structure based on the linking of sodalite cages through 

hexagonal prisms, to form a three-dimensional framework of interconnected supercages of 

about 12.5 Å in diameter. These supercages are linked through 12–ring windows of about 7.4 

Å in diameter. The cations located around crystallographic sites counter–balance the negative 

charges induced by the presence of aluminum atoms in the framework. The composition of 

the synthetic form is NaxAlxSi192-xO384, where 0 ≤ x ≤ 96. Zeolite X contains between 77 and 

96 aluminum atoms per unit cell and zeolite Y has an aluminum density of less than 77 

aluminum atoms per unit cell (Calero et al., 2004). Figure 4.1 shows a typical unit cell viewed 

along 1-1-1 axes (The Atlas of Zeolite Structure Types). 

 

Figure 4.1 – FAU unit cell framework viewed along the 1-1-1 axes. 

Equilibrium adsorption isotherms of propane in zeolite 13X were calculated by molecular 

simulation, using interaction parameters based on the force field according to Calero et al. 

(2004) for a pressure range of 0.2 to 110 kPa and temperatures of 303, 323, 343, 373, 423 and 

473 K. Simulation boxes with 76, 86 and 88 sodium cations are used in this work. Three 

different cation densities are reported for zeolite 13X in literature. Dzhigit et al. (1979) report 

the use of zeolite NaX with 76 Na per unit cell. Tarek et al. (1995) describe the zeolite sample 

containing 86 cations per unit cell. The number of 88 Na cations per unit cell for 13X is 

mentioned in the book of Ungerer et al. (2005). 
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For adsorption equilibrium isotherms of propylene, the LJ interaction parameters for the 

sp2-bonded carbons are taken from Jakobtorweihen et al. (2005) originally developed for 

application in all-silica zeolites. Although ab initio calculations of adsorption energies of 

butene isomers in NaY zeolites have been published (Tielens et al., 2003), to the best of our 

knowledge there is no published data of MC simulations of alkenes in Na Faujasites, so the 

interaction parameters between Na and the sp2-carbons need to be established and validated 

through determination of properties as heats of adsorption and adsorption properties of binary 

mixtures of propane and propylene. 

The objectives of this chapter are to use molecular simulations to describe isosteric heats of 

adsorption and equilibrium adsorption isotherms of propane and propylene on zeolite 13X, as 

well as x-y diagram of the corresponding mixtures and to compare the results with 

experimental data (Da Silva & Rodrigues, 1999, 2001). The novelty of this study is the 

establishment of a new set of parameters for cation interactions with alkene double-bond 

carbons. 

4.2. Models and Methods 

Equilibrium adsorption isotherms are calculated by MC simulations in the grand-canonical 

(µVT) ensemble, in which the temperature and volume of the system are fixed, as well as the 

chemical potential of each component. This requires exchanges of molecules with a particle 

reservoir at a fixed chemical potential (Frenkel & Smit, 2002; Smit & Krishna, 2003). The 

alkane/alkene molecules are described with the united atom (UA) model, in which each CHn 

group is treated as a single interaction center. In the CBMC algorithm the chain is grown 

starting from the first (united) atom, which is placed at a random position in the zeolite. The 

next atom is bonded to this atom by a harmonic potential. Several trial directions for this atom 
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are chosen, and one of them is selected with a probability proportional to its Boltzmann 

weight. This process is continued until the complete chain is grown. The bias introduced by 

the growth of the chain is removed in the acceptance/rejection rules. Trial moves to insert and 

delete molecules have to be added. The non-framework cations are also described as single 

interaction centers. However, the cations contain a partial charge, unlike the united carbon 

atoms. As the influence of zeolite framework flexibility is small for adsorption (Vlugt, 2002) 

the zeolite structure is considered to be rigid and the cations are allowed to move freely in the 

zeolite. Details on the force field and CBMC method can be found in Chapter 2. 

4.2.1. Force field parameters 

In the present study, LJ interaction parameters for sp3 carbons, the nonframework cations 

and the zeolite atoms are taken from a recently developed force field by Calero et al. (2004). 

As mentioned before, the interaction parameters between the sp2 carbons, the non-framework 

cations and the zeolite atoms were fitted against experimental isotherms. In a first stage, we 

used the original set of parameters of Calero and co-workers and increased the number of 

parameters with the CH-sp2 and CH2-sp2 pseudo-atoms in order to explicitly fit a full isotherm 

over different pressures and temperatures. Furthermore, we calibrated the extended set of 

parameters against experimental data to obtain a best fit. Finally we used the new set of 

parameters to compute the x-y diagram of propane-propylene mixtures. The agreement with 

experimental results is very good. 

Table 4.1 lists all parameters for non-bonded interactions used herein. The intramolecular 

parameters are listed in Table 3.2. We use a truncated and shifted potential (rcut = 12 Å) and 

tail corrections are not used (Dubbeldam et al., 2004). Coulombic interactions are calculated 

by Ewald summation, which is described in Chapter 2. In practice the convergence of the 
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Ewald sum is controlled by three variables: the real space cut-off radius; rcut, the convergence 

parameter α and the largest reciprocal space vector kmax used in the reciprocal space sum. In 

this study the Ewald summation parameters α = 0.3 and kmax = 9 are used. 
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Table 4.1 - Force Field Parameters for Non-bonded Interactions a 

  OAl OSi Na CH3 CH2-sp3 CH2-sp2 CH-sp3 CH-sp2 

ε/kB [K] 93.00 93.00 443.73 108.00 77.70 95.81 32.86 71.25 CH3 
σ [Å] 3.48 3.48 2.65 3.76 3.86 3.72 4.22 3.75 
ε/kB [K] 60.50 60.50 310.00 77.70 56.00 68.99 23.66 51.30 CH2-sp3 
σ [Å] 3.58 3.58 2.95 3.86 3.96 3.82 4.32 3.85 
ε/kB [K] 77.30 77.30 398.40 95.81 68.99 85.00 29.15 63.21 CH2-sp2 
σ [Å] 3.50 3.50 3.14 3.72 3.82 3.68 4.18 3.70 
ε/kB [K] 58.00 58.00 26.50 32.86 23.66 29.15 10.00 21.68 CH-sp3 
σ [Å] 3.60 3.60 4.74 4.22 4.32 4.18 4.68 4.21 
ε/kB [K] 62.50 62.50 289.02 71.25 51.30 63.21 21.68 47.00 CH-sp2 
σ [Å] 3.46 3.46 3.17 3.75 3.85 3.70 4.21 3.73 
ε/kB [K] 23.00 23.00 124.40 443.73 310.00 398.40 26.50 289.02 Na 
σ [Å] 3.40 3.40 2.16 2.65 2.95 3.14 4.74 3.17 

Charge OAl OSi Na Si Al 
q [e] -1.20 -1.025 +1.00 +2.05 +1.75 

a The partial charges [e] of the framework and the sodium cations are given at the bottom of the table. Most parameters are taken from Calero et al. The 
parameters of sp2-bonded atoms (italics) are taken from Jakobtorweihen et al., (2005) The LJ parameters of cations with the sp2-bonded atoms and the tertiary-
sp3-carbon interactions (bold) were obtained by adjusting the force field through fitting a full isotherm. Parameters of CH-sp3-Ozeolite interactions were taken 
from Beerdsen et al. (2002). OAl are oxygens bridging one silicon and one aluminum atom, and OSi are oxygens bridging two silicon atoms. 

 



Chapter 4 

80 

Most cross interactions between different (united) atoms are calculated using the 

Lorentz-Berthelot mixing rules, except for the interactions with the non-framework 

cations. 

 ( )1 ,
2ij ii jj ij ii jjσ σ σ ε ε ε= + =  (4.1) 

4.2.2. Zeolite 13X Model 

Three different compositions of the Na-FAU unit cell are used in the simulations in 

order to compare with experimental results: Na76Al76Si116O384, Na86Al86Si106O384 and 

Na88Al88Si104O384. These simulation boxes were obtained by random replacement of 

silicon by aluminum atoms, automatically following the Löwenstein rule. Calero et al. 

(2004) have shown that the precise Al distribution does not influence adsorption 

properties in FAU-type zeolites and therefore random substitution of Si by Al is 

allowed. Periodic boundary conditions are applied in all directions. The zeolite samples 

used in the reference experimental work have a cation density of 76 and 88 sodium 

atoms per unit cell determined by X-ray diffraction analyses (Da Silva, 1999). 

4.3.  Simulations Results 

4.3.1. Isosteric Heats of Adsorption of Propane and Propylene 

Heats of adsorption are suitable to test force fields by comparison of molecular 

simulation results with experimental data (Macedonia & Maginn, 1999; Jakobtorweihen 

et al., 2005). Isosteric heats of single component adsorption of propane and propylene 

have been obtained by GCMC ensemble from combined energy/particle fluctuations 

(Karavias & Myers, 1991). For the simulations the total number of cycles was at least 

2×106. The calculated heats of adsorption are shown in Table 4.2. Figure 4.2 shows a 

comparison between the simulations and experimental data for propane (Fig. 4.2a) and 
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propylene (Fig. 4.2b) as a function of the loading in zeolite 13X. All calculations have 

been performed using a simulation box containing 88 cations per unit cell. Agreement 

between the results obtained by molecular simulation is excellent for propane and for 

propylene. The difference is around 7%, which is as expected for predictions of isosteric 

heats by molecular simulations (Karavias & Myers, 1991). 

Table 4.2 - Single Component Isosteric Heats of Adsorption 

 
Reference -ΔH [kJ/mol] 

This Work 
[kJ/mol] (b) 

C3H8 Da Silva & Rodrigues (1999) 35.8 35.0 

 Tarek et al., (1995) 32.4  

C3H6 Da Silva & Rodrigues (1999) 42.5 39.6 

 Ghosh et al., (1993) 46.1(a)  
(a) Calculated with Clausius-Clapeyron relationship from single isotherm data taken from 

literature.  (b)  T = 303 K. Non-framework cations = 88 Na per unit cell – zero loading. 

 

 

Figure 4.2 - Heats of adsorption for propane (a) and propylene (b) as a function of 

loading in zeolite 13X. 
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4.3.2. Propane Adsorption in Na-FAU (Zeolite 13X) 

Propane adsorption equilibrium isotherms were simulated at temperatures of 303, 

323, 343, 373, 423, and 473 K and pressure ranges of 1 to 100 kPa. Simulations for this 

system at 293 K and pressures from 10-2 to 103 kPa have been reported by Calero et al. 

(2004). The simulation methodology is identical to the one from Calero and co-workers. 

The number of necessary MC cycles to calculate the isotherms was 2×106. The 

adsorption loadings calculated by molecular simulation have been corrected for a binder 

content of 20% in order to compare with the experimental loadings. Agreement with 

experiments is very good at all studied temperatures. Figure 4.3 shows isotherms at 303 

K in which the simulations performed with 76, 86 and 88 Na per unit cell are compared 

with experimental results for a zeolite 13X sample containing 88 sodium atoms per unit 

cell. The differences between simulations and experiments are smaller than the symbol 

size and the shape of the isotherms are well reproduced.  

 
Figure 3 – Propane in zeolite 13X - Comparison between simulations (open symbols) 

performed with different framework cation densities and experimental data (closed 

symbols) 
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The Figures 4.4(a), (b), and (c) show equilibrium adsorption isotherms of propane 

over zeolite 13X compared with experimental results from Da Silva & Rodrigues 

(1999). 

 

 

 

Figure 4.4 - Propane adsorption isotherms for zeolite 13X. Open symbols represent 

simulations and closed symbols represent experimental data. 
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4.3.3. Propylene Adsorption in Na-FAU (Zeolite 13X) 

There are numerous studies on the adsorption of alkanes in zeolites by molecular 

simulation (Smit, 1995; Fuchs & Cheetham 2001; Dubbeldam et al., 2004). However, 

adsorption properties of alkenes in zeolites determined by molecular simulation found 

in the literature are scarce. A study by Pascual et al. (2004) deals with adsorption of n-

alkenes in silicalite-1 using the anisotropic united atom (AUA) force field model. The 

work of Zhang et al. (2003) reports molecular simulations of propane/propylene 

adsorption in zeolite 4A and appears as the first study considering cation-sorbate 

interactions for alkenes by using the all-atom model. Jakobtorweihen et al. (2005) used 

a united atom force field to calculate adsorption isotherms of several alkenes and their 

mixtures in all-silica zeolites. The present study is intended to determine reliable 

Lennard-Jones parameters for the interaction between the non-framework cations and 

the sp2-hybridized groups of linear alkenes using the UA force field and to describe 

equilibrium adsorption properties of propylene in zeolite 13X as well as their mixtures 

with propane. 

Equilibrium adsorption isotherms were calculated by CBMC simulations in the 

pressure range of 0.3 to 100 kPa at temperatures of 303, 323, 343, 373, 423 and 473 K. 

The simulated isotherms were compared with experimental data reported by Da Silva & 

Rodrigues (1999). Three different types of sodium densities have been studied as is 

shown in Fig, 4.5 (a), (b) and (c). Figure 4.6 shows isotherms of propylene in zeolite 

13X at 303 K in comparison between experimental results and simulation boxes of 76, 

86 and 88 cations per unit cell. The simulated isotherms illustrate important aspects of 

propylene adsorption properties. First, at higher loadings (lower temperatures, high 

pressures), the simulations results are higher than experimental data. This is explained 

by the use in experiments of pelletized zeolite with a binder content of 20% that can 
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cause structural imperfections and inactivation of a large part of the zeolite due to pore 

blocking (Calero et al., 2004). On the other hand, the simulations reproduce a perfect 

zeolite crystal and we feel that is the reason for the overestimation of the loading in 

simulations. 

 

 

 

Figure 4.5 - Propylene adsorption isotherms over zeolite 13X. Open symbols represent 

simulations and closed symbols represent experimental data. 
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At low loading, simulations and experiments show a very good agreement. Note that 

at low loading adsorption experiments are more accurate than at high loading since 

experimental data at high pressures are not accurate for a quantitative comparison with 

simulations (Smit, 1995). 

 

Figure 4.6 - Propylene in zeolite 13X - Comparison between simulations (open symbols) 

performed with different framework cation densities and experimental data (closed 

symbols). 

4.3.4. Propane/Propylene Binary Adsorption in Na-FAU (Zeolite 13X) 

Simulations of adsorption equilibria for binary mixtures of propane/propylene have 

been performed at a temperature of 303 K and several molar fractions of propylene. The 

x-y diagram is shown in Fig. 4.7. We calculated the adsorbed molar fraction of 

propylene in a 50:50 mixture of propane/propylene from the breakthrough curves of Da 

Silva & Rodrigues (2001), using the procedure outlined in Ruthven (1984). The 

adsorbed molar fraction of propylene agrees very well with the simulations and other 

experimental data (Lamia, 2008). 
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Figure 4.7 – Propane/Propylene in zeolite 13X equilibrium x-y diagram at 303K and a 
total pressure of 101 kPa. Closed circles are experimental data (Lamia, 2008), open circles 
are simulations results, the open square is a point obtained from a 50:50 
propane/propylene breakthrough curve. 
 

4.4. Adsorption Equilibrium of Isobutane and 1-Butene in Zeolite 13X 

A recent development of isobutane or 1-butene as desorbent to operate a propane-

propylene separation with an SMB, using zeolite 13X as solid adsorbent, has conducted 

to promising results and a patent was already accepted and published for this technology 

(Lamia et al., 2007; Rodrigues et al., 2008). In this section, we present results obtained 

by molecular simulation that expands our previous work on propane-propylene in 

zeolite 13X; we report new simulation results for isobutane, 1-butene and the mixtures 

of isobutane/propane, isobutane/propylene, 1-butene/propane and 1-butene/propylene, 

and we determine new interactions parameters for the sp3-bonded CH of isobutane. The 

outline of this study is organized as follows: first, we describe the computed heats of 

adsorption; equilibrium adsorption isotherms of isobutane and 1-butene (single 
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component) and of isobutane/propane, isobutane/propylene, 1-butene/propane and 1-

butene/propylene mixtures are calculated and compared with experimental data. 

The purpose of conducting a molecular simulation study on the adsorption of 

isobutane in zeolite 13X is threefold: 

- To confirm previous published force fields by reproducing recent experimental 

data on adsorption of single component and binary mixtures. 

- To extend the set of force field parameters in order to include branched alkane 

molecules. 

- To show that adsorption properties of alkenes and branched alkanes in zeolite 

13X computed using molecular simulations can be used to select a suitable desorbent 

for further application in the development of cyclic adsorption processes, such as SMB 

for propane/propylene separation. 

4.5. Simulations Results 

4.5.1. Isosteric Heats of Adsorption 

The isosteric heats of adsorption of single component for isobutane have been 

obtained by GCMC ensemble from combined energy/particle fluctuations (Karavias & 

Myers, 1991). For the simulations the total number of cycles was at least 2 × 106. The 

calculated heat of adsorption at zero loading of isobutane in zeolite 13X is 39.8 kJ/mol 

and compares well with experimental results (Lamia et al., 2007; Hyun & Danner, 

1982) as is shown in Table 4.4. An average value of ΔH = 40.3 ± 1.9 kJ/mol, from zero 

loading up to a loading of 10 molecules per unit cell was calculated. All calculations 

have been performed using a simulation box containing 88 cations per unit cell. 

Agreement between the results obtained by molecular simulation is excellent. The 

isosteric heats of adsorption of propylene and propane have been calculated by 
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molecular simulations and shown in Table 4.3. The values of 39.6 kJ/mol for propylene 

and 35.0 kJ/mol for propane shows a good agreement to the data reported by Lamia et 

al. (2007) of 42.4 kJ/mol for propylene and 36.9 kJ/mol for propane. 

Table 4.4 - Single Component Isosteric Heats of Adsorption – Isobutane in Zeolite 13X 

 -ΔHi [kJ/mol] This Work  [kJ/mol]  (c) 

41.6 (a) 
i-C4H10 

39.3 (b) 
39.8 

(a) Extended Toth model from experimental isotherms (zero loading) - (Lamia et al., 2007). 

(b) Langmuir model from experimental isotherms (Hyun & Danner, 1982). 

(c) Molecular simulation - Non-framework cations = 88 Na per unit cell - zero loading. 

4.5.2. Isobutane Adsorption in Zeolite 13X 

Equilibrium adsorption isotherms of isobutane in zeolite 13X are calculated by 

molecular simulation for a pressure range of 0.4 to 150 kPa and temperatures of 333, 

353, 373 and 393 K, shown in Figure 4.8(a). The comparison with isotherms of 

propylene and propane at the same conditions shows that propylene is preferentially 

adsorbed for the entire range of pressures. However, isobutane is seen to have an 

intermediate loading, between propylene and propane, at low pressures (Lamia et al. 

2007). The experimental and simulated isotherms of propylene, propane and isobutane 

in zeolite 13X at 373 K are shown in Figure 4.9. Comparison with experimental results 

from Hyun and Danner (1982) is presented in Figure 4.8(b). The differences between 

the results are due to heterogeneity of the pelletized adsorbent, as the correction of 20% 

for the binder content is not exact and adsorption on the binder surface or pore blocking 

is not taken into account in the simulations (Smit, 1995). Besides, the activation of 

samples is different (Hyun and Danner, 1982: 194ºC; Lamia et al., 2007: 320ºC), which 
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can also lead to these discrepancies. However, the agreement between the simulations 

and experimental data is still very good. 

 

 

Figure 4.8 – (a) Isobutane adsorption isotherms on zeolite 13X - Comparison between 

simulations (open symbols) and experimental data (closed symbols). (b) Comparison 

between simulations (open squares), experimental data from Lamia et al., 2006, (closed 

squares) and Hyun & Danner, 1982, (closed diamonds). Errors are smaller than symbol 

size. 
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Figure 4.9 – Single component adsorption isotherms on zeolite 13X of propane (triangles), 

propylene (squares), and isobutane (diamonds) at 373 K- Comparison between simulations 

(open symbols) and experimental data from Lamia et al., 2007 (closed symbols). Errors 

are smaller than symbol size. 

4.5.3. Binary Adsorption of Isobutane-Propane and Isobutane-Propylene 

in Zeolite 13X 

Simulations of adsorption equilibria for binary mixtures of isobutane-propane and 

isobutane-propylene have been performed at a temperature of 373 K and a total pressure 

of 110 kPa for several molar fractions of isobutane. The x-y diagrams are shown in 

Figure 4.10(a) and (b). Comparison between simulations and experimental data for the 

equilibrium gas phase and adsorbed phase compositions is shown in Figure 4.11(a) and 

(b). The simulations not only can predict the X-Y diagrams, but also the loading (in 

molecules/unit cell) of both components. The agreement between the simulations and 

experimental data (Lamia, 2008) validates our force field parameter set, as these data 

were not used for fitting force field parameters. 
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Figure 4.10 – (a) Propane-isobutane and (b) propylene-isobutane in zeolite 13X: 

Equilibrium x-y diagrams at 373K and a total pressure of 110 kPa. Closed squares are 

experimental data, open squares are simulations results. Errors are smaller than symbol 

size. 
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Figure 4.11 – (a) Propane-isobutane and (b) propylene-isobutane in zeolite 13X: Binary 
equilibrium adsorption at 373K and a total pressure of 110 kPa. Closed symbols are 
experimental data (Lamia, 2008), open symbols are simulations results. Errors are smaller 
than symbol size. 
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4.5.4. Adsorption of 1-Butene in Zeolite 13X 

Equilibrium isotherms of 1-butene over 13X zeolite have been measured with a 

gravimetric method at a temperature ranging from 333 K to 393 K and a pressure up to 

110 kPa (Lamia et al., 2008). As a result, 1-butene in combination with zeolite 13X has 

been presented in a patent as a possible desorbent/adsorbent couple for propane-

propylene separation by SMB (Rodrigues et al., 2008). 

GCMC simulations have been carried out in order to reproduce the adsorption 

isotherms and isosteric heats of adsorption of 1-butene in zeolite 13X using the force 

field parameters listed in Tables 4.1 and 4.2. Figure 4.12 shows the calculated isotherms 

with an excellent agreement with experiments over the entire range of temperatures and 

pressures. Figure 4.13 shows the experimental and simulated isotherms of propylene, 

propane and 1-butene in zeolite 13X at 373 K. Experimental adsorption data were 

correlated using the Toth model (Toth, 1971). The resulting heat of adsorption at zero 

coverage of 1-butene was found to be 54.4 kJ/mol (Lamia et al., 2008). The heat of 

adsorption of 1-butene in crystals of NaX zeolite was reported by Malka-Edery et al.. A 

mean sorption enthalpy of 53.0 kJ/mol in anhydrous zeolite sample was measured 

(Malka-Edery et al. 2000). The isosteric heat of adsorption at zero coverage, calculated 

by CBMC simulations was found to be 53.8 kJ/mol. 
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Figure 4.12 – Adsorption isotherms of 1-Butene in zeolite 13X - Comparison between 
simulations (open symbols) and experimental data (closed symbols). Errors are smaller 
than symbol size. 

 

 

Figure 4.13 – Isotherms in zeolite 13X of propylene (squares), propane (triangles) and 1-
butene (diamonds) at 373 K- Comparison between simulations (open symbols) and 
experimental data from Lamia et al. 2007, 2008 (closed symbols). Errors are smaller than 
symbol size. 
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4.5.5. Binary Adsorption of 1-Butene-Propane and 1-Butene-Propylene in 

Zeolite 13X 

The binary adsorption equilibria of 1-butene with propane and propylene respectively, 

have been simulated by CBMC technique at 373 K and several mole fractions of 1-

butene. The simulation results are compared with data provided by the extended Toth 

model (Valenzuela & Myers, 1989) for both 1-butene/propane and 1-butene/propylene 

systems, using the pure component adsorption isotherms (Lamia et al., 2008). 

Furthermore, the obtained simulations are also compared to some experimental data. 

The resulting x-y diagrams are shown in Figure 4.14(a) and (b). Comparison between 

data fitted by the extended Toth model and simulation data for the equilibrium gas 

phase and adsorbed phase compositions is shown in Figure 4.15(a) and (b). The 

simulated and experimental data of 1-butene/propylene mixture agree very well, 

although the simulated x-y diagram of the 1-butene/propane deviates approximately 

10% from the experimental curve when the 1-butene molar fraction in the gas phase is 

below 0.5. As more 1-butene is adsorbed than propane, the reason for these differences 

between simulations and experiment may be due to the same adsorbent heterogeneity 

effects observed in single component adsorption experiments, mentioned by Smit, 

considering silicalite (Smit, 1995), and also by Calero et al., reporting studies on Na-

Faujasites (Calero et al., 2004). Nevertheless, the force field parameters used in the 

present work are able to reproduce the binary system of 1-butene with propane and 

propylene, predicting the loadings of both components as well as the x-y diagram. 
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Figure 4.14 – (a) Propane/1-butene and (b) propylene/1-butene in zeolite 13X: Equilibrium 
x-y diagrams at 373K and a total pressure of 110 kPa. Closed triangles are experimental 
data, closed squares are data fitted by extended Toth model, open squares are simulations 
results. Errors are smaller than symbol size. 
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Figure 4.15 – (a) Propane/1-butene and (b) propylene/1-butene in zeolite 13X: Binary 
equilibrium adsorption at 373K and a total pressure of 110 kPa. Closed symbols are data 
fitted by extended Toth model, open symbols are simulations results. 

 

4.6. Screening of Potential Desorbents for Propane/Propylene Separation 

by SMB: A Molecular Simulation Study 

Several potential desorbents for propane/propylene separation by SMB have been 

proposed in the literature. Lamia (2008) presented a review of selected hydrocarbons, 

which are suitable to be applied in cyclic separation processes to the propane/propylene 

system. A typical SMB unit is coupled to distillation columns where the extract/ 

raffinate are concentrated and the desorbent is recovered. The difference between the 
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boiling points of the desorbent and those of the raffinate (or the extract) is of key 

importance for the efficiency of the distillation step. The boiling point of n-butane is 

-0.5ºC. Propane has a boiling point of -42.1ºC, and propylene, -47.8ºC. 

In this section, we present CBMC simulations of equilibrium adsorption of n-butane 

on zeolite 13X, as well as binary adsorption of n-butane/propane, n-butane/propylene, 

in a predictive screening of the desorbent candidates for separation of 

propane/propylene by SMB technology. 

4.6.1. Adsorption of n-Butane in Zeolite 13X 

A recently developed united atom force field successfully reproduces experimental 

adsorption properties of n-alkanes, from methane to dodecane. The results of molecular 

simulations of n-butane adsorption have found that n-butane redistributes the sodium 

cations, and induces a smaller sodium migration from the sodalite cages to the 

supercages (Calero et al. 2004). 

Equilibrium adsorption isotherms of n-butane in zeolite 13X were calculated by 

GCMC simulations in the grand-canonical (µVT) ensemble, for a pressure range of 0.01 

to 150 kPa and temperatures of 333, 353, and 373 K. The simulations have been 

performed for a non-framework cation density of 88 Na per unit cell. Additional 

calculations have been made for comparison with published data from Tarek et al. 

(1995). The results are presented in Figures 4.16 and 4.17. The agreement between 

simulations and the results from Tarek et al. is very good, which confirms once more 

the applicability of the force field parameters. 
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Figure 4.16 – Adsorption isotherms of n-Butane in zeolite 13X - Comparison between 
simulations (open symbols) and experimental data (closed symbols). 

 

 

Figure 4.17 – Simulated Adsorption isotherms of n-Butane in zeolite 13X 

The loadings of n-butane in zeolite 13X are higher than the loadings of propane, 

propylene and isobutane, up to a pressure of 50 kPa, at 373 K (Figure 4.18). At higher 

pressures, the loadings of butane go to intermediate values between propylene and 

propane, but higher than isobutane. This behavior, associated to the higher boiling point 
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of n-butane, indicates that n-butane is a potential desorbent candidate for application in 

separation of propane/propylene by SMB. 

 

Figure 4.18 – Isotherms in zeolite 13X of propylene (triangles), propane (circles), 
isobutane (squares), and n-butane (diamonds) at 373 K- Simulations (closed black 
symbols) and experimental data from Lamia et al. 2007, 2008 (open red symbols). 

Figure 4.19 – Propane/n-butane and propylene/n-butane in zeolite 13X 
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Figure 4.20 – (a) n-Butane/Propane and (b) n-Butane/Propylene in zeolite 13X: Binary 

equilibrium adsorption at 373K and a total pressure of 110 kPa. 

4.6.2. Binary Adsorption of n-Butane/Propane and n-Butane/Propylene in 

Zeolite 13X 

We performed simulations of binary mixtures of n-butane/propane and n-

butane/propylene in 13X zeolite at 373 K and several mole fractions of n-butane. The 

corresponding X-Y diagrams (Figure 4.19) and the equilibrium gas phase/adsorbed 

phase compositions - Figures 4.20 (a) and (b) - show the results of our calculations. 
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These results are presented as a predictive estimate of the binary mixtures, since no 

experimental data have been found in the literature. 

4.7. Conclusions 

Adsorption isotherms of propane, propylene and propane/propylene/mixtures in 

Zeolite 13X have been calculated by using the Configurational-bias technique in the 

grand-canonical Monte Carlo ensemble. Heats of adsorption were determined as a 

function of loading. The simulations have been performed for three different non-

framework cation densities: 76, 86 and 88 Na per unit cell. The determination of 

effective Lennard-Jones parameters for the interactions between hybridized sp2 carbons 

and sodium atoms in zeolite 13X is a new step in the understanding of adsorption 

properties of linear alkenes in Na-Faujasites. These new set of parameters successfully 

reproduce the equilibrium adsorption properties of propylene and propane/propylene 

binary mixture as well. 

The propane/propylene separation by SMB using 13X zeolite requires the choice of a 

suitable desorbent. It was found in our laboratory that isobutane and 1-butene are 

convenient desorbents for this process. 

Adsorption isotherms of isobutane, 1-butene, and x-y diagrams of binary mixtures of 

these components with propane and propylene in Zeolite 13 X have been calculated by 

using Configurational-bias technique in the grand-canonical ensemble. The simulations 

have been performed for a non-framework cation density of 88 Na per unit cell. 

Effective Lennard-Jones parameters for the interactions between the tertiary sp3-bonded 

carbon of isobutane and sodium atoms in zeolite 13X have been determined. This is a 

step forward in the understanding of adsorption properties of branched alkanes in Na-

Faujasites. This new set of parameters successfully reproduce the equilibrium 

adsorption properties of 1-butene, isobutane and its binary mixtures with propylene and 
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propane as well. The agreement between experimental and simulated results of 1-butene 

adsorption in zeolite 13X confirms that our extended force field provides a new 

contribution to guide desorbent choice in the modeling of engineering processes in 

separation technology. Additional simulations were performed in order to evaluate 

n-butane on 13X zeolite as a potential desorbent for propane/propylene separation by 

cyclic SMB adsorptive processes. The results of n-butane single component and its 

binary mixtures with propane and propylene provide useful information to future 

experiments with the SMB. Thus, the force field is suitable for prediction of equilibrium 

adsorption properties of linear and branched alkanes, linear alkenes and their mixtures 

when no experimental data are available. 

4.8. Nomenclature 

kmax Ewald summation reciprocal space vector. 

k1,2 
Constants related to the bonded interactions: bond stretching and bond 
bending, respectively. 

r Bond length [Å]. 

rcut Cut-off radius. 

P Pressure 

T Absolute temperature 

V Volume. 

Greek letters 

α Ewald summation convergence parameter [Å-1]. 

ε  Characteristic energy in pair potential. 

μ   Chemical potential. 

θ  Bending angle [rad]. 

σ  Characteristic distance in pair potential. 
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5. Molecular Simulation of Adsorption Kinetics 

This chapter presents basic concepts of Molecular Dynamics (MD) applied for 

calculating diffusion coefficients of hydrocarbons in zeolites. 

The theoretical aspects concerning MD simulations are mostly taken from Allen & 

Tildesley (1987), Frenkel & Smit (2002), and Rapaport (2004). 

5.1. Introduction 

The first paper reporting a Molecular Dynamics simulation was published by Alder & 

Wainwright in 1957, on the study of interactions between hard spheres. The general 

method to calculate exactly the behavior of several hundred interacting classical 

particles was outlined two years later (Alder & Wainwright, 1959). In 1964, the first 

molecular dynamics simulation of a Lennard-Jones fluid was published (Rahman, 

1964). Since then, applications of molecular dynamics are found from theoretical 

physics, in materials science, and also in biochemistry and biophysics. In biochemistry, 

MD is an important tool in protein structure determination and refinement using 

experimental tools such as X-ray crystallography and NMR. Only to mention a few 

areas of current interest where MD has important contributions, are kinetic theory, 

diffusion and transport properties (Rapaport, 2004). 

Molecular dynamics is a computer simulation technique where the time evolution of a 

set of interacting atoms is followed by integrating Newton's equations of motion: 

 i i im=F a  (5.1) 

 
2

2
i

i t
∂

=
∂

ra  (5.2) 

for each atom i in a system constituted by N atoms, where mi is the atom mass, ai its 

acceleration, ri its position, and Fi is the force acting upon it, due to the interactions 
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with other atoms. From knowledge of the force on each atom, it is possible to determine 

the acceleration of each atom in the system. Integration of the equations of motion 

yields a trajectory that describes the positions, velocities and accelerations of the 

particles as they vary with time. From this trajectory, the average values of properties 

can be determined. 

The core of a molecular dynamics program is its time integration algorithm required 

to integrate the equation of motion of the interacting particles and follow their 

trajectory. This step is repeated until the time evolution of the system is computed for 

the desired length of time. There are several algorithms to integrate the equations of 

motion based on finite difference methods, where time is discretized on a finite grid, the 

time step Δt being the distance between consecutive points on the grid. However, 

evaluation of forces from particle positions is the most time-consuming part of a 

simulation and these schemes are approximate and there are errors associated with 

them. Two popular integration methods for MD calculations are predictor-corrector 

algorithms and the Verlet algorithm. In this thesis the predictor-corrector algorithm is 

not used. Details on these algorithms are found in Allen & Tildesley (1987) and Frenkel 

& Smit (2002). 

5.1.1. The Verlet Algorithm 

The most commonly used time integration algorithm is the Verlet algorithm. The 

method is a solution of the second order equation: 

 
2

2
i

i im
t

∂
=

∂
rF  (5.3) 

A direct or exact solution of Eq. 5.3 does not exist (except for a trivial system). 

A Taylor expansion of the coordinate of a particle, around time t. gives: 



Molecular Simulation of Adsorption Kinetics 

113 

 ( )
3

2 4( ) ( ) ( ) ( t )
3!
tt t t t t t t Δ

+ Δ = + Δ + Δ + + Δr r v a r O  (5.4) 

Similarly: 

 ( )
3

2 4( ) ( ) ( ) ( t )
3!
tt t t t t t t Δ

−Δ = − Δ + Δ − + Δr r v a r O  (5.5) 

The sum of Equations (5.6) and (5.7) gives: 

 ( ) 2 42 ( ) ( ) ( ) ( t )t t t t t t t+ Δ = − −Δ + Δ + Δr r r a O  (5.6) 

The estimate of the new position is correct, except for errors of order Δt4, where Δt is 

the time step of the simulation. The Verlet algorithm does not use the velocity to 

compute the new position, but its knowledge is needed to compute the kinetic energy 

whose evaluation is necessary to test the conservation of the total energy. The velocities 

are obtained from the positions by using: 

 ( ) 3( ) 2 ( ) ( t )t t t t t t+ Δ − −Δ = Δ + Δr r v O  (5.7) 

or 

 ( ) 2( )
( ) ( t )

2
t t t t

t
t

+ Δ − −Δ
= + Δ

Δ
r r

v O  (5.8) 

However, the error associated to this expression is of order Δt2 rather than Δt4. 

Another inconvenience is that v(t) can only be computed once r(t+Δt) is known. To 

overcome this difficulty, some variants of the Verlet algorithm have been developed. 

They compute exactly the same trajectory, and differ in what variables are stored in 

memory and at what times. The leap-frog algorithm is one of such variants where 

velocities are better handled. An even better implementation of the same basic 

algorithm is the Velocity Verlet scheme, where positions, velocities and accelerations at 

time t + Δt are obtained from the same quantities at time t in the following way: 

 2( ) ( ) ( ) (1/ 2) ( )t t t t t t t+ Δ = + Δ + Δr r v a  (5.9) 



Chapter 5 

114 

 ( / 2) ( ) (1/ 2) ( )t t t t t+ Δ = + Δv v a  (5.10) 

 [ ]( ) (1/ ) )t t m t t+ Δ = − ∇ + Δa V r(  (5.11) 

 ( ) ( / 2) (1/ 2) ( )t t t t t t t+ Δ = + Δ + + Δ Δv v a  (5.12) 

In a system consisting of N particles, the 3N positions, velocities and accelerations are 

stored in 9N memory locations, but there is no need to simultaneously store the values 

at two different times (t + Δt and t − Δt) for anyone of these quantities. 

The algorithm used in this thesis is the velocity-Verlet algorithm. 

5.1.2. Ensembles in Molecular Dynamics Simulations 

The solution of the equations of motion is such that total energy (the sum of kinetic 

and potential energy) is constant. Therefore, MD simulates the microcanonical, or NVE 

ensemble, unless specific steps are taken to force energy or volume to fluctuate 

(Ungerer et al., 2005). 

A Molecular Dynamics calculation at fixed temperature requires application of 

thermostat methods which allow simulations in the NVT ensemble. The most widely 

used technique for NVT simulations is the Nosé-Hoover thermostat (Nosé, 1984; Evans 

& Holian, 1985) that introduces an extra degree of freedom which represents a thermal 

reservoir in contact with the system. In this “extended” system, the average total kinetic 

energy per particle is conserved by means of energy exchange between the system and 

the reservoir. 

5.2. Diffusion 

Diffusion in gases, liquids, solids and at interfaces has been extensively studied with 

different theoretical and experimental methods for more than a century (Kärger & 

Ruthven, 1992). Macroscopic diffusion of a single adsorbed species in a zeolite is 
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characterized by the transport diffusivity, DT(q), which is defined as the proportionality 

constant relating a flux ( J ) to a concentration gradient (first Fick’s law): 

 ( )TJ D q q= − ∇  (5.13) 

In microscopic experiments, such as Pulsed Field Gradient technique of NMR 

spectroscopy (PFG NMR), a different quantity is measured, called the self-diffusivity 

(DS) related to the average motion of the particles. The self-diffusivity is defined using 

the Einstein expression: 

 2

1

1lim ( )
6

N

S it i
D t

Nt→∞
=

= Δ∑ r  (5.14) 

where N is the number of particles and Δri(t)2 denotes the mean squared displacement 

covered by the molecules during an observation time t with respect to time t0. 

The diffusion coefficient calculated by Molecular Dynamics simulations is the self-

diffusivity DS, which is equivalent to the self-diffusion as obtained from NMR 

experiments. The self-diffusivity describes the motion of an individual particle. In an 

equilibrium molecular dynamics (EMD) simulation the self-diffusion coefficient DS is 

computed by taking the slope of the mean square displacement (MSD) at long times. 

 ( ) ( )( )
1

21 lim 0
6S i i

N

t i

dD t
N dt→∞ =

= −∑ r r  (5.15) 

5.2.1. The Relationship Between Transport and Self-Diffusivities 

The transport diffusivity DT is measured at non-equilibrium conditions in which a 

concentration gradient exists. Conversion of DT into a value comparable to the self-

diffusivity is usually made by applying the Darken equation: 

 ln
lnT S

d pD D
d q

=  (5.16) 
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where dln p/dln q represents the gradient of the equilibrium isotherm in logarithmic 

coordinates and is also referred as a thermodynamic correction factor (Darken factor). 

In the low concentration limit (Henry’s law), dln p/dln q→ 1 (Kärger & Ruthven, 1992). 

The Darken factor can be obtained from the slope of the logarithmic plot of the inverse 

adsorption isotherm q versus p (Nicholson, 1998). The Darken relationship is an 

approximation commonly used to estimate transport diffusivities from self-diffusion 

coefficients. Details can be found in the literature (Kärger & Ruthven, 1992). 

5.3. Simulation Methodology 

Calculating self-diffusion coefficients by molecular simulations requires a two-step 

procedure. In the first step, a CBMC simulation is performed in the NVT ensemble to 

generate an equilibrated system which will be used as the starting point for the MD 

simulation. In the NVT ensemble the number of molecules N, the temperature T and the 

volume V are fixed. This simulation is performed by the BIGMAC code, described in 

Chapter 2. 

The BIGMAC input data contain all information about: 

– The force field: intra and inter-molecular interactions, bond lengths, bending 

angles, cation interactions; 

– Topology of molecules: the simulation box (zeolite grid, cell size parameters); 

– Temperature and number of particles. 

The output files generated by the CBMC-NVT simulation (CONFIG and FIELD) are 

two input files for the second step, in which the MD simulation is carried out. In the 

second step, the DL_POLY package is used (Smith et al., 2006). The file CONFIG 

contains the dimensions of the unit cell and the coordinates of all atoms. The file FIELD 

contains all interaction parameters needed for the MD simulation. DL_POLY requires 

three mandatory input files: CONFIG, FIELD and CONTROL, the latter is manually 
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edited and defines the control variables for running a DL_ POLY job. The CONTROL 

file makes extensive use of directives and keywords. Directives are character strings 

that appear as the first entry on a data record (or line) and which invoke a particular 

operation or provide numerical parameters. Also associated with each directive may be 

one or more keywords, which may qualify a particular directive by, for example, adding 

extra options. The file CONTROL has to be carefully edited and cannot contain any 

errors. 

An example of CONTROL file is shown below. 

ZEOLITE 4A Propane 
integrator velocity verlet 
temperature 423.0 
ensemble nvt hoover 0.01 
  
  
steps 10000000 
equilibration 50000 
scale 25 
print 1000 
  
timestep 0.0001 
primary cutoff 9.0000 
cutoff 12.000 
delr width 1.0000 
ewald precision 1.0E-6 
  
traj 1000000         500 0 
  
job time 99999999.0 
close time 1000.00 
  
finish  

 

More directives can be added, for instance, one could use a thermostat to maintain 

constant temperature conditions. In this thesis, all MD simulations are performed in the 

NVT ensemble, using the Nosé-Hoover thermostat. A summarized diagram of a typical 

MD simulation in the NVT ensemble is shown in Figure 5.1. 



Chapter 5 

118 

 

Figure 5.1 - Flow-sheet for an MD simulation. 
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5.3.1. Interaction Potentials 

The interactions between particles in an MD simulation are expressed by a 

potential function, or a force field. Several types of potential functions are available, 

according to the level of physical accuracy. The bonded and non-bonded interactions 

are described in Chapter 2. The values of potential parameters are presented in 

Chapters 3 and 4. 

5.3.2. DL_POLY Output Files 

Molecular dynamics simulates diffusion in a system of N molecules by 

integrating Newton’s equations of motion until the average system properties no 

longer change in time. Successive configurations of this system are generated, 

representing a trajectory that describes the positions and velocities of the particles as 

they vary with time. The output data of a MD job are registered in two files, OUTPUT 

and XYZ.XYZ. The file OUTPUT consists of 7 sections: Header; Simulation control 

specifications; Force field specification; Summary of the initial configuration; 

Simulation progress; Summary of statistical data; Sample of the final configuration; 

and Radial distribution functions. These sections are written by different subroutines 

at various stages of a job. The file OUTPUT must be checked concerning energy 

conservation with the results of the CBMC simulation. 

The file XYZ.XYZ is a special output file formatted in such a way that it can 

generate the mean square displacements (MSD) of the adsorbed molecules. The file 

contains the trajectories of all atoms along the time in a series of frames, as a movie, 

which can be seen by using a molecular dynamics viewer, such as VMD package 

(Visual Molecular Dynamics – University of Illinois). The mean square displacement 
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(MSD) of the molecules is calculated from the trajectory file XYZ.XYZ For 

production simulations, the file XYZ.XYZ is a very large file. 

Besides these two output files, there is another file generated by DL_Poly. The 

file HISTORY is the dump file of atomic coordinates, velocities and forces. Its 

principal use is for off-line analysis and can become very large. It is recommended 

that the file be written to a scratch disk capable of accommodating a large data file. 

5.3.3. Self-diffusivities 

DL_POLY calculates the self-diffusivities of all the atoms. These data have to 

be converted to yield the MSD of the adsorbed molecules and then give the self-

diffusivities through the slope of the MSD as shown in the Figure 5.2. 

Figure 5.2 – Mean square displacement plot of propane in zeolite 13X. Loadings in 

molecules per unit cell. 
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5.4. Nomenclature 

a Acceleration vector 

D Diffusion coefficient [m2s-1] – subscripts are self-explanatory 

F Force vector 

J Flux vector 

m Atom mass 

N Number of atoms or molecules 

p Pressure 

q concentration 

r Position vector 

t Time 

T Absolute temperature 

v Velocity vector 

V Volume. 

5.5. Conclusions 

In this chapter, the main concepts of the MD simulation technique are introduced, and 

an overview of the application of CBMC-MD simulation for determining the mean 

square displacements (MSD) is given. Determination of self-diffusivities of propane and 

propylene in zeolites 13X and 4A by MD simulations are presented in the next chapter. 
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6. Adsorption Kinetics of Propane and Propylene in 13X and 

4A Zeolites 

This chapter presents the properties of single component diffusion of propane and 

propylene in 13X and 4A zeolites obtained by Molecular Dynamics simulations, 

especially its dependence on temperature and concentration. The results are compared 

with literature data when available. 

6.1. Introduction 

An important review of the problems related to determination and interpretation of 

molecular diffusion in zeolites ends with the following sentence: 

“The measurement of diffusion in zeolites can be expected to remain a challenging 

task also over the next decades.” 

Jörg Kärger in Measurement of Diffusion in Zeolites—A Never Ending Challenge? 

(Adsorption, 9, 29, 2003). 

This statement applies both to the techniques at microscopic and macroscopic scale, 

because diffusion measurement in nanoporous materials provide results that may differ 

by up to 3 orders of magnitude (Brandani, 2007). 

Molecular simulations are particularly powerful to study diffusion in zeolites. The 

currently available atomic models, force fields and algorithms allow accurate 

calculations of diffusion coefficients in a variety of systems (Skoulidas & Sholl, 2003). 

Molecular Dynamics is the most common method to carry out simulations of diffusional 

behavior in porous adsorbents (Catlow et al., 1991, Smit & Krishna, 2003), although the 

Monte Carlo method has been applied for the transition path sampling of branched 

alkanes in silicalite (Vlugt et al., 2000), and kinetic Monte Carlo was used to compute 
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single component and binary mixture diffusion coefficients for a two-dimensional 

lattice model over a wide range of lattice occupancies and compositions (Sholl, 2006a). 

6.2. Self-diffusion Coefficients of Propane and Propylene in Zeolite 13X 

This section examines the diffusion of propane and propylene in zeolite 13X by 

MD simulations. The zeolite framework model is described as the sodium form of 

Faujasite type zeolites, obtained by randomly substituting aluminium by silicon, 

satisfying the Löwenstein rule. We used a cation density of 88 Na per unit cell. The 

potential form and parameters used to describe the interactions between propane and 

the zeolite framework atoms, including the cations, are based on the force field from 

Calero et al. (2004). The interaction parameters for propylene were taken from our 

previous work on equilibrium adsorption of propylene in 13X zeolite, as described in 

Chapter 4. The interactions of the sodium atoms with the other atoms inside the 

zeolite are modelled by the sum of a Coulombic potential and an LJ potential. 

6.2.1. Simulation Methodology 

Simulations have been carried out for diffusion by solving the Newton’s 

equations of motion until the average system properties do not change in time. We 

used the velocity-Verlet algorithm for time integration (Frenkel & Smit, 2002). Each 

simulation was performed in two steps. In the first step, a configurational-bias Monte 

Carlo in the NVT ensemble is used to generate an equilibrated system, minimizing the 

energy. The BIGMAC code is used to perform the CBMC simulations (Vlugt, 1998). 

The results are stored in files which will be used as input files for the MD simulation, 

performed by the DL_POLY package (Smith et al., 2006). The MD simulations are 

executed in the NVT ensemble, using the Nosé-Hoover thermostat to maintain 

constant temperature conditions (Nosé, 1984). A time step of 10-3 pico-second was 
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used for all simulations. The self-diffusion coefficients are computed from the slope 

of the mean square displacements, generated by the trajectories of all atoms along the 

time. The self-diffusion coefficient DS is defined by the Einstein expression: 

 2
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1lim ( )
6
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S it i
D t

Nt→∞
=

= Δ∑ r  (6.1) 

where N is the number of particles and 2

1
( )

N

i
i

t
=

Δ∑ r  is the mean squared displacement 

covered by the molecules during an observation time t with respect to time t0. 

6.2.2. Results and Discussion 

Extensive reviews of diffusion in nanoporous materials are found in the 

literature (Kärger, 2003; Dubbeldam & Snurr, 2006; Sholl, 2006b; Brandani, 2007), 

only to cite a few. Measurement of transport diffusivities (DT) are carried out under 

non-equilibrium conditions in which a finite concentration gradient exists. The 

macroscopic measurement methods are membrane permeation, zero length column, 

uptake methods, and frequency response techniques. Self diffusivity (DS) is measured 

under equilibrium conditions by microscopic techniques, such as pulsed field gradient 

(PFG) NMR and quasi-elastic neutron scattering (QENS). 

It has been shown that the diffusivities may most decisively depend on the 

relevant space and time scales of observation, as well as on the physical state under 

which the measurements are carried out (Kärger, 2003). Thermal effects, pore 

distribution and roughness are other important factors that must be taken into account 

in diffusion measurements (Kärger & Ruthven, 1992). Real zeolite samples always 

contain imperfections, whereas “perfect” crystals without defects are used in 

molecular simulations. Since experimental measurements of diffusion in zeolites can 

be controversial, it is best to compare simulations with multiple experiments. 
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Figure 6.1 – Temperature dependence of self diffusion coefficients of: (a) propane 

and (b) propylene in zeolite 13X 

Self diffusion of propane and propylene in zeolite 13X were simulated at 

temperatures of 303, 323, 343, 373, 423, and 473 K at loadings of 2, 4, 8, 16 and 32 

molecules per unit cell. Our results are compared with other experimental and 

simulation results. Figure 6.1 presents the simulated self diffusivities of propane (a) 

and propylene (b) as a function of the temperature for various loadings. Comparison 
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between simulated self diffusivities of propane and propylene at same loadings is 

shown in Figure 6.2. The loading dependence of propane and propylene self 

diffusivities in zeolite 13X is shown in Figure 6.3 

 

Figure 6.2 – Simulated self diffusivities of propane (closed symbols) and propylene 

(open symbols) in zeolite 13X 

Figure 6.3 – Loading dependence of self diffusion coefficients of propane and 

propylene in zeolite 13X 
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Table 6.1 – Self-diffusivities of Propane in Zeolite 13X 

T [K] Loading 
[molec/unit cell] 

DS [m2s-1] Reference 

303 16 6.9× 10-10 This work 
300 12 6.7× 10-10 Caro et al., (1985) 
300 16 4.8× 10-10 Caro et al., (1985) 
303 32 2.8 × 10-10 This work 
300 32 3.3× 10-10 Caro et al., (1985) 

The Pulsed Field Gradient NMR (PFG-NMR) technique has been used to study 

the intracrystalline self-diffusion of methane, ethane and propane in ZSM-5, NaCa-A, 

and NaX zeolites (Caro et al., 1985). Self-diffusivities of isopropanol, acetone and 

propene in CsNaX-60, CsNaX-60.8CsOH, and in NaX zeolites were measured with 

the (PFG) NMR technique. Self-diffusivity measurements of propane were performed 

to characterize these three zeolites (Schwarz et al., 1995). Experimental results for 

propane are compared with our simulations in Table 6.1. For adsorbate loadings of 16 

and 32 molecules per unit cell, there is a good agreement either with the trends of 

self-diffusivity as a function of temperature in Figure 6.4, or regarding comparison 

between measured and simulated values in Table 6.1. 

The temperature dependency of the self-diffusion constant is governed by the 

Arrhenius equation: 

 0 exp act
S

ED D
RT

⎡ ⎤= −⎢ ⎥⎣ ⎦
 (6.2) 

in which D0 is the diffusion constant at infinite temperature, Eact the activation energy 

for diffusion, R the gas constant and T the temperature. A plot of ln DS against 1/T 

gives a straight line with slope of Eact /R. The y-intercept gives the value of D0. From 

the Arrhenius plot (Figure 6.4), the activation energies Eact and pre-exponential factors 

D0 are calculated and listed in Table 2. 
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Figure 6.4 – Arrhenius plot of self diffusion coefficients of propane in zeolite 13X 

Table 6.2 –Propane in Zeolite 13X – Evaluation of the Arrhenius plots. 

Eact [kJ/mol] Do [m2s-1] Reference 

7.9 1.4 × 10-8 This work 
7.9 1.7 × 10-8 Schwarz et al. (1995) 
5.2 1.9 × 10-8 Caro et al. (1985) 
21.1 1.4× 10-8 Da Silva.(1999) 

Brandani et al. (1995) reported diffusion measurements of propane and 

propylene in 13X and 5A zeolite crystal by tracer ZLC, and have found that propane 

and propylene have similar diffusivities in 13X zeolite, but propane diffusivities are 

much smaller than NMR values, and they show an opposite trend with concentration. 

Comparing the diffusion coefficients measured by PFG-NMR and ZLC methods, for 

different alkanes in silicalite, Banas et al. (2005) concluded that in PFG NMR only 

intracrystalline transport is observed, while in ZLC-NMR both intracrystalline 

transport and desorption through the crystal surface and into the gas phase may be 
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relevant. The macropore diffusion control model was found to be the dominant 

mass-transfer mechanism of the propane and propylene kinetics over 13X zeolite, 

investigated by gravimetric and ZLC techniques (Da Silva & Rodrigues, 1999). 

Measurements have been performed on the influence of a small amount of water 

on adsorption properties of alkanes (C3 to C6) and olefins (C3 and C4) in NaX zeolite. 

Kinetics has been measured by Thermal Frequency Response (TFR) method and the 

results have been compared with the results obtained by PFG-NMR. As TFR gives the 

transport diffusivity (DT), the reported values for the corresponding self diffusivities 

were obtained by applying the Darken relation (Malka-Edery et al., 2001). 

Experimental data on propylene self diffusion in zeolite 13X in literature are 

scarce (Kärger & Pfeifer, 1987; Schwartz et al., 1995; Brandani et al., 1995; Da Silva 

& Rodrigues, 1999). Different measurement techniques have shown enormous 

discrepancies between results. Figure 6.5 shows a comparison between our 

simulations and experimental values of self diffusivities of propylene in 13X zeolite. 

Figure 6.5 – Propylene self diffusivities in zeolite 13X – Comparison with 

experimental data 
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Table 6.3 shows experimental results for propylene compared with our 

simulations. 

Table 6.3 –Propylene in Zeolite 13X – Evaluation of the Arrhenius plots 

Ea [kJ/mol] Do [m2s-1] Reference 

23.8 5.8 × 10-8 Brandani et al. (1995) 
10.3 2.8 × 10-8 Hong et al. (1992) 
5.5 7.5 × 10-9 This work 

Krishna & van Baten (2005, 2006) performed extensive MD studies on alkanes 

in FAU (96 Si, 96 Al, without taking the sodium cations in consideration) amongst 

other zeolite frameworks. Self-diffusivities of single component and mixtures up to 

four components have been evaluated by MD simulations, providing a comparison of 

the Maxwell-Stefan and Onsager formulations. Wongthong et al. (2007) have 

investigated the diffusion of ethane, propane, and n-butane in siliceous FAU by MD 

techniques using a generalized valence force field (GVFF). In general, the published 

simulations of various authors are in reasonable agreement. More recently, the 

influence of the presence of cations on the diffusivities of propane in FAU and 

methane in LTA was studied (Krishna & van Baten, 2007). Our simulations were 

performed with a united atom force field which also takes the sodium cations in 

consideration (Calero et al., 2004). Comparison of literature data is shown in Figure 

6.6. The agreement between our simulation results and those from the literature is 

reasonable. 
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Figure 6.6 – Self diffusion coefficients of propane in FAU type zeolites. 

Comparison of literature data. 

6.3. Self-diffusion Coefficients of Propane and Propylene in Zeolite 4A 

From experimental data of pure and binary adsorption equilibrium of propane 

and propylene on zeolite 4A, the transport diffusivity of propane was estimated from 

uptake curves in the linear isotherm region. It was found that adsorption of propane 

was extremely slow and equilibrium was reached only after three days of adsorbate–

adsorbent contact (Grande et al., 2003). Studies on self diffusion of propane and 

propylene in Na-LTA zeolite (4A) are not found in the literature. Most data refer to 

experimental or simulation works on NaCa-LTA (zeolite 5A) or on its cation-free 

form (Brandani et al., 1995; Corma et al., 2005; Hedin et al., 2007; Krishna & van 

Baten, 2005, 2006, 2007). 

In order to measure and rationalize the self-diffusion coefficients in various LTA 

materials, propylene was chosen as a very sensitive probe molecule because its size is 
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comparable to the size of the 8-ring window apertures in the materials. The samples 

have different framework composition and varying proportions of charge balancing 

cations: ITQ-29 (Si/Al = ∞), CaA (Si/Al = 1), and six NaCaA (Si/Al = 1) samples at 

greater than 50% Na+ exchange. The critical role of the framework Si/Al ratio on the 

self-diffusivity of propylene is demonstrated, and it was shown that propylene in CaA 

is about 15 times more diffusive than in ITQ-29 (Hedin et al., 2007). 

In the following sections, we will present the results of our simulations and 

comparisons with the available literature data in terms of trends and regarding to other 

LTA frameworks. 

6.3.1. Self-diffusion of Propane in Zeolite 4A 

6.3.1.1.Blocking of Sodalite Cages 

The framework of LTA zeolites is comprised of cages separated by windows. 

There are two interconnected systems: the α-cages, 11.4 Å in diameter, separated by 

4.2 Å circular openings, and the β-cages (sodalite), 6.6 Ǻ in diameter, alternating 

with the α-cages and separated by 2.2 Å apertures. In CBMC, attempts are made to 

insert a molecule at a random position so molecules could actually enter these 

cages. To prevent this, the β-cages are artificially blocked (Dubbeldam et al., 2005). 

The MD simulation starts from the equilibrium configuration provided by the 

Monte Carlo simulation part. As a consequence, the molecular trajectories are 

computed only inside the α-cages. The values obtained by our calculations are two 

orders of magnitude smaller than reported values obtained by MD simulations for 

propane in cation-free LTA (Krishna & van Baten, 2005, 2006). In this work we 

used the force field developed for CBMC simulations of adsorption equilibrium of 

propane and propylene in zeolite 4A (Granato et al., 2007), which has significant 
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differences in the carbon-sodium interaction parameters from the force field 

according to Calero et al. (2004). Details are given in Chapter 3. 

6.3.2. Results and Discussion 

Loading dependence of the self diffusivity in all-silica zeolites was studied by 

MD simulations for a variety of gases in six different zeolite structures, including 

FAU and LTA. For zeolite structures that consist of cages separated by windows the 

size of the windows is an important determinant. When the windows are wide (FAU), 

DS decreases with the loading for all molecules. If the windows are narrow, as in 

LTA, DS often shows a sharp increase with the loading, reaches a maximum and 

reduces to near-zero values at saturation (Krishna & van Baten, 2007). 

We have performed MD simulations for loadings of 2, 4, 8, and 16 molecules of 

propane per unit cell at temperatures of 423 and 473K. This procedure was chosen 

because experiments on adsorption equilibrium of propane in zeolite 4A have been 

conducted at these temperature conditions, and resulted in maximum adsorption 

loadings of 15 and 18 molecules per unit cell respectively (Grande et al., 2003). 

Additional simulations at 373K were carried out for loadings of 2 and 4 molecules per 

unit cell in order to analyse the temperature dependence on the self diffusivities. The 

loading dependence of the self-diffusivities of propane and propylene in 4A zeolite is 

shown in Figure 6.7. 

Due to the lack of experimental measurements of self diffusion of propane and 

propylene in zeolite 4A, only qualitative comparisons with the 5A and the cation-free 

LTA were made. Figure 6.8 gives a picture of the simulated self diffusivities as a 

function of the loading compared with experimental data on zeolite 5A (Heink et al., 

1992; Brandani et al., 1995), and MD simulations of all-silica LTA (Krishna & van 

Baten, 2007). The trend regarding the loading dependence is remarkable, considering 
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the different frameworks of reference. The discrepancy between different 

measurement techniques (Heink et al., 1992; Brandani et al., 1995) is of one order of 

magnitude, like the difference shown for experimental self diffusion coefficients of 

propane in FAU-type zeolites (Figure 6.6). 

Figure 6.7 – Loading dependence of self diffusion coefficients of propane and 

propylene in zeolite 4A 

 

Figure 6.8 – Comparison of literature data of propane self diffusivities in 

LTA-type zeolites. 
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Diffusion in zeolites is often found to be an activated process. The apparent 

activation energy of normal-paraffins in zeolites 4A and 5A increases with the van der 

Waals diameter of the species and high activation energies are found (Ruthven, 1984). 

The temperature dependence of propane self diffusivities in zeolite 4A follows a 

similar pattern to that measured in zeolite 5A (Heink et al., 1992), as shown in Figure 

6.9. However, the calculated activation energy from our simulations is too low, as is 

shown in Table 6.4. Table 6.5 lists literature data taken from Ruthven (1984). Other 

sources are indicated in the table. Self diffusivities of methane, ethane, propane and n-

butane in 5A zeolite vary from 10-9 to 10-13 m2s-1. The experimental values for the 4A 

system range from 10-15 to 10-19 m2s-1. This is explained by the increase of the 

effective sieve diameter from about 4 to 5Å by partially exchanging the sodium 

cations of the 4A zeolite for calcium, which will result in higher diffusivities for the 

5A framework (Ruthven, 1974). 

When results from molecular simulations are compared, it is seen that the 5A 

system shows a reasonable agreement, while the MD simulations of 4A give results 

up to five orders of magnitude higher than those experimentally obtained. 

Table 6.4 – Evaluation of the Arrhenius plots 

 Ea [kJ/mol] Do [m2s-1] Reference 

Propane/4A 9.2 8.0 × 10-12 This work 
Propane/5A 18.1 1.4 × 10-9 Heink et al. (1995) 
Propane/5A 14.5 2.0 × 10-13 Kärger & Ruthven (1992) 

    
Propylene/4A 8.7 1.8  × 10-10 This work 

It is more difficult to obtain good quantitative agreements for simulated self 

diffusivities with experimental results for LTA because the computed values are very 

sensitive to the choice of the force field (Krishna & van Baten, 2007), and the time 
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scale of slow diffusion regimes is often a limitation for classical MD techniques 

(Kärger & Ruthven, 1992). An alternative approach has been applied to compute the 

rate of slow diffusion of CCl4 in zeolite NaA by using an adaptation of the “rare 

events” method combined with MD calculations (Ghorai et al., 2002), and to study 

diffusion of linear alkanes in ERI, CHA, and LTA-type zeolites by a combination of 

rare-event transition-state theory techniques and the CBMC algorithm (Dubbeldam, 

2003). 

Table 6.5 – Summary of Diffusivity Data 

CH4 Method Do or DS [m2s-1] Eact 

5A PFG-NMR 1 × 10-9 4 

4A Uptake, NMR 
relaxation 1.5 × 10-15 – 5 × 10-16 21 – 24 

C2H6  
5A PFG-NMR 6 × 10-11 6 
4A Uptake 1.4 × 10-15 – 2.2 × 10-17 22 – 34 

C3H8  
5A PFG-NMR, Uptake 1 × 10-13 14 
4A ZLC a 2.26 × 10-15 23.67 

C4H10  
5A PFG-NMR 8 × 10-13 12 - 17 
4A Uptake 3 × 10-19 40 

CH4  
all silica-LTA 2 × 10-10 - 2 × 10-9 - 
NaCa-LTA (5A) 3 × 10-11 - 6 × 10-10 - 
Na-LTA (4A) 

MD simulations b 

2 × 10-12 - 2 × 10-10 - 
C2H6    
all silica-LTA MD simulations b 1 × 10-9 – 2.6 × 10-12 - 
C3H8    
4A MD simulations c 8.0 × 10-12 9.2 
a Grande & Rodrigues, 2004 
b Krishna & van Baten, 2007 
c This work 
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Figure 6.9 – Arrhenius plot of self diffusion coefficients of propane in zeolite 4A 

Figure 6.11 shows a comparison between the simulated self diffusivities of 

propane and propylene in zeolite 4A as a function of the temperature. 

 

Figure 6.10 – Arrhenius plot of self diffusion coefficients of propylene in zeolite 4A 
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Figure 6.11 – Simulated self diffusivities of propane (closed symbols) and 

propylene (open symbols) in zeolite 4A. The numbers at the right side represent the 

loadings in molecules per unit cell. 

6.4. Estimate of Transport Diffusivities 

The self-diffusivity DS describes the motion of an individual sorbate molecule at 

thermodynamic equilibrium. When a gradient in the intracrystalline sorbate 

concentration exists, the proportionality between the sorbate flux, J and the 

concentration gradient, ∇q is given by Fick’s law: 

 TD q= − ∇J  (6.3) 

where DT is the transport diffusivity. 

A first approximation between the self- and the transport diffusivity is given by 

the Darken equation: 

 ln
lnT S

T

d pD D
d q

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
 (6.4) 

where p is the pressure and q is the intracrystalline sorbate concentration at a 

temperature T. In the low concentration limit, d ln p/d ln q → 1 and the transport and 
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self-diffusivities should coincide (Kärger & Ruthven, 1992). For zeolitic systems which 

typically exhibits isotherms of type I form, d ln p/d ln q generally increases as q 

increases, then, eq. 6.4 predicts that  DT >DS. The thermodynamic factor d ln p/d ln q is 

proportional to q/p divided by the slope of the equilibrium adsorption isotherm (Wang 

& LeVan, 2008). 

Table 6.6 shows values of experimental measurements of transport diffusivities 

of propane and propylene by Thermal Frequency Response method and the 

corresponding corrected self-diffusivities obtained by applying the Darken equation 

(Malka-Edery et al., 2001), and the limiting transport diffusivities at low 

concentration (q ≈ 0) obtained by the traditional ZLC method (Brandani et al., 1995) 

compared with the transport diffusivities estimated by the Darken equation from 

experimental equilibrium isotherms (Da Silva & Rodrigues, 1999) and self 

diffusivities from our MD simulations. The Darken relationship gives a reasonable 

estimate of the transport diffusivities of propane and propylene in 13X. 

Figure 6.12 – Transport diffusivities of propane in zeolite 13X 
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Table 6.5 – Diffusivity Data of Propane and Propylene in Zeolite 13X 

Propane in NaX zeolite - 303K 
 q(molec/unit cell)  DT (m2/s)  Darken factor  D0 (m2/s) 

2.64 2.6 × 10-9  1.2  2.2 × 10-9 
12  2.0 × 10-9  1.1  1.8 × 10-9 

Malka-Edery et al. 
(2001) 

24  5.4 × 10-9  2.1  2.5 × 10-9 
Brandani et al. 

(1995)a ≈0 1.4 × 10-11 - - 

 q (molec/unit cell)  DT(m2/s)  Darken factor  DS (m2/s) 
2 9.2 × 10-9 1.31 7.0 × 10-9 
4 5.8 × 10-9 2.05 2.8 × 10-9 
8 2.9 × 10-9 2.40 1.2 × 10-9 
16 1.6 × 10-9 2.30 6.9 × 10-10 

This work 

32 2.8 × 10-10 1.01 2.8 × 10-10 
 

Propylene in NaX zeolite - 303K: 
 q (molec/unit cell)  DT(m2/s)  Darken factor  D0 (m2/s) 

24 4.1 × 10-10 3.0 1.3 × 10-10 Malka-Edery 
(2001) 42 2.0 × 10-9 8.2 2.4 × 10-10 

Brandani et al. 
(1995) a ≈0 6.9 × 10-12 - - 

 q (molec/unit cell)  DT(m2/s)  Darken factor  DS (m2/s) 
16 6.7 × 10-8 86.5 7.8 × 10-10 This work 
32 3.1 × 10-9 9.75 3.2 × 10-10 

a T = 358K 

The loading dependence of the estimated transport diffusivities of propane from 

MD simulations shows that DT is approximately equal to DS at a loading of 2 

molecules/unit cell, in agreement with the Darken model (Figure 6.12). However, the 

concentration behavior depends quite sensitively on the isotherm model (Wang & 

LeVan, 2008). The Darken approximation was tested over a wide range of 

temperatures and loadings of CH4 and CF4 in silicalite by molecular simulation and 

the results have shown that methane obeys the Darken relation but CF4 deviates 

strongly from the Darken model (Skoulidas &.Sholl, 2002). Figures 6.13 (a, b, c, d) 

show great discrepancies in the transport diffusivities estimated via Darken’s equation 

at different temperatures, especially in the 4A system. 
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Intracrystalline diffusion coefficients in orders of magnitude of 10-17 and 10-18 

m2/s have been obtained by uptake measurements (Khodakov & Rees, 1995; Grande 

& Rodrigues, 2004). 

From uptake measurements of propane in 4A zeolite at 393K, fitted by a first 

order linear driving force (LDF) model for gas adsorption kinetics (Glueckauf, 1955), 

a mass transfer coefficient k = 0.02115 h-1 was calculated. For a crystal radius of 1.9 × 

10-6 m2 (Da Silva & Rodrigues, 1999), the resulting transport diffusivity is 1.6 × 10-18 

m2s-1 at 393K. Table 6.6 shows the available diffusivity data of propane and 

propylene in zeolite 4A from literature compared with the transport diffusivities 

obtained by applying the Darken approximation to the self-diffusivities from our MD 

simulations. 

Table 6.6 – Diffusivity Data of Propane and Propylene in Zeolite 4A 

Propane/4A 
Khodakov & Rees (1995) 

T [K] DT (m2s-1) 
342 2.2 × 10-18 
388 8.4 × 10-18 
424 1.7  × 10-17 

Grande & Rodrigues (2004) 
423 2.7 × 10-18 
473 5.5 × 10-18 

This work 
423 2.2 × 10-12 
473 1.9 × 10-12 

Propylene/4A 

Grande & Rodrigues (2004) 
423 5.9 × 10-16 
473 9.8 × 10-16 

This work 
373 4.4 × 10-10 
423 1.3 × 10-10 
473 6.2 × 10-11 
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The large differences between our simulations and the available experimental 

data clearly show that the classical MD technique is not suitable for predicting 

diffusivities in very slow diffusion regimes. 

 

 

Figure 6.13 – Loading dependence on self and transport diffusivities of propane (a) 

and propylene (b) in zeolite 13X, and propane (c) and propylene (d) in zeolite 4A 
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6.5. Nomenclature 

D Diffusion coefficient [m2s-1] – subscripts are self-explanatory 

Eact Activation energy [kJ/mol] 

k Mass transfer coefficient [h-1] 

m Atom mass [units of mass: g, kg, etc.] 

N Number of atoms or molecules 

p Pressure 

q Concentration 

R Ideal gas constant  [8.314472 J/K] 

r Position vector [m] 

t Time [units of time: s, h, min, etc.] 

T Absolute temperature 

V Volume. 

6.6. Conclusions 

In this chapter, adsorption kinetics of propane and propylene in zeolites 13X and 

4A were studied by Molecular Dynamics simulations. For the 13X system, the self 

diffusivities and activation energies of propane and propylene were calculated in 

reasonable agreement with experimental data. The simulated self diffusivities of 

propane and propylene in zeolite 4A present an increasing trend with the loading, but 

the calculated values are up to five orders of magnitude higher than the reported 

experimental measurements. 

The Darken equation was applied to estimate the transport diffusivities of 

propane and propylene in zeolites 13X and 4A. Propane diffusivity in 13X at 303K is 

1.6 × 10-9 m2s-1, in good agreement with the value of 2.0 × 10-9 m2s-1 (Malka-Edery et 
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al., 2001). Propylene diffusivity in 13X at 303k is 3.1 × 10-9 m2s-1, which also agrees 

with the experimental value of 2.0 × 10-9 m2s-1 (Malka-Edery et al., 2001). 

Results for 13X system are consistent with published experimental data, while 

the 4A system shows large discrepancies between simulated results and the available 

experimental measurements. 

From the obtained results, it follows that Molecular Dynamics is suitable for 

estimating self diffusivities in zeolite structures consisting of cages separated by wide 

windows, such as zeolite 13X. For narrow window structures, such as 4A, other 

simulation techniques have proven to be more accurate than classical MD to 

reproduce very slow diffusion rates. 
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7. Conclusions and Recommendation for Future Work 

7.1. Conclusions of Ph. D. Work 

This thesis is the result of application of Molecular Simulation techniques to study 

adsorptive processes. The main focus is on propane/propylene adsorption on zeolites 4A 

and 13X. Equilibrium adsorption of single component and binary mixtures of propane 

and propylene was studied by the Configurational-bias Monte Carlo technique (CBMC). 

Molecular Dynamics (MD) was applied to predict the self-diffusivities of propane and 

propylene in 4A and 13X zeolites. The following conclusions are drawn from each 

section of this work: 

 The zeolite models used in this work are effective representations of 4A and 

13X zeolites, considering the interactions between the adsorbates and the 

non-framework sodium cations. 

 New interaction parameters for the double-bonded carbons of propylene have 

been successfully developed. The simulations of equilibrium adsorption of propane 

and propylene in 4A zeolite provided accurate results of adsorption loadings of single 

component and binary mixtures, as well as the heats of adsorption of the studied 

system. It was found that the sodium force field developed by Calero et al. (2004), 

which is suitable for studying adsorption in other Na-containing zeolite frameworks, 

namely, FAU and MFI, does not work well for the Na-LTA system (4A). It turns out 

that this is due to the interaction with sodium, as the simulations without cations agree 

very well with adsorption experiments on cation-free LTA. Our force field for zeolite 

4A is in good agreement with recent experiments which show that the adsorbed 

amount of propane is much higher than reported previously (Järvelin & Fair, 1993; 

Grande et al., 2003). 
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 Adsorption of n-hexane in zeolite ITQ-29, the cation-free form of LTA, was studied 

with excellent agreement with experimental measurements of adsorption loadings and 

heats of adsorption. 

 The force field for molecular simulation of the adsorption properties of linear 

alkanes in the sodium form of faujasite (FAU), MFI, and MOR-type zeolites (Calero 

et al., 2004) was applied to reproduce experimental results of propane adsorption 

properties in zeolite 13X. The Lennard-Jones (LJ) parameters for interactions between 

the sp2-hybridized bond of propylene and the other atoms of this system are 

successfully determined by fitting against experimental isotherms. This new set of 

parameters allows the calculation of adsorption properties of propane-propylene 

mixtures, as well as the isosteric heat of single-component adsorption of propane and 

propylene in zeolite 13X. 

 Additional work on other adsorbates (n-butane, isobutane, and 1-butene) in 13X 

zeolite has been conducted. The LJ parameters for the interactions between the tertiary 

sp3-bonded carbon of isobutane and sodium atoms in zeolite 13X have been 

determined. The simulations of 1-butene/13X validate the applicability of the force 

field developed for propylene in 13X. The agreement with experimental data confirms 

that our simulation results provide a new contribution to guide desorbent choice in the 

development of cyclic adsorption processes, such as SMB for propane/propylene 

separation. 

 Molecular Dynamics (MD) simulations were performed for estimating 

self-diffusion coefficients of propane and propylene in 13X and 4A zeolites and 

dependence of self-diffusivities on temperature and concentration. The results for 13X 

system presented satisfactory agreement with experimental measurements, although it 

is widely known that different measurement techniques may produce large 
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discrepancies, up to three orders of magnitude (Brandani, 2007). However, for the 

very slow diffusion in zeolite 4A the results obtained by our calculations have 

presented an increasing trend with the loading, as expected, but the calculated values 

are up to five orders of magnitude higher than the reported experimental 

measurements. From the results of MD simulations, the conclusion is that classical 

MD simulations are suitable for calculating self-diffusivities of propane and propylene 

in zeolite 13X, but are not appropriate for zeolite 4A diffusion (Dubbeldam & Smit, 

2003). 

 The Darken equation was applied for determination of transport diffusivities of 

propane and propylene in zeolites 4A and 13X from simulated self-diffusivities. In 

13X zeolite, the corresponding transport diffusivities are well described by the Darken 

model. Evaluation of transport diffusivities for 4A system requires a more suitable 

molecular simulation method. 

7.2. Recommendations for Future Work 

This work was the starting point on Molecular Simulations at the LSRE. There is a 

full range of opportunities in developing succeeding studies on molecular simulation. 

The following suggestions are not exhaustive, but nonetheless provide interesting goals 

to be accomplished 

 Molecular simulations of other framework and adsorbate systems 

Zeolites remain very interesting for applications in catalytic and separation processes. 

Other zeolitic frameworks, such as zeolite 5A, have been widely studied experimentally 

in the last years. However, molecular simulations in 5A have enormous potential for 

validating force fields and simulation techniques (flexible frameworks, “real” 5A 

structures, etc.). Zeolite Beta is attractive for molecular simulations studies. 
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The increasing application of Metal-organic frameworks (MOFs) opens a new field 

for molecular simulations. The complexity of the MOFs structure and their adsorption 

characteristics require a careful analysis of the currently available force fields and 

framework representations. It is an unexplored and challenging field (Keskin, et al., 

2008; Ramsahye et al., 2007; Stallmach et al., 2006). 

 Molecular simulations of slow diffusion regimes 

Molecular dynamics has enormous applications in several scientific domains. 

Diffusion in slow regimes, studied with appropriate force field and effective 

framework/adsorbate representations are challenging themes for application of 

alternative techniques, as has been done recently (Ghorai et al., 2002; Dubbeldam & 

Smit, 2003). 
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Soneto 

E assim, mais uma vez lançado para fora 
Da porta que me protege e oprime, 
Busco, na chuva, o céu azul. O agora 
Na sombra do passado que traiu-me. 

Busco o fruto na árvore caída. 
O pulsar no coração já morto. 
No silêncio, o grito. A vida 
No triste epílogo do aborto. 

Retorno a casa. À porta aberta. 
Mas o quarto continua escuro. 
-“Inventi portus! Não quero a lua!” 

Então o próprio sono me desperta: 
-“Foge! Sai! Derruba o muro! 
Há um arco-íris lá no fim da rua!” 
 

Miguel Angelo Granato 

Lorena/SP - Brasil 

Março, 1982 
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