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INTRODUCTION

1.1. ZEOLITES IN INDUSTRIAL CATALYSIS OF AROMATICS

Separation processes are essential for the chemical and petrochemical industry [1].
In these processes, physical, chemical, or electrical forces are used to separate com-
ponents of a mixture [2]. Processes commonly used for separation of molecules use
ca. 10-15% of the world’s energy consumption [3, 4]. Separation technologies can
improve the energy efficiency, increase the efficiency of the use of raw materials, and
reduce the residuals from the separation process [2]. The separation of hydrocar-
bons is considered -with the separation of greenhouse gases from dilute emissions
and uranium from seawater- as one of the “seven chemical separation processes to
change the world” [5].

Common separation of hydrocarbons is performed using fractional distillation
[6]. In this process, the separation is based on the boiling points of the different
components of the hydrocarbon mixture [7]. Fractional distillation is considered to
be the main crude oil separation process, as it performs the initial rough separation
of different fuels [8]. Typical products of the fractional distillation of crude oil are:
light gases (butane/propane), gasoline, kerosene, diesel, and light/heavy fuel oils
[9]. Producing these account for ca. 1/3 of the total primary energy consumption
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2 1. INTRODUCTION

Figure 1.1: BTEX aromatic compounds. Carbon atoms are shown in blue. Hydrogen atoms are shown
in white. (a) Benzene, (b) toluene, (c) ethylbenzene, (d) m-xylene, (e) o-xylene, and (f) p-xylene.
Molecules visualized with iRASPA. [22]

of the world [10]. At the top end of the gasoline distillation range, there is usually
a surplus called naphtha [11]. This is used as feedstock for petrochemical plants.
Naphtha contains two main types of hydrocarbons: aliphatic and aromatic [12].
The aliphatic group is composed by paraffinic hydrocarbons and cycloparaffins [13].
The aromatic group is mainly composed by alkyl-substituted benzenes [13].

Aromatics are important building blocks for the production of fine chemicals,
polymers, and fuels [14, 15]. The aromatic hydrocarbons of commercial interest for
the petrochemical industry include benzene, toluene, and mixed xylenes [16, 17].
This group of aromatics is often referred to as BTX, or BTEX if ethylbenzene is in-
cluded. The BTEX compounds are shown in Fig. 1.1. The International Energy
Agency [18] reported that the production of primary chemicals, specifically am-
monia, methanol, ethylene, propylene, and BTX consumes 2/3 of the total energy
consumption of the chemical sector. It is expected that the demand of such primary
chemicals increases 41% by 2040 [19]. Traditionally, mixed BTX are obtained by
catalytic cracking and catalytic reforming processes of naphtha [20]. After cracking
and reforming of naphtha, the BTX mixture is separated using distillation to produce
benzene, toluene, and mixed xylenes [21].

Benzene is mostly used for the production of ethylbenzene and cumene [23].
These are raw materials for the production of styrene [24], phenol [25], and long-
chain alkylbenzenes [26]. Such products are used as feedstocks in the manufacture
of surfactants [27]. Toluene is commonly added to gasoline as an octane booster
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[28]. Most of the toluene that is not used for fuel purposes is converted into ben-
zene and xylenes or used for solvents [29, 30]. Xylenes are components of solvents,
cleaning agents, paint thinners, varnish, and corrosion preventives [31, 32]. A mix-
ture of xylenes at thermodynamic equilibrium typically contains 53% m-xylene, 24%
o-xylene, and 23% p-xylene [33]. From the xylene isomers, p-xylene has the highest
economic value [34, 35]. It is a core raw material for manufacturing polyethylene
terephthalate [36, 37], commonly known as PET. This is typically used for packag-
ing [38, 39], containers for liquids and food [40-42], clothes [43], textiles [44],
engineering resins [45], and medical protection equipment [46, 47]. Recently, the
production of PET fiber overtook cotton as the largest-volume fiber produced glob-
ally [48]. o-Xylene is used for the production of phthalic anhydride [49-51], which
is mostly used as a plasticizer for the production of polyvinyl chloride (PVC) [52].
The end uses of PVC include pipes, fittings, window and door frames, clothing, car
seat covers, inflatable structures, toys, etc. [53-57] m-Xylene -the main component
of the mixture of xylenes- has a limited end use and is preferably isomerized into p-
xylene or o-xylene [58, 59]. The different practical applications and economic value
of xylene isomers make the separation of the isomers from the mixture a relevant
industrial process [60, 61]. Separation of xylenes is a major challenge [62-64].
The separation of Cg aromatics is one of the most classical separation problems in
the petrochemical industry [65]. The separation using distillation is a very difficult
process due to the similar boiling points of xylene isomers [66, 67]. Crystalliza-
tion processes can be used for separation, as p-xylene has a higher melting point
than the other isomers [68]. However, cooling the mixture down to the appropriate
crystallization temperature is very energy demanding [69].

The efficient use of the energy resources of the world has become an issue ur-
gent to address [70]. Efforts to develop and improve technologies to transform
hydrocarbons efficiently are important [71]. Sholl and Lively [5] have underlined
that improvements to the separation processes of benzene and Cg aromatics would
greatly benefit the world. Separation using adsorption in porous materials is an at-
tractive alternative to distillation for the separation of chemicals [72]. Adsorption in
a porous material is a process in which molecules are accumulated at a surface in the
pores of the material [73]. The use of solid adsorbents for separation yields higher
separation efficiencies and lower energy consumption than traditional separation
processes [74-76]. Minceva and Rodrigues [77] reported that about 40% and 60%
of the worldwide supply of pure p-xylene is produced by crystallization and adsorp-
tion technologies, respectively. The selective adsorption of one specie over another
is the base of the separation of molecules using porous materials [78, 79]. The sep-
aration of xylenes in porous materials can be achieved by the adsorption in zeolites
(such as FAU-type [77, 80-89]) and metal-organic frameworks [90-93]. Current
research efforts are focused on advances of new membranes and sorbents that de-
crease the energy consumption of such xylene isomer separation [5]. However, this
is not a straightforward task as p-xylene is less than 1 A smaller than o-xylene [94].
This makes the separation of xylenes in porous materials a particularly difficult en-
deavor.
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Figure 1.2: UOV-type zeolite structure [123]. Silicon and oxygen atoms are shown in yellow and red,
respectively. The blue rings indicate some of the 6-, 8-, 10, and 12-membered rings (mr) of the zeolite
framework. The zeolite rings are circuits of alternating Si (or Al) and O atoms [122]. In this zeolite type,
the 8-, 10- and 12-mr form interconnected 8-, 10- and 12-mr channels, respectively.

Zeolites have been widely used in many processes for the transformation of hy-
drocarbons [95-97]. These materials are considered the most important heteroge-
neous catalyst in the petrochemical industry [98, 99]. Other uses of zeolites range
from water cleaning materials [100-102], builder for laundry powders [103], odor
control agents [104], to the capture of radioactive particles [105], and several other
applications [106-115].

Zeolites have a porous structure with well defined pores and channel systems
[116]. These systems offer large void volumes that are able to host a wide variety
of molecules while maintaining mechanical stability [117, 118]. Zeolites are based
on TOy4 tetrahedra (T represents either Si or Al atoms) [119]. Several TO, tetra-
hedra form crystalline structures with defined void spaces that shape cavities and
interconnecting channels [120]. Zeolites have different channel sizes [121]. These
are characterized by rings of connected T and O atoms [122]. Fig. 1.2 shows the
UOV-type zeolite structure with highlighted 6-, 8-, 10-, and 12-membered rings that
evince the different sizes of the rings.

Each zeolite structure has particular physical and chemical properties. Practi-
cally, there is no limit to the number of hypothetical zeolite structures [124-126].
However, there are currently only 253 different zeolite types [123] that have been
discovered in nature or synthesized in the lab [127]. These are assigned a three-
letter code (e.g., UOV). Nearly twenty types are used in industry [128]. Five of
these are significantly produced as commercial catalysts [129]. These are the so-
called ’big five’ [107] zeolite types and are shown in Fig. 1.3.

Many industrial molecule separation applications strongly rely on the selec-
tive hosting capabilities of zeolites [130-135]. For example, xylene molecules dif-
fusing along the zeolite pores can undergo isomerization, disproportionation and
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transalkylation reactions [136-139]. Before molecules can be transformed inside
a zeolite, the molecules have to be adsorbed and then diffuse to the active sites
[140, 141]. After transformation, the reaction products have to diffuse and desorb
from the zeolite [142]. Thus, knowledge of the adsorption and diffusion behavior
of hydrocarbons in the pores of zeolites is important for the understanding of the
catalytic activity of the zeolite [130, 143-149].

1.2. MOLECULAR SIMULATION OF ZEOLITE ADSORPTION

The experimental study of adsorption of aromatics in zeolites has many challenges
[150], specially at high pressures and temperatures [151, 152]. There are many
practical difficulties for obtaining reliable experimental adsorption data. Such diffi-
culties are related to large error propagation [153], leaking at high pressures [150],
the determination of the void volume of the porous material, and the description of
real gas behavior at high pressures [154, 155]. The adsorbed loadings are usually
determined by weight changes of the porous material or by volume/pressure differ-
ences in the fluid phase [156]. This implies that when considering the adsorption of
a multi-component mixture, determining the composition of the adsorbed mixture is
not as straightforward as when a pure component is adsorbed [150, 157, 158]. The
prediction of the adsorption equilibrium of multiple components is one of the most
challenging problems in adsorption [159-161]. Experimental studies of adsorption
of a multi-component mixture are time consuming, as only a single particular pres-
sure point can be measured per experiment [162]. Also, the zeolite samples must
be synthesized [163, 164]. The zeolite synthesis can be complex, expensive, time
consuming, and require careful adjustment of synthesis conditions [165-169]. This
can be unpractical for screening purposes [170].

As most of the activity occurs inside the pores of the material, it is very diffi-
cult to carry out experiments that yield information at the molecular level [144].
Simulations can provide detailed insight on the molecular scale that are not easily
accessible from experimental methods [171, 172]. Molecular simulations are an
extensively used tool to predict the thermodynamic properties of a wide diversity of
systems [173]. Thermodynamic properties of pure components and mixtures can be
computed for large ranges of conditions, even when experiments can be challeng-
ing, expensive, or dangerous [173]. The accurate description and characterization
of the thermodynamic properties of the aromatics -such as the vapor-liquid equi-
librium (VLE), adsorption equilibrium, and diffusion rate of molecules- is critical
for the design of proper techniques, equipment, and processes for efficient separa-
tion [174-178].

The thermodynamic properties of hydrocarbons in zeolites have been consider-
ably studied and predicted using molecular simulations [179-188]. These simula-
tion techniques have also been applied to study other nanoporous materials [189—
196]. Monte Carlo (MC) simulations in the grand-canonical ensemble can be used
to compute sorbate loadings in a zeolite for different temperatures and pressures
[197-199]. Several studies where MC is used to study adsorption of aromatics in
zeolites can be found in literature [135, 200-210].

Many key process properties can be predicted using molecular simulations. For




6 1. INTRODUCTION

Figure 1.3: Framework structures of the so-called ’big five’ zeolite types. These zeolite types are fre-
quently used as commercial catalysts for industrial purposes [129]. Silicon and oxygen atoms are
shown in yellow and red, respectively. (a) MFI-type zeolite, (b) MOR-type zeolite, (c) BEA-type zeo-
lite, (d) FAU-type zeolite, and (e) FER-type zeolite. The maximum diameter of a sphere that can fit in
these zeolite types are: 6.36, 6.7, 6.68, 11.24, and 6.31 A, respectively [123]. MFI- and FER-type ze-
olites contain 10-membered ring (mr) channels. BEA- and MOR-type zeolites contain 12-mr channels.
FAU-type zeolites contain 12-mr cages.



1.2. MOLECULAR SIMULATION OF ZEOLITE ADSORPTION 7

example, the heat of adsorption, Henry coefficient, diffusion coefficients, saturation
capacities, adsorption selectivities, and adsorption isotherms [144, 211]. The heat
of adsorption is a reference for the energy demand of the adsorption/desorption
of the species involved in the separation process [212, 213]. The diffusion coeffi-
cient is related to the residence time of the hydrocarbons in the zeolite [214, 215].
Adsorption loadings provide information regarding the occupancy of the void vol-
umes of the zeolite for a given pressure and temperature [73]. These properties can
be compared to empirical data or used for screening materials that may have been
overlooked for separation applications.

Computer simulations of the adsorption of hydrocarbons in zeolites are typically
performed using rigid zeolite frameworks [186, 197, 216]. However, molecular sim-
ulation studied have reported that the computed loadings can be sensitive to small
differences in the atom positions of the zeolite, specially for aromatics [217]. This
suggests that interactions that include framework flexibility and polarizability may
be required to simulate systems where molecules fit tightly in the pores of zeolites
[217, 218]. Only a limited amount of studies have approached the simulations of
adsorption using a flexible zeolite framework [216, 219-223]. However, none of
these studies have addressed the effect of framework flexibility on the adsorption of
aromatics in zeolites [204].

Molecular Dynamics studies have shown that accounting for framework flexibil-
ity considerably affects the diffusion coefficient of aromatics in zeolites [137]. It has
been reported that framework flexibility changes the diffusivity of benzene in zeo-
lites by orders of magnitude [224, 225]. If the diffusion coefficient of a molecule in
a zeolite framework is sufficiently high, Molecular Dynamic simulations can be di-
rectly used [144]. Processes such as the separation of aromatic mixtures in zeolites,
show self-diffusion coefficients lower than 10712 m2s~! [226]. As such, the diffu-
sion behavior may occur outside the time scales accessible to Molecular Dynamics
simulations [227]. The free energy landscape of molecules within the pores of a
zeolite indicates the mobility of the molecules inside the zeolite and can be used
in a more quantitative investigation of product shape selectivity of zeolite catalysts
[228]. Low diffusion coefficients are observed when the molecules are trapped
in low free energy sites in the zeolite framework, and sporadically hop from one
low energy site to another [144]. Transition state theory (TST) methods can be
used to estimate the diffusion coefficients in porous materials at slow diffusion time
scales [229, 230], using the free energy landscape [231]. Such methods have been
used for the estimation of diffusion coefficients of aromatics in MFI-type zeolites
[224, 225, 232-234].

Industrial separation and catalytic processing of aromatics considers adsorption
in a zeolite from a stream of mixed aromatics [235]. In practice, most Cg processing
technologies have considered adsorption from a vapor phase. More recently, there
has been interest in adsorption from a liquid phase [236]. Considering adsorption
from a liquid phase leads to an efficient use of all the pore volume of the zeolite.
Liquid phase adsorption is preferred due to its operational, maintenance and en-
vironmental advantages over other processing technologies [237]. Comprehensive
knowledge regarding the effect of the selective mechanisms for the adsorption of hy-
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drocarbons in zeolites at high loadings and reaction conditions is of great interest for
the petrochemical industry [238]. Industrial applications deal with adsorption from
a mixture of hydrocarbons at chemical equilibrium. However, not much is known
about the chemical equilibrium of the adsorbed molecules at reaction conditions.
Most studies of adsorption of aromatics in zeolites, either experimental or com-
putational [202], have focused on adsorption of pure components from the vapor
phase. Experimentally, it is very difficult to determine the adsorption equilibrium at
saturation conditions [159, 160]. In molecular simulations, very difficult insertion
and deletion of molecules make simulations extremely inefficient [239]. However,
advanced biasing techniques -such as Continuous Fractional Component (CFCMC)
[240-242] or Configurational-Bias (CBMC) [243, 244]- can be used nowadays in
Monte Carlo simulations to overcome this issue.

In this thesis, the following issues are addressed: (1) the choice of force fields for
the appropriate computation of thermodynamic properties of aromatic molecules;
(2) the sensitivity of adsorption and diffusion of aromatic molecules to zeolite
framework flexibility; (3) the effect of the zeolite topology on the chemical equi-
librium of xylenes at reaction conditions.

1.3. OUTLINE OF THIS THESIS

In this thesis, the separation of aromatics hydrocarbons in zeolites is studied us-
ing classical molecular simulations. The different chapters address different aspects
that influence the separation of aromatics in zeolites. Such aspects provide physical
insight for the improvement of the models that are used for molecular simulations
of aromatics in zeolites, as well as guidelines for the design and improvement of
separation processes that use molecular sieves. Important research questions that
will be addressed here are: (1) how does framework flexibility influence adsorption
and diffusion of Cg aromatics in zeolites?; (2) what is the role of the pore topol-
ogy?; for the separation and catalytic conversion of xylenes, (3) how does the type
of framework influence the product distribution of xylene isomers?; (4) are there
any possible zeolite structures that may have been overlooked for the processing
of aromatics?. This may ultimately lead to improvements in processes for aromatic
industrial separation and catalytic transformations.

The intermolecular interactions between aromatic molecules are studied in chap-
ter 2. The vapor-liquid equilibria (VLE) of xylenes as pure components and binary
mixtures is computed by Monte Carlo simulations using different force fields. A
common practice in the development of the potentials for aromatics is to fit the in-
teraction parameters to reproduce the VLE of the pure component [245-248], or
by ab initio quantum mechanical calculations [249-251]. Several force field for xy-
lene interactions have been reported in literature [248, 251-255]. Each of these
force fields offer particular features and characteristics (i.e. electrostatic interac-
tions, united/all-atom approach, etc.). The effects of these characteristics on the
accurate prediction of the VLE of pure components and binary mixtures of xylenes
are assessed.

The zeolite intra-framework interactions and the interaction of the framework
with guest aromatic molecules is studied in chapters 3 and 4. The effects of the
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use of force fields for framework flexibility in the adsorption of aromatics in zeolites
is examined in chapter 3. Adsorption loadings in MFI-type zeolites are computed
by Monte Carlo simulations in the grand-canonical ensemble. MFI-type zeolite is
chosen as a study case as it shows potential for the separation of aromatic hydro-
carbons due to its average pore size between 6 and 7 A [256]. It is shown that force
fields for framework flexibility inherently produce changes of the zeolite structure,
and hence the adsorption isotherms are changed. These changes are due to the
intra-framework interactions of the force fields and not to the presence of guest
molecules. The influence of framework flexibility on the adsorption and diffusion of
aromatics in zeolites is studied in chapter 4. Adsorption loadings and self-diffusion
coefficients of aromatics in an MFI-type zeolite are computed by Monte Carlo simu-
lations in the grand-canonical ensemble and using TST, respectively. It is shown that
for very flexible zeolite frameworks, loadings up to two times larger than in a rigid
zeolite framework are obtained at a given pressure. It is also shown that framework
flexibility changes the diffusion of aromatics in a zeolite channel by many orders of
magnitude compared to a rigid zeolite framework.

The interactions of aromatic molecules inside different zeolite types are studied
in chapter 5. The competitive adsorption of xylenes in zeolites is studied. Com-
putations of adsorption of pure xylenes and a mixture of xylenes at chemical equi-
librium in several zeolite types are performed by Monte Carlo simulations in the
grand-canonical ensemble. Adsorption from both vapor and liquid phases are con-
sidered. The different mechanisms that drive adsorption in each zeolite type are
studied. Chapter 5 provides insight on how the zeolite framework can influence the
competitive adsorption and selectivity of xylenes at reaction conditions. Different
selectivities are observed when a vapor phase is adsorbed compared to the adsorp-
tion from a liquid phase. This insight has a direct impact on the design criteria for
future applications of zeolites in industry.







VAPOR-LIQUID EQUILIBRIA OF
XYLENE MIXTURES

This chapter is based on the article:

S. Caro-Ortiz, R. Hens, E. Zuidema, M. Rigutto, D. Dubbeldam. T. J. H. Vlugt,
Molecular simulation of the vapor-liquid equilibria of xylene mixtures: Force field per-
formance, and Wolf vs. Ewald for electrostatic interactions, Fluid Phase Equilibr. 485,
239 (2019) [257, 258].
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12 2. VAPOR-LIQUID EQUILIBRIA OF XYLENES

2.1. INTRODUCTION

The accurate description and characterization of the thermodynamic properties -
such as the vapor-liquid equilibrium (VLE)- is critical for the design of proper tech-
niques, equipment, and processes for an efficient separation [174]. Experimental
VLE measuremets for xylene mixtures are scarce and only a handful of studies pro-
vide data for pure components and binary mixtures of xylenes. For pure compo-
nent, VLE curves are reported by Smith and Srivastava [259]. For binary mixtures,
Rodrigues et al. [260] presented coexistence curves for the p-xylene/m-xylene, p-
xylene/o-xylene and m-xylene/o-xylene systems at 100.65 kPa. The p-xylene/m-
xylene binary system is described by Kato et al. [261] at atmospheric pressure.
Data for 5, 20, 40 and 101.325 kPa is reported by Onken and Arlt [262]. Llopis and
Monton [263, 264] reported data for p-xylene/o-xylene and m-xylene/o-xylene sys-
tems at 6.66 and 26.66 kPa, Parvez et al. [265] characterized the p-xylene/o-xylene
coexistence curves at 81.3 kPa. The coexistence of o-xylene-m-xylene at 298.15K
is described by Wichterle et al. [266]. Such studies report that binary mixtures of
xylenes have small differences from an ideal mixture [260-263, 265].

Molecular simulations are an extensively used tool to predict the thermodynamic
properties of a wide variety of systems [173]. Fluid phase properties of pure com-
ponents and mixtures can be computed for large ranges of conditions, even when
experiments can be challenging, expensive or dangerous [173]. The Monte Carlo
(MC) method in the Gibbs ensemble [267] has been widely used to compute VLE
[199, 268-273]. The choice of a force field that accurately describes the interaction
potential between atoms and molecules is a crucial factor. The Gibbs ensemble con-
siders two simulation boxes to simulate the properties of coexisting phases avoiding
the vapor-liquid interface [268]. Fig. 2.1 shows the vapor and liquid phases of a
xylene mixture in two separate simulation boxes of an NPT-Gibbs ensemble MC
simulation. Molecular simulations of VLE are typically performed employing force
fields that model the interactions with Lennard-Jones potentials (LJ) or a combi-
nation of LJ and electrostatic interactions. In the case of aromatic compounds, a
common practice in the development of the potentials is to fit the interaction pa-
rameters to reproduce the VLE of the pure component [245-248], or by ab initio
quantum mechanical calculations [249-251]. Several force field for xylene inter-
actions have been reported in literature [248, 251-255], some of which are briefly
described in the next section for further use.

The electrostatic interactions are generally represented by charged interaction
sites. The Ewald summation method [274] has been extensively used to account
these interactions in periodic systems [275]. The electrostatic energy is calculated
in two parts by dividing the potential in a short-range contribution computed in
real space, and a long-range contribution calculated involving a Fourier transform
of the charge density [173]. The long-range contribution constitutes the main dis-
advantage of the method, it is computationally expensive. Several alternative meth-
ods have been developed such as the particle-particle and particle-mesh algorithm
[276], the reaction field method [277], the fast multipole algorithm [278], and the
Wolf method [279]. These methods are reviewed in depth by Cisneros et al. [280].
From these methods, the Wolf method has been effectively applied to a wide variety
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Figure 2.1: Schematic representation of the NPT-Gibbs Ensemble MC simulation of the p-xylene/m-
xylene binary mixture. m-Xylene and p-xylene are shown in blue and grey, respectively. The two simula-
tion boxes represent the liquid (left) and vapor (right) phases. Molecules visualized with iRASPA [22].

of systems [281-288] and has gained attention due to its efficiency compared to
the Ewald method as the Fourier part is not often needed in dense systems. For
the Wolf method, all interactions are pairwise and the computationally expensive
Fourier transform of the charge density is not needed [289]. As this method is
based on the screening of charges -which depends on density of the system-, the
cut-off radius (R.) and the damping factor («) have to be determined for each sys-
tem with the procedures described by Hens and Vlugt [290], and Waibel and Gross
[291].

This chapter explores how the VLE of pure components and binary mixtures
of xylenes can be predicted using molecular simulations and how well the Wolf
method can be applied. The simulation details such as the input and force fields are
summarized in Section 2.2. The simulation results of VLE for pure components and
binary mixtures are analyzed in Section 2.3. The concluding remarks about force
field performance and the use of the Wolf method are discussed in Section 2.4.

2.2. METHODS

The Monte Carlo technique in the Gibbs Ensemble [267] is used for the simulations.
The calculations for the VLE of pure components are performed using the Gibbs
ensemble at constant total volume (NVT). The isothermal-isobaric version of the
Gibbs ensemble (NPT) is used for the binary mixture VLE calculations. The total
system contains 1000 molecules and the interactions between different atom types
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are calculated using Lorentz-Berthelot mixing rules [292]. The LJ interactions are
truncated at 14 A and analytic tail corrections are applied [292]. The Continuous
Fractional Component MC (CFCMC) method in the Gibbs ensemble developed by
Poursaeidesfahani et al. [240, 242, 293, 294] is used. The Gibbs ensemble is ex-
panded with one extra molecule -the fractional molecule- per molecule type. The
fractional molecules have negligible effect on the thermodynamic properties [293].
The interactions of the fractional molecule are scaled in range 0 to 1 (0 for no in-
teractions with surrounding molecules and 1 for full interactions with surrounding
molecules) described by the so-called A parameter. The trial moves in each MC cycle
are selected at random within the following fixed probabilities: 33% translations,
33% rotations, 17% changes of the value of )\, 8% identity changes of the fractional
molecule -where the fractional molecule turns into a whole one, while a molecule
in the other simulation box turns into a fractional molecule-, 8% swap trial moves
-the fractional molecule is transferred from one simulation box to the other-, and
1% volume changes. All simulations are performed using the Brick-CFCMC software
[295]. The number of steps per MC cycle is equal to the total number of molecules
in the system, with a minimum of 20. Each simulation starts with 5000 MC cycles
to initialize the system by only allowing rotation and translation trial moves. After
that, a stage of 40000 MC cycles equilibrates the system and all types of trial moves
are allowed. In this stage, the Wang-Landau algorithm [296] is used to construct
a weight function that flattens the probability distribution of A, so that all values
of the A\ parameter have the same probability, and that the fractional molecule is
equally likely to be found in one of the simulation boxes. The chemical potential
is calculated from the probability distribution of A\ using the procedure described
by Poursaeidesfahani et al. [240]. The initialization stage is followed by a produc-
tion run of 100000 MC cycles. The reported errors account for the 95% confidence
interval calculated by dividing the production run into five sections.

Each simulation starts with a different initial composition (i.e. different number
of molecules in each simulation box) which is based on the experimental data avail-
able for each system. For pure components, the number of molecules and simulation
box sizes can be found in the table A.7 of the Appendix A.1. For binary mixtures, the
initial composition can be obtained with the procedure described by Ramdin et al.
[268] when experiments are not available. The p-xylene/o-xylene binary mixtures
at 6.66 kPa and 81.3 kPa are simulated. The initial guess for the side length of the
cubic boxes are 60 A for the liquid phase box and 145 A for the vapor phase box.
Initially, 920 and 80 molecules are assigned to the liquid and vapor boxes, respec-
tively. The guess for the initial phase compositions of each box are chosen to match
the experimental phase compositions [263, 265].

Four different force fields that model the interactions between xylene isomers are
used, each one having a particular approach to describe electrostatic interactions.
All molecules are defined as rigid and the bond lengths and angles between pseudo-
atoms are according to the original references [245, 248, 252, 253]. The force field
parameters are listed in table A.1 of Appendix A.1. Schematic representations of m-
xylene for the force fields considered in this work are shown in Fig. 2.2. The force
fields considered in this work are the following:
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1. Transferable Potential for Phase Equilibria - United Atom (TraPPE-UA) [252],
a widely used force field that is designed to reproduce the VLE of alkylbenzenes as
single components. The united atom approach is conveniently used by merging a
carbon atom and its bonded hydrogen atoms into a single uncharged interaction
site representing each CHy group in the aromatic species.

2. A modification of the TraPPE-UA force field to include an all-atom approach
and charges in the aromatic ring, here called TraPPE-UA-EH. This force field uses
the united atom approach from TraPPE-UA [252] to represent the methyl groups,
while the bonded carbon and hydrogen atoms from the aromatic ring are individ-
ually represented in single interaction centers with charges of -0.95e and +0.95e,
respectively [245].

3. Optimized Potential for Liquid Simulations (OPLS) [253, 2971, a widely ap-
plied force field that represents the aromatic ring with an all atom approach and the
methyl group as a carbon centered atom [298]. Each atom has electrostatic charges.

4. Anisotropic United Atom (AUA) [248, 299]. This force field presents a united
atom approach, having uncharged single interaction centers for the CHy groups
and positioning the atom in the direction of the center of mass of the atom group,
displacing it from the carbon atom position, unlike the other force fields. One of
its main features is the representation of the w-cloud in the aromatic ring. One
positive partial charge (+8.13e) in the center of the ring, and two negative partial
charges (-4.065¢) located at 0.4 A above and below the plane of the aromatic ring
are introduced. The negative charges are displaced from the center of the ring to
reproduce the experimental dipole moment of the molecule.

The Ewald summation parameters are chosen such that a relative precision of
1075 is achieved [173]. The Wolf summation parameters are chosen according
to the procedure described by Hens and Vlugt [290]. By taking into account the
experimental data as a starting point, a short simulation in the NVT ensemble is
performed. The chosen density is close to the equilibrium coexistence density. The
chosen temperature is above the critical temperature. The system sizes are equal to
the initial guess of the simulation box sizes for the binary mixture calculations in the
the Gibbs ensemble. From this configuration, the electrostatic energy is calculated
for several cut-off radii (R.) and damping factors («). This energy can be compared
to a reference calculated with the Ewald method for the same system configura-
tion. Following this procedure, it is determined that an optimum parameter set for
the vapor phase is: R.=85 A, «=0.04 A~!; and for the liquid phase: R.=16 A,
a=0.17 A-1.

2.3. RESULTS AND DISCUSSION

2.3.1. VAPOR-LIQUID EQUILIBRIA OF PURE XYLENES

The VLE of pure components are calculated with NVT-Gibbs ensemble Monte Carlo
simulations using the CFCMC method [240]. Simulations are performed for each
isomer using the Ewald and the Wolf methods. The densities for m-xylene are shown
in Fig. 2.3. The calculated coexistence densities for the three isomers with the
statistical uncertainties are listed in the Supporting Information of Ref. [257]. The
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(a) (b)

(@

WQ

Figure 2.2: Schematic representation of m-xylene for the (a) TraPPE-UA [252], (b) TraPPE-UA-EH [245,
252], (¢) OPLS [253, 2971, and (d) AUA [248, 299] force fields. Pseudo-atom labels use the notation of
table A.1 of Appendix A.1. Lennard-Jones parameters and partial charges of these force fields are listed
in table A.1 of Appendix A.1.

differences of the use of the Wolf and Ewald methods for p-xylene and o-xylene
computed VLEs are qualitatively the same as for m-xylene. The computed VLEs
for the TraPPE-UA-EH and AUA show excellent agreement between the Ewald and
Wolf methods. The differences in the calculated densities are lower than 1% of the
densities and lower than the statistical error of the simulation. The vapor-liquid
coexistence densities calculated with the OPLS force field show agreement within
the statistical error. The calculated vapor phase densities are underestimated at
temperatures between 500 and 550 K using the Wolf method. At high temperatures,
the size of the vapor phase simulation box and the number of molecules are different
than the values used to determine the optimal damping factor « and cut-off radius
(R.). This suggests that the vapor density of the system is more sensitive to the
choice of the Wolf parameters for the OPLS force field than for the other force
fields. The chemical potentials as a function of temperature for the two phases
of m-xylene using the Wolf method are shown in Fig. 2.4. The differences in the
chemical potential between the phases are within the statistical error. Chemical
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Figure 2.3: Vapor-liquid equilibria of m-xylene for different force fields using the Ewald (orange symbol)
and the Wolf (blue symbol) methods. (a) TraPPE-UA-EH [245, 252], (b) OPLS [253], (c) AUA [248].

equilibrium between the vapor and liquid phases is observed as the same chemical
potential is calculated for both phases.

The vapor-liquid coexistence curves of m-xylene, o-xylene, and p-xylene calcu-
lated using the Ewald method are shown in Fig. 2.5 for each force field. Clear
differences can be observed in Fig. 2.5 for the density calculations with the exper-
imental data. For m-xylene, the TraPPE-UA and the AUA force field predict liquid
densities that deviate up to 3% from the experimental data, while TraPPE-UA-EH
and OPLS force fields show significantly higher differences. The experimental lig-
uid densities of p-xylene are well predicted by TraPPE-UA, TraPPE-UA-EH and AUA,
as the difference with the computed density is below the statistical error. The OPLS
force field shows slightly higher differences of up to 4% at 550 K. The use of the
TraPPE-UA force field yields the best prediction of the experimental density of o-
xylene. The differences are of the order of two times the statistical uncertainty for

the considered temperature range, followed by AUA, with three times the statistical
error.
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Figure 2.4: Chemical potential (ideal gas as reference state [300]) of m-xylene at VLE coexistence as a
function of temperature using the Wolf method for each force field. Closed and open symbols represent
the liquid and vapor phases, respectively.

Significantly larger differences than in the liquid phase can be observed in the
vapor phase for the simulations and the experimental data. The calculated vapor
densities are in agreement with the experiments at low temperatures (i.e. < 450K),
and the differences arise at higher temperatures. The vapor densities obtained with
the TraPPE-UA and AUA force fields closely follow the experimental data for m-
xylene. The highest deviations of the density for every isomer are found with the
OPLS force field. The largest differences with the experimental data can be found
for the o-xylene vapor density at temperatures over 450 K, where all force fields
present deviations larger than the statistical uncertainties from the experimental
data. Such differences for o-xylene can be related to assumptions such as having
fixed charges, a rigid molecule, and transferable force field parameters for the three
isomers. Assuming fixed charges implies a fixed dipole/quadrupole moment. The
aromatic 7 clouds result in a non-negligible quadrupole moment for the aromatic
ring [252], which is only considered by the AUA force field. The dipole polarization
changes with the temperature, specially for m-xylene and o-xylene [301], which is
not considered by any of the force fields.
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Figure 2.5: Vapor-liquid equilibria of (a) m-xylene, (b) o-xylene, and (c) p-xylene for each force field
using the Ewald summation method. Experimental data from ref. [259] is also included.

The critical temperatures (T.) and critical densities (p.) are extrapolated using
the fitting procedure described by Dinpajooh et al. [302]. The obtained critical
points of m-xylene, o-xylene and p-xylene for each force field are listed with ex-
perimental data in table 2.1. In general, the differences between the critical point
for each force field using the Wolf and Ewald methods are within the statistical er-
ror. This is related to the agreement found for the TraPPE-UA-EH and AUA force
fields shown in Fig. 2.5. However, the different densities obtained at high tempera-
ture with the Wolf and the Ewald methods for the OPLS force field have an impact
on the determined critical point for xylene isomers. The largest difference of the
estimated critical temperature between the Wolf and the Ewald methods is 14 K,
for o-xylene using the OPLS force field. The difference of the critical point of the
three isomers and the experimental data is smaller than the statistical uncertainties
for TraPPE-UA and AUA, as well as the experimental critical point of p-xylene is
predicted by all the simulations within the uncertainties.
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Table 2.1: Critical temperatures (T.) and critical densities (pc) of pure components extrapolated from
VLE simulations using the fitting procedure described by Dinpajooh et al. [302]. (E) and (W) denote the
use of the Ewald and the Wolf methods, respectively. The numbers between round brackets denote the
uncertainty in the last digit. Experimental data are from Refs. [303-305].

m-xylene o-xylene p-xylene

1. / [K], pe/ [kg/m3] T Pc T Pc T Pc
Experimental [303-305] | 616.4(10) 283(4) | 630.5(10) 287(4) | 617.6(10) 281(4)
TraPPE-UA 620(7) 288(7) 629(7) 297(6) 617(4) 286(8)
TraPPE-UA-EH (E) 604(11)  279(7) 622(6) 278(5) 626(9) 279(6)
TraPPE-UA-EH (W) 610(9) 270(6) 623(5) 275(3) 620(7) 278(7)
OPLS (E) 605(9) 290(9) 626(8) 293(6) 609(8) 285(6)
OPLS (W) 609(9) 279(5) 612(9) 300(9) 611(9) 277(8)
AUA (E) 618(9) 284(6) 625(9) 293(6) 616(8) 290(6)
AUA (W) 618(9) 281(7) 627(8) 286(7) | 616(14) 288(8)

2.3.2. VAPOR-LIQUID EQUILIBRIA OF BINARY MIXTURES

The VLE of the p-xylene/o-xylene binary mixture at 6.66 kPa is calculated with NPT-
Gibbs ensemble Monte Carlo simulations using the CFCMC method [240]. The sim-
ulations are performed with each force field using the Ewald and the Wolf methods.
The phase compositions obtained with the TraPPE-UA-EH, OPLS, and AUA force
fields using the Wolf and Ewald methods are shown in Fig. 2.6. It can be observed
that the composition of the liquid phase is not affected by the choice of force field
or method for accounting the electrostatic interactions. The statistical uncertainties
are larger in the vapor phase than in the liquid phase, and there is a reasonable
agreement between the calculated vapor phase compositions with both methods for
electrostatic interactions.

The phase diagrams of the p-xylene/o-xylene binary mixture at 6.66 kPa simu-
lated using the Ewald method with experimental data are shown in Fig. 2.7. Llopis
and Monton [263] reported discrete measurements of the phase composition of
the mixture. This data is shown as lines to facilitate comparison with the simula-
tions. The experimental uncertainties reported are 0.1 K for the temperature and
a standard deviation of 0.001 for reported mole fractions. Small differences from
ideality are reported [263] and a small difference between the phase compositions
is observed. The experimental data suggests that the vapor does not have the same
composition as the liquid. The component with the lowest boiling temperature is
expected to have a higher molar fraction in the vapor phase than that with the
higher boiling temperature. The simulated composition of the liquid phase is in
excellent agreement with the experimental data and the differences are below the
statistical uncertainties. Larger differences can be observed for the composition of
the vapor phase. For the TraPPE-UA-EH and OPLS force fields, the mole fraction
of p-xylene in the vapor phase is higher than in the liquid phase at temperatures
higher than 335K, whereas an opposite behavior is predicted by the simulations for
temperatures lower than 334 K. This suggests that the vapor phase composition of
the component with the highest mole fraction in the liquid phase is underestimated
by the simulations. It is important to note that the temperature range of these sim-
ulations is out of the fitting range of the force fields, so the observed behavior can
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Figure 2.6: Phase composition diagrams of the p-xylene/o-xylene binary mixture at 6.66 kPa using the
Wolf and Ewald methods. (a) Liquid phase composition for TraPPE-UA-EH [245, 252], OPLS [253] and
AUA [248] force fields. Vapor phase composition for (b) TraPPE-UA-EH [245, 252], (c) OPLS [253], and
(d) AUA [248]. Xp.xylene is the mole fraction of p-xylene in the liquid phase. y,.yylene is the mole fraction
of p-xylene in the vapor phase.

be an artifact of the force field.

The excess chemical potential of p-xylene in the liquid phase of the p-xylene/o-
xylene mixture at 6.66 kPa, as a function of the liquid phase composition is shown in
Fig. 2.8. The reference state for the excess chemical potential is the ideal gas. The
excess chemical potential computed for each force field with the Wolf and Ewald
methods agree between the statistical uncertainties. The excess chemical potential
of p-xylene in the liquid phase does not change as a function of the mole fraction
of p-xylene. The excess chemical potential is directly related to the activity coef-
ficient of the component in the mixture [306, 307]. The activity coefficients for
p-xylene reported by the experimental work [263] do not show dependence on the
phase composition of the mixture, which is in agreement with the excess chemical
potential calculated in the simulations.
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Figure 2.7: Phase diagram of the p-xylene/o-xylene binary mixture at 6.66 kPa for (a) TraPPE-UA [252],
(b) TraPPE-UA-EH [245, 252], (c) OPLS [253], and (d) AUA [248], calculated using the Ewald method.
Experimental data are from Llopis and Monton [263]. Xp.xylene (blue symbols) is the mole fraction of
p-xylene in the liquid phase. y,.yylene (0range symbols) is the mole fraction of p-xylene in the vapor

phase.
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Figure 2.8: Excess chemical potential (11°p.yylene) Of p-xylene in the liquid phase of the p-xylene/o-xylene
binary mixture at 6.66 kPa, as a function of the liquid phase composition (z,_xylene) for all force fields.
Closed and open symbols denote the use of the Ewald and the Wolf methods, respectively.

The phase diagrams of the p-xylene/o-xylene binary mixture at 81.3 kPa sim-
ulated using the Ewald summation for all the force fields and experimental data
[265] are shown in Fig. 2.9. The reported experimental uncertainty for the temper-
atures is 0.1 K. Small deviations from ideality are reported [265], and a difference
between the phase compositions smaller than in the binary mixture at 6.66 kPa can
be observed. The simulations of the composition of the liquid phase are in agree-
ment with the experimental data with all the force fields. The predictions of the
composition of the vapor phase agree with the experiments when the mole fraction
of p-xylene is smaller then 0.5. For larger mole fractions of p-xylene (i.e. when the
mixture has more p-xylene than o-xylene), the predicted composition of the vapor
phase is the same as for the liquid phase. The simulations suggest that for the tested
force fields, the predictions of the composition of the vapor phase are predominantly
represented by the properties of the component with the largest mole fraction in the
liquid phase. The accuracy of the calculations are related to how well the densities
can be calculated for the pure components. The differences on the estimation of the
density of o-xylene as a pure component play a significant role in the determination
of the VLE of binary mixtures of xylenes.
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Figure 2.9: Phase diagram of the p-xylene/o-xylene binary mixture at 81.3 kPa for (a) TraPPE-UA [252],
(b) TraPPE-UA-EH [245, 252], (c) OPLS [253], and (d) AUA [248], calculated using the Ewald method.
Experimental data are from Parvez et al. [265]. Xp.yylene (Plue symbols) is the mole fraction of p-xylene
in the liquid phase. y,.yyiene (Orange symbols) is the mole fraction of p-xylene in the vapor phase.
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2.4. CONCLUSIONS

The VLE of xylenes as a single components and binary mixtures have been calcu-
lated using the Wolf and Ewald methods. Comparable results using the Wolf and
the Ewald methods can be obtained for the prediction of densities and the phase
compositions of binary mixtures. With the Wolf method, up to 50% less CPU time is
used compared to the Ewald method, at the cost of accuracy and additional parame-
ter calibration. The performance of the considered force fields to predict the VLE of
xylene isomers as pure component has been tested. The TraPPE-UA and AUA force
fields provide a reasonable estimate of the experimentally determined densities for
p-xylene and m-xylene. The largest differences with experimental data are observed
in the calculations of the vapor density of o-xylene. The use of the TraPPE-UA force
field yields the best prediction of the experimental density of o-xylene. Simulations
of p-xylene/o-xylene binary mixtures at 6.66 and 81.3 kPa are in excellent agree-
ment with the experimental data for the liquid phase composition. The accuracy of
the phase composition predictions are related to the quality of the density predic-
tions of the pure component systems. The experimental vapor phase composition
is not well predicted by the simulations. This is related to the deviations observed
for the prediction of the vapor density of o-xylene as a pure component. The sim-
ulations have shown the potential to accurately predict the phase compositions of
such binary mixture, but the development of force fields that predict the VLE of each
xylene isomer more accurately -especially o-xylene- is needed. The binary systems
of xylenes are very sensitive to the slight density differences in the vapor phase of
each xylene isomer and how well these are captured by the force fields.
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3.1. INTRODUCTION

Knowledge of the adsorption behavior of hydrocarbons in the pores of zeolites is im-
portant for the understanding of the catalytic activity of the zeolite [130, 144, 145].
Many industrial processes such as the separation of xylenes, disproportionation of
toluene, ethylbenzene dealkylation, strongly rely on the interaction of hydrocarbons
within a zeolite [308-311].

Zeolites are commonly considered as very rigid structures as their atomic bonds
and angles are highly constrained [312, 313]. An inflection point in the adsorption
isotherm reflects either that molecules start to fill a new adsorption site [314, 315],
and/or that there is a structural change in the zeolite due to the number of adsorbed
molecules [316-318] or the temperature [319, 320]. Adsorption of aromatics in
MFI-type zeolites is a typical example of a mix of such factors [321]. Talu et al.
[316] described the isotherm shapes for benzene, toluene, and p-xylene, adsorbed
in MFI-type zeolites. It is reported that with increasing temperature the isotherm
shape changes from type IV to type I [316]. The observable kink in the isotherm
at lower temperatures disappears at temperatures higher than 80°C [316]. The
all-silica form of the MFI-type zeolite (silicalite) is known to show a monoclinic
or orthorhombic structure depending on the temperature and loading [322, 323].
Van Koningsveld et al. [324] identified three structures of the p-xylene/silicalite
system: Mono (monoclinic), Ortho (orthorhombic) and Para (also orthorhombic).
Very small structural differences are observed between the Ortho and Para lattices
[174]. The silicalite/p-xylene system is known to have the Ortho structure when
the loading is lower than 4 molec./uc [324]. At 8 molec./uc, the silicalite/p-xylene
system shows the Para structure [322]. Sacerdote et al. [325] reported that silicalite
loaded with benzene, toluene or ethylbenzene shows a Mono structure for loadings
lower than 4 molecules/unit cell. Sorenson et al. [326] reported that benzene
loading does not cause a significant change in the unit cell volume of silicalite. o-
xylene and m-xylene do not access nor cause significant deformations to the zigzag
channels relative to the room-temperature empty Mono framework [327]. o-xylene
is located exclusively in the intersections of the channels at 273 and 315 K [328].
Several experimental studies that describe the adsorption of aromatics in MFI-type
zeolites can be found in literature [316, 322, 325, 327-340].

The adsorption of aromatics in MFI-type zeolites has also been studied by molec-
ular simulations. Commonly, Monte Carlo (MC) simulations in the grand-canonical
ensemble (GCMC) are used to compute sorbate loadings as a function of temper-
ature and pressure in a zeolite framework [197-199]. Several studies where MC
is used to investigate adsorption of aromatics in MFI-type zeolites can be found
in literature [135, 200-203, 341-349]. Snurr et al. [200] computed adsorption
isotherms of benzene and p-xylene in MFI-type zeolites. Large differences in the
loadings are found when using the MFI Ortho and Para structures. It is shown that
below 4 molecules/unit cell, benzene and p-xylene are adsorbed in the intersections
of the Ortho structure. Molecules in the intersections are too far apart to strongly
interact with each other. The molecules are also located in the channels at higher
loadings, allowing sorbate/sorbate interactions [200]. Torres-Knoop et al. [201]
reported simulations of adsorption of ethylbenzene and styrene in the Para form of
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MFI-type zeolite at 433 K. It is observed that close to saturation conditions, styrene
can be located in the zigzag channel. At the same conditions, ethylbenzene suffers
from size exclusion effects. Therefore, it is located exclusively in the intersections
of the channels. Mohanty et al. [342] reported GCMC simulations of p-xylene and
m-xylene in silicalite. These authors found that p-xylene adsorption selectivity over
m-xylene is due to the difficulty of m-xylene to access the adsorption sites of the
framework in comparison to p-xylene. The large energetic difference between p-
xylene and m-xylene is the primary reason for p-selectivity.

Computer simulations of the adsorption of hydrocarbons in zeolites are typically
performed using rigid zeolite frameworks [186, 197, 216]. Clark and Snurr [217]
performed simulations of the adsorption of benzene in the Ortho and Para structures
of silicalite at 343 K. The simulations showed that the computed loadings are very
sensitive to small differences in the atom positions of the zeolite. It is found that the
Henry coefficient of benzene in the Ortho structure described by Olson et al. [350]
is 3.1 times larger than in the Ortho structure described by van Koningsveld et
al. [351]. The mean and maximum differences of the atomic positions of these
two Ortho structures are only 0.11 A and 0.41 A, respectively. It is suggested that
interactions that include lattice flexibility and polarizability are required to simulate
systems where molecules fit tightly in the pores [217, 218].

Only a limited amount of studies have approached the simulations of adsorption
using a flexible zeolite framework. Garcia-Pérez et al. [219] and Sanchez-Gil et al.
[220] studied argon adsorption in MFI and MEL, respectively. Garcia-Sanchez et
al. [221] described the loadings of methane in LTA. Fang et al. [222] considered
framework flexibility for the adsorption of CO; in an ammonium MFI-type zeolite.
It is observed that the overall effect of framework flexibility is small for the adsorp-
tion of CO- in the zeolite structure. Vlugt et al. [216, 223] reported the effect of
flexibility in the adsorption of n-alkanes and cycloalkanes in a MFI-type zeolite. It is
found that for molecules with an inflection behavior in the isotherm, the influence
of the flexibility seems to be larger than for molecules without such inflection. The
influence of the flexibility on the adsorption of cyclohexane is similar to n-alkanes
[223].

Framework flexibility has also been studied in other porous materials [352-359].
Witman et al. [360] studied the effect of framework flexibility on the separation of
Xe/Kr mixtures in ~3000 Metal-Organic Frameworks (MOFs). A model that pre-
dicts the Henry regime adsorption of each framework and selectivity as a function
of framework flexibility is used. The results of this study suggest that the selectivity
of the Xe/Kr mixtures can be increased or decreased up to two orders of magni-
tude when unit cell volume changes are allowed [360]. Agrawal and Sholl [361]
examined the adsorption of nine molecules and four mixtures in 100 MOFs. It is
observed that adsorption selectivities can be significantly affected by framework
flexibility. It is suggested that including framework flexibility is important when at-
tempting to make quantitative predictions of adsorption selectivity in MOFs. Heinen
and Dubbeldam [362] review in depth the prospects of development of force fields
for framework flexibility in MOFs. In this review it is shown that there is an urgent
need for efficient sampling schemes that capture stimuli-driven phase transitions.
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This limits the predictive capacity of existing force fields for framework flexibility in
MOFs [362].

This chapter explores how the inclusion of framework flexibility in a model
affects the adsorption of aromatic hydrocarbons in MFI-type zeolites. Structural
changes of MFI-type zeolites (i.e. Mono to Ortho/Para transition) imply small geom-
etry and volume changes in the framework unit cell [326, 363] that are not consid-
ered in this work. Instead, framework flexibility aims to study local changes of the
MFI-type zeolite framework induced by the presence of guest molecules. Computa-
tions of adsorption of n-heptane, ethylbenzene, and xylene isomers are performed
in three MFI-type zeolite structures. Several models are considered to describe the
flexibility of the zeolite framework. The simulations of n-heptane adsorption aim to
investigate if the details of framework flexibility play any role on a system known
to be well reproduced with a rigid zeolite structure [364]. Experimental data of
adsorption of ethylbenzene in a MFI-type zeolite at 353 K is presented. The new
experimental data shows higher loadings than in previously reported isotherms in
literature. Pore size distributions are computed to investigate the effect that frame-
work flexibility induces in the MFI-type zeolite structures. The experimental and
simulation procedure are explained in Section 3.2. The results of experiments, com-
puted pore-size distributions, and computed loadings are reported and discussed in
Section 3.3. It is shown that the intra-framework interactions in flexible framework
models induce small but important changes in the atom positions of the zeolite,
and hence in the adsorption isotherms. The current challenges to model and pre-
dict reliable molecular insight about the system are also discussed in Section 3.3.
Our concluding remarks regarding the influence of the force fields for framework
flexibility on the adsorption of aromatics in MFI-type zeolites are discussed in Sec-
tion 3.4.

3.2. METHODS

The adsorption computations are performed using the Continuous Fractional Com-
ponent Monte Carlo (CFCMC) [240-242] algorithm in the grand-canonical ensem-
ble. The RASPA software [22, 365, 366] is used for all simulations. Periodic bound-
ary conditions are applied to a simulation box consisting of 2x2x3 unit cells of MFI-
type zeolite. The all silica structures described by van Koningsveld et al. (Mono
[363], Ortho [351], Para [324]) are considered. The adsorption of aromatics is
computed for the three structures. The Ortho structure is used for n-heptane ad-
sorption simulations. A cutoff radius of 14 Ais applied for all Lennard-Jones (LJ)
interactions and analytic tail corrections are used [292, 367]. The interactions be-
tween different atom types are obtained using Lorentz-Berthelot mixing rules [292].
The Ewald summation [274] with a relative precision of 10~° is used to account for
the long-range electrostatic interactions. In the CFCMC alghorithm, the interactions
of a fractional molecule are scaled by the A parameter in the range 0 to 1 (0 for no
interactions with surrounding molecules/framework and 1 for full interaction with
surrounding molecules/framework). Fig. 3.1 shows how a toluene molecule can be
inserted/deleted in the straight channel of an MFI-type zeolite using the CFCMC
method.
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A MC cycle consists of N-trial moves with a minimum of 20, with N being the
number of molecules in the system [365]. At each MC cycle, trial moves attempt
to rotate, displace, randomly reinsert, and insert adsorbates. Also, A-trial moves
scale the interactions of the fractional molecule (via the CFCMC algorithm [240,
241]). The simulations are started with 10° MC cycles to initialize the system.
The initialization run only allows translation, rotation and insertion trial moves.
After that, a stage of 4 - 105 MC cycles are used to equilibrate the system. All the
considered types of trial moves are allowed and the biasing factors for the A-trial
moves of the CFCMC algorithm are calculated. \-trial moves are biased to obtain
a flat A probability distribution. The use of this trial move is advantageous as it
enables an efficient insertion and deletion of sorbate molecules in the system [243,
295]. Ensemble averages are obtained in a 5 - 10> MC cycles production stage. The
reported errors account for the 95% confidence interval calculated by dividing the
production run into five parts. An extra MC trial move is included to simulate a
flexible zeolite framework, which attempts a random displacement to a randomly
selected zeolite atom [216]. Since the volume of the simulation box is fixed, the
equilibrium framework density is not affected by framework flexibility.

Force fields that model the flexibility of the zeolite framework (host-host in-
teractions) are commonly based on the description of vibrational properties, such
as the infrared spectra of the zeolite atoms [368, 369], and/or ab initio quantum
chemical calculations [370, 371]. Several force fields for framework flexibility have
been reported in literature [312, 370-378]. Such force fields are typically used in
the calculations of diffusion of aromatics in MFI-type zeolites by molecular dynam-
ics simulations [137, 379, 380]. Some sets of zeolite intra-framework interactions
only include harmonic potentials between the zeolite atoms, while others also add
a combination of LJ and partial charges. Polarization of the zeolite atoms can also
be added by using the core-shell method [381]. In this method typically the oxygen
atoms of the zeolite are separated into cores and shells [382-384]. Phase transi-
tions and negative thermal expansion can be studied using this method [352]. The
predicted crystal structures agree very well with crystallographic data from experi-
ments [385]. The core-shell model requires formal charges that are higher than the
partial charges based on ab initio calculations [352]. The computational time using
this method is increased due to the use of more particles in the system [352].

The Nicholas [376] model, the Demontis [374] model, and the model reported
by Jeffroy et al. [312] are considered for investigating the host-host force field in-
duced effects in MFI-type zeolite frameworks. The force field parameters are listed
in tables A.4, A.5, and A.6 of Appendix A.1. The Demontis model [373-375] con-
sists on describing the flexibility of the zeolite only by Si-O bond stretching and
0-Si-O Urey-Bradley potentials. More details regarding the Demontis model are
discussed in chapter 4. The Nicholas model [376] includes intra-molecular (1-4) LJ
and electrostatic interactions, besides torsional, bond-bending, and bond-stretching
potentials. The model by Jeffroy et al. [312] is a transferable force field able to
predict the structure of zeolites including extra-framework cations. The host-host
interactions are determined by electrostatic interactions, bond-stretching, and bend-
angle parameters.
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Figure 3.1: Insertion/deletion of a fractional toluene molecule in the straight channel of MFI-type zeolite
using the CFCMC algorithm. In this method, a trial move attempts to scale the interactions of a fractional
molecule by the so-called A parameter. The A\ parameter is changed by a random value in the range
0 to 1 (0 for no interactions with surrounding molecules/framework and 1 for full interactions with
surrounding molecules/framework).
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There is a distribution of bond lengths and angles in MFI-type structures from
crystallography [324, 351, 363]. The Nicholas model, the Demontis model, and the
model by Jeffroy et al. use constant equilibrium bond lengths and angles. The so-
called modified form of these models take the equilibrium bond lengths and bend-
angles (in the Urey-Bradley term) directly from the crystallographic structure to
which the model is applied [216]. As discussed in the following section, this mod-
ification is used to avoid large deviations from the experimental crystal structure.
In this work, the modified Nicholas [376] model and the modified Demontis [374]
model are used for the simulations of adsorption of aromatics.

To take into account the effect that the host-host interactions have on the zeolite
structure, an optimization of the atom positions of the zeolite framework at 0 K with
the flexible force field is performed. The structure with atom positions optimized
is obtained using the mode-following minimization method [386, 387] for each
initial experimental zeolite topology subject to the host-host force field. The Pore-
size distribution (PSD) of the structures with atom positions optimized at 0 K using
each host-host force field is calculated geometrically with the method of Gelb and
Gubbins [388, 389]. The MFI-type zeolite atom positions are optimized at 0 K with
the Demontis model [374], the Nicholas model [376], and the model reported by
Jeffroy et al. [312], as well as the modified forms of each force field. The PSD is
also calculated for each of the MFI-type zeolite lattices from crystallographic data.
Henry coefficients of ethylbenzene in the MFI-type structures are calculated via the
Widom test-particle insertion method [390].

The interactions between the zeolite and guest hydrocarbons (host-guest inter-
actions) are described using several force fields [391-397]. The host-guest force
fields are usually obtained by fitting the parameters to experimental data [144],
such as adsorption isotherms. The TraPPE-zeo model [396] is used in this work.
In this force field, all oxygen and silicon atoms are modeled with Lennard-Jones
interactions and partial charges. The development of this force field is focus on
transferability and variety of zeolite/guest systems [396]. As such, it is fitted to
match the experimental adsorption isotherms of n-heptane, propane, carbon diox-
ide, and ethanol in zeolites. The partial charges of the zeolite atoms are a critical
parameter for the force fields and adsorption [398, 399]. Typical partial charges
for silicon atoms have been reported in the range of +0.5 to +4 e [400]. The
host-guest electrostatic interactions from TraPPE-zeo [396] (+1.5 and -0.75 e for
Si and O, respectively) are fitted considering fixed positions of the zeolite atoms.
Zeolite host-host interactions that includes electrostatics are likely to be incompat-
ible with a guest-host force field that also include electrostatics. The combination
of two types of force fields can be cumbersome. The Nicholas model, the Demontis
model, and the model reported by Jeffroy et al. use different partial charges for the
zeolite atoms than the TraPPE-zeo [396] force field. In this work, the electrostatic
interactions of the zeolite atoms are modeled by each host-host force field used in
the simulation. The interaction parameters of the TraPPE-zeo force field are listed
in table A.3 of Appendix A.1. The partial charges are listed in tables A.5 and A.6 of
Appendix A.1.

As discussed in chapter 2, molecular simulations of aromatics typically use force
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fields (guest-guest interactions) that model the vapor-liquid equilibrium (VLE) with
LJ potentials or a combination of LJ and electrostatic interactions. For aromatic
species, a common practice in the development of these force fields is to fit the
interaction parameters to reproduce the VLE of the pure components [245-248,
253, 297, 299], or by ab initio quantum mechanical calculations [249-251, 401].

Despite the extensive use of guest-guest force fields that use electrostatic inter-
actions (such as OPLS [253, 297]) for the simulation of adsorption of aromatics in
zeolites [200-202, 402], the electrostatic interactions are fitted for VLE and not for
the interaction with a host framework. In this work, the electrostatic interactions of
the zeolite atoms are modeled by each host-host force field used in the simulation.
Such electrostatic interactions are not suited for the interaction with an adsorbate,
but for the zeolite framework with itself. Therefore, it is convenient to use a guest-
guest force field that does not explicitly use partial charges for electrostatic interac-
tion. The uncharged TraPPE-UA [252, 403] force field is chosen for the guest-guest
interactions. The TraPPE-UA is a widely used force field that is designed to repro-
duce the VLE of alkylbenzenes and n-alkanes, among other chemical species. The
united atom approach is used by merging a carbon atom and its bonded hydrogen
atoms into a single uncharged interaction site representing each CHy group in the
n-alkanes and aromatic species. Aromatics are modeled as rigid molecules, except
ethylbenzene, that includes a torsional potential in the CH3;-CH,-CH bend-angle.
The force field parameters are listed in table A.2 of Appendix A.1.

3.3. RESULTS AND DISCUSSION

3.3.1. FORCE FIELD INDUCED EFFECTS IN MFI-TYPE ZEOLITES

The effect of each host-host force field on the zeolite pores can be observed in the
Pore-size distribution. The PSD of MFI-type zeolite structures with atom positions
optimized at O K using the Demontis [374] model, the Nicholas [376] model, and
the model reported by Jeffroy et al. [312] are calculated. The PSDs are compared
with the PSD computed for each experimental crystal structure. The modified form
of each force field is also included. As an example, Fig. 3.2 shows the visible dif-
ferences in the MFI Para structure when using constant equilibrium bond lengths
in the Demontis model, compared to the modified Demontis model. For the modi-
fied Demontis model, the experimental crystal structure is exactly reproduced when
T — 0 K. With the original Demontis model, atomic positions are shifted and the
shape of the straight channel changes to an oval shape. Fig. 3.3 shows the Si-O
bond length distribution of the MFI Para structure from crystallography [324] and
the MFI Para structure with atom positions optimized at 0 K using the original De-
montis model. The Si-O bond lengths of MFI Para structure from experiments [324]
range from 1.58194 to 1.61089 A. The Si-O bond length distribution of the MFI
Para structure with atom positions optimized using the original Demontis model
ranges from 1.60398 to 1.60427 A. The fixed equilibrium bond lengths of the orig-
inal Demontis model significantly reduce the bond length range. The shape and
atom position changes shown in Fig. 3.2 are caused by the use of fixed equilibrium
bond lengths and angles and the reduction of the bond length range.
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Figure 3.2: Minimum-energy atomic configuration of MFI Para structures with atom positions optimized
at 0 K using the modified Demontis model (left) and the original Demontis [374] model (right). The
minimum-energy structure exactly reproduces the experimental crystal structure [324] when using the
modified Demontis model. The blue ring is the same in both structures. The blue ring highlights differ-
ences in the atomic position and the change of shape of the straight channel caused by the use of fixed
equilibrium bond lengths with the original Demontis model.

The PSD of MFI-type zeolite structures with atom positions optimized at 0 K
using the Demontis [374] model, the Nicholas [376] model, and the model reported
by Jeffroy et al. [312] are shown in Figs. 3.4, 3.5, and 3.6. In a PSD of MFI-type
zeolites, the peak centered at a diameter of approximately 4 A corresponds to the
zigzag and straight channels. The peak centered at a diameter of approximately
5.5 A corresponds to the intersection of the channels. Using the Demontis model,
significant differences can be observed in the PSD of the Ortho structure. The PSD
shows a new peak at a diameter smaller than 4 A, suggesting that the channels
decreased its size. This change in the structure is exclusively related to the use of
constant bond lengths and angles. In the Mono and Para structures, the shift of the
peak shows that the intersections are smaller.
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Figure 3.3: Si-O bond length distribution of the MFI Para from the structure from experiments [324] and
from the MFI Para minimum-energy structure obtained optimizing the atomic positions at 0 K using the
Demontis [374] model. The original Demontis [374] model uses fixed equilibrium Si-O and O-(Si)-O
bond lengths. The Si-O bond length distribution of the MFI Para structure with atom positions optimized
at 0 K with the modified Demontis model exactly reproduces the Si-O bond length distribution from
experiments.

When the Nicholas model and its modified form are used, the PSDs of the Mono
structure do not show significant deviations from the experimental structure. The
Nicholas model and the modified form induce an expansion of the intersections in
the Ortho structure. The peak corresponding to the intersection is shifted approx-
imately +0.5 A. In the Para structure, the peaks corresponding to the intersections
and the channels are shifted approximately 1 A. This means that the pores are sig-
nificantly larger than in the Para structure from experiments. As the original and
modified forms of the Nicholas model show similar shifts of the pore-size peaks,
these shifts can be related to the LJ and the strong electrostatic interactions ac-
counted in the optimization of the atom positions with the force field.

The model presented by Jeffroy et al. [312] induces significant differences in
the Ortho structure. The channels are smaller, while the intersections are expanded.
The peak corresponding to the channels is shifted approximately -0.5 A. The peak
corresponding to the intersections is shifted approximately +0.5 A. In addition, the
intersections of the Para structure approximately 0.5 A (in diameter) larger than
in the crystal structure from experiments. The modified form of this model shows
better agreement with the PSD of the experimental Mono and Ortho structures. A
mean displacement of 0.462 A of the atoms in the Para structure suggest that the
zeolite structure is significantly influenced by the force field.

Table 3.1 lists the mean and maximum displacements atomic position induced
by each of the host-host force fields, and the Henry coefficient of ethylbenzene at
353 K in the MFI-type structures. The displacements suggest that taking the equi-
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librium bond distances and angles from the experimental crystal structure reduces
the deformation induced by the host-host force field in the structure. Clark and
Snurr [217] observed that a mean displacement of 0.11 A of the zeolite atoms is
enough to significantly influence the adsorption of benzene in MFI-type zeolites. In
this work, all mean displacements accounted in the optimized structures at 0 K with
the modified forms of the force fields are higher than 0.11 A (except for the modi-
fied Demontis model). Henry coefficients of ethylbenzene significantly vary within
MFI-type zeolite structures. For the crystal structures from experiments, the Henry
coefficients of ethylbenzene in the Mono and Ortho structure are similar, and larger
than in the Para structure.

Significant differences can be observed using the modified and original host-host
force fields. For the original Demontis [374] model in the Para structure, the Henry
coefficient of ethylbenzene is 3.4 times smaller than when taking the equilibrium
bond lengths directly from the crystal structure from experiments in the modified
Demontis model. This suggests that Henry coefficients (and hence adsorption) of
ethylbenzene in MFI-type zeolites are very sensitive to small deviations in the atom
positions of the zeolite framework.
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Figure 3.4: Pore-size distributions (PSD) of the MFI Mono structures with atom positions optimized at 0 K
using the (a) Demontis [374] model, (b) the original and the modified Nicholas [376] model, and (c) the
original and the modified model by Jeffroy et al. [312]. Experiments correspond to the PSD computed
in lattices from experiments [363]. In a PSD of MFI-type zeolites, the peak centered at a diameter of
approximately 4 A corresponds to the channels. The peak centered at a diameter of approximately 5.5 A
corresponds to the intersection of the channels.
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Figure 3.5: Pore-size distributions (PSD) of the MFI Ortho structures with atom positions optimized at 0 K
using the (a) Demontis [374] model, (b) the original and the modified Nicholas [376] model, and (c) the
original and the modified model by Jeffroy et al. [312]. Experiments correspond to the PSD computed
in lattices from experiments [351]. In a PSD of MFI-type zeolites, the peak centered at a diameter of
approximately 4 A corresponds to the channels. The peak centered at a diameter of approximately 5.5 A
corresponds to the intersection of the channels.
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Figure 3.6: Pore-size distributions (PSD) of the MFI Para structures with atom positions optimized at 0 K
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the simulations by Vlugt and Schenk [216]. Triangles, circles, and squares denote simulations using
the modified Nicholas [376] model, the rigid structure with atom positions optimized at 0 K with the
modified Nicholas model, and the rigid crystal structure from experiments [351], respectively.

3.3.2. ADSORPTION OF N-HEPTANE IN MFI-TYPE ZEOLITE

The adsorption of n-heptane in MFI Ortho at 303 K is calculated using the modified
Nicholas [376] model, the rigid framework with atomic positions fixed to the crystal
from experiments [351] and the rigid framework with atom positions optimized at
0 K using the modified Nicholas [376] model. The adsorption isotherms are shown
in Fig. 3.7. Experimental data from Sun et al. [404] is included. The simulation re-
sults by Vlugt and Schenk [216] are included. The simulation by Vlugt and Schenk
[216] were performed using a modified Demontis-like model, by tuning the spring
constants k/kg = ko—o/ks = 0.2ksi_o/kp, from 6000 to 100000 KA—2 (original
Demontis [374] model: ko_o/ks = 51831.61 Kf\*z). The simulations using the
rigid framework slightly underestimate the amount of adsorbed molecules when
the loading is higher than 4 molec./uc. Using the rigid structure with atom posi-
tions optimized at O K using the modified Nicholas model, the experimental loadings
are slightly overpredicted. These differences between the loadings in the rigid and
the rigid structure with atom positions optimized at 0 K are related to the pore size
changes induced by the modified Nicholas model. The loadings computed using
the modified Nicholas model are close to the experimental loadings. The isotherm
computed using the modified Nicholas model is in excellent agreement with the pre-
dictions of Vlugt and Schenk [216]. All simulations underestimate the experimental
loadings at high pressure. All simulated isotherms converge to the same maximum
loading of approximately 6.5 molec./uc. in the studied pressure range. The sim-
ulations suggest that there is marginal contribution of the flexibility models in the
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prediction of n-heptane loadings in MFI-type zeolites, as the differences are small
and below the statistical uncertainties of the simulations.

3.3.3. ADSORPTION OF ETHYLBENZENE IN MFI-TYPE ZEOLITE

The adsorption of ethylbenzene in MFI-type zeolites at 353 K is calculated using
the modified Nicholas model, the modified Demontis model, the rigid experimental
lattice, and the rigid framework with atom positions optimized at 0 K with the
modified Nicholas model, in the Mono, Ortho, and Para MFI-type structures. The
adsorption isotherms (Si/Al ratio: oc) and the experimental data (Si/Al ratio: 80)
from Ref. [204] are shown in Fig. 3.8. Experimental observations reported that
the MFI/ethylbenzene system is in the Mono structure when the loading is lower
than 4 molec./uc [322]. All simulations using the modified Demontis model reach
approximately 4 molec./uc at the high pressure in the considered pressure range.
All the molecules are located in the intersections of the channels.

For the Mono and Ortho structures, framework flexibility using the modified
Demontis model does not show any contribution to the loadings, compared to the
use of the rigid frameworks from crystallography. In the case of the Para struc-
ture, the loadings obtained with the modified Demontis model are lower than in
the rigid structure at high pressure. In the Mono structure, the use of the modified
Nicholas model does not show any influence of the framework flexibility when the
loading is lower than 4 molec./uc, compared to the rigid structures. The ethylben-
zene loading in the rigid structure with atom positions fixed to the crystal structure
from experiments and the rigid structure with atom positions optimized at 0 K both
reach 4 molec./uc in the considered pressure range. At 2000 Pa, loading of approxi-
mately 0.5 molec./uc higher than in the rigid frameworks are obtained. At pressures
higher than 200 Pa, loadings higher than 4 molec./uc are obtained with the mod-
ified Nicholas model. When using the modified Nicholas model, the framework
flexibility plays a role when loadings are higher than 4 molec./uc.

In the Ortho structure, the simulations using the modified Nicholas model and
the rigid structure with atom positions optimized at 0 K predict higher loadings than
in the rigid framework from crystallography. Ethylbenzene loadings reach approxi-
mately 4 molec./uc with the rigid frameworks, and slightly higher loadings with the
modified Nicholas model. In the Para structure, ethylbenzene loadings are similar
when using the modified Nicholas model and the rigid structure with atom posi-
tions optimized at 0 K for pressures up to 100 Pa. At 2000 Pa, the simulations with
the modified Nicholas model predict loadings 0.5 molec./uc higher than in the rigid
frameworks. At high pressures, the loadings in the rigid and the rigid structure with
atom positions optimized at O K are the same. A typical snapshot of the simulation
of adsorption in MFI Para using the modified Nicholas model at 353 K and 2000 Pa
is included shown in Fig. 3.9. It can be observed that ethylbenzene molecules are
located in the channels and in the intersections of the channels.

Obtaining higher loadings in the rigid structure with atom positions optimized
at 0 K than in the rigid structure from experiments suggests that the atomic config-
uration of the optimized structure at O K can be related to the pore-size difference
shown in Fig. 3.6b. The intersection of the rigid structure with atom positions op-
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timized at O K using the modified Nicholas model are approximately 0.5 A larger
than in the rigid crystal structure from experiments.

Comparing the Mono, Ortho and Para systems, higher maximum loadings are
obtained in the Para structure for all cases. The adsorption of molecules in the Mono
structure is less affected by use of the modified Nicholas model at low loadings.
There is a qualitatively good agreement between the simulations using the modified
Nicholas model and the experimental data. For loadings lower than 4 molec./uc, the
simulations using the Mono structure are in good agreement with the experiments,
and the flexibility does not play a role in this regime. The loadings computed in
the MFI Mono rigid structure with atom positions optimized at O K are closer to
the experimental loadings than with the rigid structure. At loadings higher than
4 molec./uc, the simulations in the Para structure using the modified Nicholas model
show a better agreement with the experiments than using the rigid frameworks and
the modified Demontis model.

The adsorption of ethylbenzene in MFI-type zeolites from experiments has been
reported by Song et al. [335] at 345 K (Si/Al ratio: 1338) and Schumacher and
Karge [330] at 355 K (Si/Al ratio: 34). Type I isotherms are reported with a max-
imum loadings of approximately 4 and 3.5 molec./uc, respectively. Caro-Ortiz et
al. [204] reported adsorption isotherms of ethylbenzene in MFI-type zeolite (Si/Al
ratio: 80) at 353 K.

Choudhary and Srinivasan [405] studied the effect of the Si/Al ratio in the ad-
sorption of benzene in MFI-type zeolites at 523 K. It is observed that the loadings
of benzene increase with the decrease in the Si/Al ratio. Guo et al. [406] indicate
that the pore size of MFI-type zeolites become smaller with increasing Si/Al ratios
of the framework. This suggest that the loadings of ethylbenzene from Ref. [204]
are expected to be higher than the loadings reported by Song et al. [335], and
lower than the loadings reported by Schumacher and Karge [330], due to differ-
ences in the Si/Al ratio of the zeolites. Caro-Ortiz et al. [204] reported loadings
over 4 molec./uc are observed at pressures higher than 40 Pa. The loadings reached
5 molec./uc at approximately 800 Pa. The maximum loading obtained is 5.21 at
1211 Pa in sample A. The loadings reported in Ref. [204] are higher than the load-
ings reported in the literature [330, 335]. This suggest that the differences between
the loadings reported in Ref. [204] and the isotherms from literature [330, 335] are
not related to Si/Al ratio differences and can be compared to simulations consider-
ing an all silica MFI-type zeolite. Caro-Ortiz et al. [204] showed that experiments
reporting adsorption of aromatics in MFI-type zeolites are scarce and not always
consistent under the same temperature/pressure conditions.
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Figure 3.8: Adsorption isotherms of ethylbenzene at 353 K computed for the (a) Mono, (b) Ortho, and (c)
Para structures (Si/Al ratio: co). Crossed symbols denote the experimental data (Sample A and B) from
Ref.[204] (Si/Al ratio: 80) . Triangles, upside down triangles, circles, and squares denote the simulations
with the modified Nicholas [376] model, the modified Demontis [374] model, the rigid structure from
experiments, and the rigid structure with atom positions optimized at 0 K using the modified Nicholas
model, respectively.
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Figure 3.9: Typical snapshot of the simulation of adsorption of ethylbenzene in MFI Para using the
modified Nicholas model at 353 K and 2000 Pa. An intersection of the channels is circled. Straight
channels and zigzag channels are indicated with arrows. Ethylbenzene molecules are adsorbed in the
channels and the intersection of the channels.
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3.3.4. ADSORPTION OF XYLENE ISOMERS IN MFI-TYPE ZEOLITE

The adsorption of xylene isomers in MFI-type zeolites at 373 K is calculated with
the modified Nicholas model, the modified Demontis model, the rigid framework
and the rigid structure with atom positions optimized at 0 K with the modified
Nicholas model. The adsorption isotherms are shown in Figs. 3.10, 3.11, 3.12. For
m-xylene (Fig. 3.10) in the Mono structure, framework flexibility does not influence
the isotherm. The differences in the loadings using the modified Nicholas model,
the modified Demontis model, the rigid structure from experiments and the rigid
structure with atom positions optimized at 0 K are below the statistical error of
the simulations. In the Ortho structure, the highest loadings are predicted in the
rigid structure with atom positions optimized at 0 K. At 800 Pa, all simulations
predict a loading of approximately 4 molec./uc. In the Para structure, the modified
Nicholas model and the rigid structure with atom positions optimized at O K using
the modified Nicholas model predict higher loadings than in the rigid structure from
experiments and with the modified Demontis model. This suggests that obtaining
higher loadings with the modified Nicholas model is due to the deformation of the
crystal structure (in the structure with atom positions optimized at 0 K) instead of
the vibrations of atoms. In the m-xylene/MFI-type zeolite system, the flexibility of
the zeolite does not play a large role in the adsorption. All simulations of adsorption
of m-xylene in the MFI-type zeolites overestimate the experimental data.

For o-xylene (Fig. 3.11), the loadings predicted with the modified Nicholas model
and the rigid structure with atom positions optimized at 0 K using the modified
Nicholas model are higher than in the rigid structure for each MFI-type zeolite lat-
tice. A very small influence of the flexibility of the modified Nicholas model can
be observed for each structure. The computed loadings differ within the statistical
error with the rigid structure with atom positions optimized at 0 K using the modi-
fied Nicholas model. The loadings obtained with the modified Demontis model are
lower than in the rigid structure from experiments. It is important to note that the
loadings from experiments of adsorption in silicalite [331] at 373 K for m-xylene are
much lower than those reported for o-xylene. The loadings reported by Wu et al.
[331] at 293 K show higher loadings for m-xylene than for o-xylene in silicalite. This
suggest that the loadings of m-xylene at 373 K in silicalite can be hindered by slow
diffusion. The modified Demontis model yields loadings closer to the experimental
data than any of the models here considered.

For p-xylene (Fig. 3.12) in the Mono and Ortho structures, the modified Nicholas
model predicts higher loadings than the rigid structures only at 800 Pa. At lower
pressures, the differences are below the statistical uncertainties of the simulations.
The modified Demontis model predicts the lowest loadings in all MFI-type zeolite
structures. The loadings obtained with the modified Demontis model are lower than
in the rigid structure from experiments. The modified Demontis model yields load-
ings in excellent agreement with the experimental isotherm. In the Para structure,
the loadings computed in the rigid structure from experiments are higher than with
any flexible model considered. The modified Nicholas model yields loadings close
to the rigid structure with atom positions optimized at O K, which suggests that
the flexibility does not play a role in this case. The large differences between the
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Figure 3.10: Adsorption isotherms of m-xylene at 373 K computed in the (a) Mono, (b) Ortho, and
(c) Para structures. Triangles, upside down triangles, squares, and circles denote the simulations with
the modified Nicholas [376] model, the modified Demontis [374] model, the rigid structure with atom
positions optimized at 0 K using the modified Nicholas model, and the rigid structure from experiments,
respectively. Crossed symbols denote the experimental data from Wu et al. [331]. The experimental
loadings are low (compared to the simulations) and this is indicative of diffusion limitations for m-xylene
in MFI-type zeolites.

loadings in the rigid structure from experiments and with the modified Demontis
model at high pressure suggests that the adsorption in the intersections of the Para
structure is affected by the displacement of the zeolite atoms.
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Figure 3.11: Adsorption isotherms of o-xylene at 373 K computed in the (a) Mono, (b) Ortho, and (c)
Para structures. Crossed symbols denote the experimental data from Wu et al. [331]. Triangles, upside
down triangles, squares, and circles denote the simulations with the modified Nicholas [376] model,
the modified Demontis [374] model, the rigid structure with atom positions optimized at 0 K using the
modified Nicholas model, and the rigid structure from experiments, respectively.
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Figure 3.12: Adsorption isotherms of p-xylene at 373 K computed in the (a) Mono, (b) Ortho, and (c)
Para structures. Crossed symbols denote the experimental data from Wu et al. [331] and Song et al.
[335]. Triangles, upside down triangles, squares, and circles denote the simulations with the modified
Nicholas [376] model, the modified Demontis [374] model, the rigid structure with atom positions opti-
mized at O K using the modified Nicholas model, and the rigid structure from experiments, respectively.
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3.3.5. DISCUSSION

The simulations from this work underscore the difficulties in modeling the frame-
work flexibility and the adsorption of aromatics in MFI-type zeolites appropriately.
Models able to describe the phase transitions that MFI-type zeolites show in exper-
iments -such as core-shell- are difficult to combine with adsorbate models to study
adsorption [352]. Also, the use of a core-shell model implies a significant increase in
the number of particles in the system, which reduces the efficiency of the simulation
[352]. For modeling the phase transitions of MFI-type zeolites, the small volume
change and shape differences between the phases cannot be accounted assuming a
fixed unit cell volume. Systems where adsorbed molecules induce rearrangement of
the zeolite pores require host-host force fields specially designed for this purpose.

The simulations show that the long-range potentials (intra-framework electro-
static and Lennard-Jones interactions) in flexible framework models intrinsically
induce small but important changes in the atom positions of the zeolite, and hence
in the adsorption isotherms. The incompatibility of the partial charges of the zeo-
lite atoms between host-host and guest-host interactions show the need to consider
both aspects for force fields development.

The adsorption of alkylbenzenes in the pores of MFI-type zeolites represents con-
finement conditions. The confinement affects the physico-chemistry of the adsorbed
molecules in different aspects [407-409]. The confinement optimizes van der Waals
interactions in zeolite cavities, involving a perturbation of the shape and electronic
structure of the sorbate [321]. This suggests that polarizability of sorbate molecules
as well as the zeolite framework might have been overlooked.

Macroscopic behavior and properties of alkylbenzenes -such as VLE and critical
points- can be well predicted with models that consider rigid molecules in gas and
liquid phases [257]. However, benzene rings are flexible [410]. Laaksonen et al.
[411] reported that isolated benzene molecules can easily adopt non-planar con-
formations with torsion angles up to 10° at room temperature. Considering a C-C
bond length of 1.4 A, a C-C-C-C torsion angle of 10° in the aromatic ring induces
a displacement of a C atom of approximately 0.24 A. Such displacement is simi-
lar to the mean displacement of the zeolite atoms induced by the force fields for
framework flexibility discussed in this work (see table 3.1). This suggests that the
intra-molecular flexibility of aromatic molecules can be an important factor in the
description of adsorption of aromatics in a zeolite pore.

Experimental work highlights challenges for an accurate description of the ad-
sorption process. Data of adsorption of aromatics in MFI-type zeolites is scarce
and not always consistent under the same temperature/pressure conditions. The
experiments presented by Caro-Ortiz et al. [204] show important differences with
experiments from literature performed decades ago. This suggests that experiments
of adsorption of aromatics in MFI-type zeolites are highly dependent on the sample
synthesis and detection methods. Such inconsistencies can also be related to dif-
fusion limitations experienced by aromatic bulky molecules, such as m-xylene and
o-xylene [412, 413]. The differences between experiments of adsorption of aro-
matics in MFI-type zeolites do not provide a clear overview on what to compare
with simulations results, what to fit or what to use as input for machine learning
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algorithms for force field development.

An accurate experimental description of the internal changes and crystal struc-
ture of the zeolite when varying pressure or temperature is needed. To the best
of authors’ knowledge, detailed experimental insight on how the crystal structure
changes hosting different aromatic molecules are not available. All this informa-
tion is required to develop models able to reproduce and provide reliable molecular
insight of the adsorption phenomena. Such requirements, pitfalls, and challenges
underline that adsorption of aromatics in MFI-type zeolites is one of the most diffi-
cult systems to model.

3.4. CONCLUSIONS

The adsorption of n-heptane, ethylbenzene, and xylene isomers in MFI-type zeo-
lites is computed using rigid and flexible zeolite frameworks. Pore-size distributions
(PSD) of the MFI-type zeolite structures subject to three different host-host force
field are computed. The PSDs show that the use of constant bond lengths induce
displacements of the framework atoms that influences adsorption. Directly taking
the bond lengths from the crystallographic structure minimizes this effect. The
electrostatic and LJ intra-framework interactions induce displacements of the zeo-
lite atoms that significantly affect the size of the pores and channels of the zeolite.
The simulations of the adsorption of n-heptane in MFI-type zeolite at 303 K show
a minor influence of framework flexibility for the computed isotherms, compared
to simulations using the rigid frameworks and experimental data. The simulations
of adsorption of ethylbenzene in MFI-type zeolite at 353 K show that the simula-
tions with the modified Demontis model underestimate experimental loadings. The
results suggest that the framework atom displacements using the modified Demon-
tis model hinder the adsorption of aromatics in the zeolite. The use of the modi-
fied Nicholas model yields loadings closer to the experimental data. This is due to
changes in the average zeolite structure caused by the intra-framework interactions
and not to framework flexibility. The vibrations of the zeolite atoms using the mod-
ified Nicholas model in the adsorption of ethylbenzene in MFI-type zeolites only
plays a role at high pressures/loadings.

The simulations of adsorption of xylene isomers in MFI-type zeolites at 373 K
showed that the influence of the flexibility is dependent on the framework. The use
of the rigid framework and the modified Demontis model yield loadings close to
the experimental isotherm for o-xylene and p-xylene. All simulations overestimate
the experimental isotherm of m-xylene. p-xylene in the Para structure is the only
case where the flexible models show significantly lower loadings than in the rigid
structure from experiments. The loadings in the rigid structure are higher than with
framework flexibility models and overestimate the experimental loadings.

Using the considered host-host force fields, framework flexibility generates a
new structure that is differently ’rigid’. The flexible force fields produce a zeolite
structure that vibrates around an new equilibrium configuration that has limited ca-
pacity to accommodate to a bulky guest molecule. The vibration of the zeolite atoms
only plays role at high loadings, and the adsorption is mainly dependent on the av-
erage positions of the atoms. The intra-framework interactions should be treated
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carefully, as these interactions cause significant deviations from the experimental
zeolite lattice. The adsorption of n-heptane in the MFI-type zeolite is not signifi-
cantly influenced by the structure changes of the framework due to the force fields
for framework flexibility (see Fig. 3.7). The use of a zeolite structure with fixed
atom positions is appropriate when the molecule does not fit tightly in the zeolite
pores. For aromatics, the influence of the force field for framework flexibility on
the adsorption in MFI-type zeolites implies that the structural changes of the zeolite
framework are relevant for molecules that fit tightly in the zeolite void spaces. The
prediction of different loadings when a force field for framework flexibility is used
compared to when a rigid structure is used is an artifact of the force field and not
a re-accommodation of the framework atoms to a guest molecule. Force fields for
framework flexibility usually do not capture the physics behind the accommodation
of the framework atoms to a guest molecule. Obtaining a prediction of the load-
ings closer to the experiments is an overall effect of the host-host interactions, and
not guest interactions as desired. This implies that it is not possible to determine
if one of the force fields for framework flexibility performs best for the description
of the adsorption of aromatics in MFI-type zeolites. Simulations of MOFs and other
porous material considering framework flexibility use similar types of force fields
[222, 352]. The findings of this work suggest that similar effects on the framework
may be found for other classes of porous materials.

The simulations underline the need of new tailor-made force fields to model
the zeolite flexibility for aromatics. Such force fields should focus on the local
changes due to the presence of bulky guest molecules, and not only vibrational
behavior. As electrostatic interactions are important for adsorption purposes, the
intra-framework LJ interactions should also aim to balance the electrostatic inter-
actions to preserve the atomic positions of the zeolite. There are many challenges
and difficulties to model the framework flexibility and the adsorption of aromat-
ics in MFI-type zeolites appropriately. An accurate experimental description of the
internal changes and crystal structure of the zeolite when varying pressure or tem-
perature is crucial. Data of adsorption of aromatics in MFI-type zeolites is scarce
and not always consistent at the same temperature/pressure conditions. The vari-
ability on the experiments of adsorption of aromatics in MFI-type zeolites does not
provide a clear overview on what to compare to the predictions of the simulations.
This knowledge is required to develop models able to reproduce and provide re-
liable molecular insight of the adsorption phenomena. The simulations from this
work show that force fields for framework flexibility should not be blindly applied
to zeolites and a general rethinking of the parametrization schemes for such models
is needed.
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4.1. INTRODUCTION

Many petrochemical processes strongly rely on the interaction and kinetic behavior
of hydrocarbons inside a zeolite [308-311, 414]. For example, xylene molecules
diffusing along the zeolite pores can undergo isomerization, disproportionation and
transalkylation reactions [137]. Thus, knowledge of the adsorption and diffusion
behavior of hydrocarbons in the pores of zeolites is important for the understanding
of the catalytic activity of the zeolite [130, 142, 144, 145].

The adsorption and diffusion of aromatics in MFI-type zeolites has been reported
by several experimental studies [316, 322, 325, 327-340, 415]. The interaction of
an aromatic molecule within a zeolite framework is a complex process [204]. Fac-
tors such as molecules filling a new adsorption site [314, 315], structural changes
due to the number of adsorbed molecules [316-318] or due to a change of temper-
ature [319, 320], may result in an inflection point in the adsorption isotherm. Talu
et al. [316] reported that with increasing temperature, the isotherm shape for for
benzene, toluene, and p-xylene changes from type IV to type I. The combination of
such factors also leads to different phases of MFI-type zeolite structures. The all-
silica form of the MFI-type zeolite is known to show a monoclinic or orthorhombic
structure depending on the temperature and loading [322, 323]. Van Koningsveld
et al. [324] identified three structures of the p-xylene/silicalite system: Mono (mon-
oclinic), Ortho (orthorhombic), and Para (also orthorhombic). The adsorption and
diffusion of aromatics in MFI-type zeolites has also been studied by molecular sim-
ulations [144]. Commonly, Monte Carlo (MC) simulations in the grand-canonical
ensemble (GCMC) are used to compute sorbate loadings as a function of tempera-
ture and pressure in a zeolite framework [197-199]. Several studies where MC is
used to study adsorption of aromatics in MFI-type zeolites can be found in literature
[135, 200-204, 341-349]. Zeolites are commonly considered as very rigid struc-
tures as its atomic bonds and angles are highly constrained [312, 313]. Computer
simulations of the adsorption of hydrocarbons in zeolites are typically performed
assuming that the zeolite framework taken from crystallographic data is a rigid
structure [186, 197, 216]. Nevertheless, Clark and Snurr [217] showed that the
computed adsorption isotherms are sensitive to small differences in the atom po-
sitions of the zeolite. Framework flexibility is observed to play a role only if the
adsorbate fits tightly in the zeolite pore [217]. Vlugt et al. [216, 223] reported the
effect of framework flexibility in the adsorption of n-alkanes and cycloalkanes in
MFI-type zeolite. It was found that for molecules with an inflection behavior in the
isotherm, the influence of the flexibility seems to be larger than for molecules with-
out such inflection. Caro-Ortiz et al. [204] showed that the use of force fields for
framework flexibility significantly affects the adsorption isotherm of xylene isomers
and ethylbenzene in MFI-type zeolites. Such effect is related to intrinsic changes of
the zeolite structure caused by the intra-framework interactions of the force field
for framework flexibility. Molecular dynamic studies have shown that accounting
for framework flexibility considerably affects the diffusion coefficient of aromatics
in zeolites [137]. Forester et al. [224] reported that framework flexibility changes
the diffusivity of aromatics in zeolites by an order of magnitude. Toda et al. [137]
assessed the performance of several force fields for framework flexibility by comput-
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ing diffusion coefficients of p-xylene and o-xylene in 10-ring zeolites. It is observed
that force fields for framework flexibility distort the structure, and that the size and
shape of the 10-rings act as bottlenecks for the diffusion [137]. Kolokathis et al.
[225] computed self-diffusion coefficients of p-xylene and benzene in silicalite-1,
based on transition state theory. It is found that p-xylene diffuses roughly 100 times
faster than benzene when adsorbed at low occupancy in silicalite.

If the diffusion coefficient of a molecule in a zeolite framework is sufficiently
high, molecular dynamic simulations can be directly used [144]. Processes such as
the separation of aromatic isomer mixtures in zeolites, show self-diffusivity coeffi-
cients lower than 1072 m2s~! [226]. As such, the diffusion behavior may occur
outside the time scales accessible to molecular dynamics simulations [227]. The
free energy landscape of molecules within the pores of a zeolite show the mobility
of the molecules inside the zeolite and can be used in a more quantitative investiga-
tion of product shape selectivity of zeolite catalysts [228]. Low diffusion coefficients
are observed when the molecules are trapped in low free energy sites in the zeolite
framework, and sporadically hop from one low energy site to another [144]. Tran-
sition state theory (TST) methods can be used to estimate the diffusion coefficients
in porous materials at slow diffusion time scales [229, 230], using the free energy
landscape [231]. Such methods have been used for the estimation of diffusion coef-
ficients of aromatics in MFI-type zeolites [224, 225, 232-234]. As discussed in chap-
ter 3, force fields for framework flexibility produce a zeolite structure that vibrates
around a new equilibrium configuration with limited capacity to accommodate to
bulky guest molecules. To the best of our knowledge, molecular simulation studies
where the effect of framework flexibility on the adsorption and diffusion of aromat-
ics in zeolites is systematically studied are not available. This chapter explores how
the variation of framework flexibility in a model affects the adsorption and diffusion
of aromatic hydrocarbons in MFI-type zeolites. Force fields for framework flexibility
that include intra-framework Lennard-Jones (LJ) and electrostatic interactions in-
duce small but important changes in the atom positions of the zeolite, affecting the
adsorption isotherm (see chapter 3 for details). The Demontis model [373] consists
of modeling zeolite framework flexibility by a bond stretching potential for the Si-O
bond, and a bond stretching potential for oxygen atoms linked by a silicon atom,
not including intra-framework LJ and electrostatic interactions. Fig. 4.1 shows how
the bonds of selected neighboring atoms from the MFI-type zeolite are modeled as
rigid bonds and as harmonic oscillators according to the Demontis model [373].

The effect of framework flexibility on the adsorption and diffusion of Cg aromat-
ics in MFI-type zeolites is studied using a Demontis-like model in which the spring
constants of such bond-stretching parameters are varied. MC simulations are used
to compute adsorption of ethylbenzene and xylene isomers in an MFI-type zeolite
structure when framework flexibility is varied. Also, free energy profiles are used
to obtain the self-diffusion coefficients of aromatics in the straight channel of the
zeolite.

This chapter aims to study how variations of framework flexibility change the
MFI-type zeolite framework, and influence the interactions with guest molecules.
The ’flexible snapshot’ method has been developed by Sholl et al. [416-418] to cap-
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Figure 4.1: Selected neighboring atoms from the 10-ring of MFI-type zeolite with bonds modeled as
(a) rigid distances and (b) as harmonic oscillators according to the Demontis model [373]. Silicon and
oxygen atoms are shown in yellow and red, respectively. The orange spring represents the harmonic po-
tential between linked silicon and oxygen atoms with spring constant kg; . The blue spring represents
the harmonic potential for oxygen atoms linked by a silicon atom with spring constant ko_(si-o-

ture the effect of framework flexibility on adsorption in nanoporous materials. In
this method, snapshots are obtained using fully flexible MD simulation of an empty
framework, and has been used to study the selectivities of Cg aromatics in multi-
ple metal-organic frameworks [418]. In this work, the ’flexible snapshot’ method
is used to see how the empty zeolite structure changes due to framework flexibil-
ity. The potential of this method to describe adsorption at high pressures is briefly
assessed. The simulation procedure is explained in Section 4.2. The computed
Henry coefficients, diffusion coefficients, and adsorption isotherms of Cg aromatics
in an MFI-type zeolite are reported and discussed in Section 4.3. It is shown that
framework flexibility induces small but important changes in the atom positions of
the zeolite, and hence in the adsorption isotherm and the diffusion coefficient of
aromatics in MFI-type zeolite. The concluding remarks regarding the effect of the
framework flexibility on the interaction of aromatics within an MFI-type zeolites are
discussed in Section 4.4.
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4.2. METHODS

The adsorption computations are performed using the Continuous Fractional Com-
ponent Monte Carlo (CFCMC) [240, 241] algorithm in the grand-canonical ensem-
ble. The RASPA software [365, 366] is used for all simulations. Periodic boundary
conditions are applied to a simulation box consisting of 2x2x3 unit cells of the MFI-
type zeolite Ortho structure described by van Koningsveld et al. [351]. A cut off
radius of 14 A is applied for all LJ interactions and analytic tail corrections are used
[367]. The interactions between different atom types are obtained using Lorentz-
Berthelot mixing rules [292]. MC simulations are performed in MC cyles. The
number of trial moves per cycle equals the number of adsorbed molecules N with a
minimum of 20. At each MC cycle, trial moves attempt to rotate, displace, randomly
reinsert, and insert/remove adsorbates. In the CFCMC alghorithm, the interactions
of a fractional molecule are scaled by the A parameter in the range 0 to 1 (0 for
no interactions with surrounding molecules/framework and 1 for full interaction
with surrounding molecules/framework). The so-called A-trial moves scale the in-
teractions of the fractional molecule via the CFCMC algorithm [240, 241]. The
simulations use 105 MC cycles to initialize the system. The initialization run only
allows translation, rotation, and insertion/deletion, and reinsertion trial moves. Af-
ter initialization, a stage of 4 - 10> MC cycles are used to equilibrate the CFCMC
biasing factors. All the considered types of trial moves are allowed and the biasing
factors for the A-trial moves of the CFCMC algorithm are calculated. A-trial moves
are biased to obtain a flat )\ probability distribution. The use of this trial move is
advantageous as it enables an efficient insertion and deletion of sorbate molecules
in the system [241, 243]. Ensemble averages are obtained in a 5 - 10> MC cycles
production stage. The reported errors account for the 95% confidence interval cal-
culated by dividing the production run into five parts and computing the standard
deviation. An additional MC trial move is included to simulate a flexible zeolite
framework, which attempts to give a random displacement to a randomly selected
zeolite atom [216]. p-Xylene and benzene adsorption cause volume changes of the
MFI-type framework lower than 0.4% [329, 419]. As such, the volume of the simu-
lation box is kept fixed.

The framework snapshots considered for the ’flexible snapshot’ method [416-
418] are obtained by performing simulations of an empty zeolite structure in the
NVT ensemble. Random framework atom trial moves are allowed. A 10° MC
cycles run is performed as initialization. After that, snapshots are produced every
10* MC cycles. The average properties for each snapshot are computed and then
averaged.

The pore size distribution (PSD) of a MFI-type structure is calculated geometri-
cally with the method of Gelb and Gubbins [388, 389]. Henry coefficients, and free
energy profiles of aromatics in the MFI-type zeolite structure are calculated via the
Widom test-particle insertion method [390]. In this method, the average Boltzmann
weight of a ghost molecule is calculated. Such ghost molecule perceives the same
energy as a real particle. The other molecules in the system (zeolite framework in
this case) do not feel the presence of the ghost particle [173]. The simulations are
started with 10°> MC cycles to initialize the system. The initialization run only allows
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framework atom moves. After that, the Henry coefficient and free energy landscape
are computed in a 10° MC cycles production run. The helium void fraction (HVF)
is determined using the iRASPA visualization software [22], by probing the frame-
work with a non-adsorbing helium molecule using the Widom test-particle insertion
method [390].

Force fields that model the flexibility of the zeolite framework are commonly
based on the description of vibrational properties, such as the infrared spectra
of the zeolite atoms [368, 369], and/or ab initio quantum chemical calculations
[370, 371]. Several force fields for framework flexibility have been reported in lit-
erature [312, 370-378]. Such force fields are typically used for the calculations
of diffusion of aromatics in MFI-type zeolites by molecular dynamics simulations
[137, 380]. In this work, the host-host interaction are modeled using a Demontis-
like force field. The Demontis model [373-375] consists on modeling zeolite frame-
work flexibility by a bond stretching potential for the Si-O bond, and a bond stretch-
ing potential for the oxygen atoms linked by a silicon atom. The bond stretching
potentials U(r) are modeled using the expression: U(r) = 0.5k - (r — ro)?, where
k is the spring constant and r is the equilibrium bond length. The original values of
the spring constants are ko_(si)—o/ks = 51831.61 KA—2 and ksi—o/kp = 251778.07

KA—2. The ratio k = ko—(siy—o = 0.2 - ksi_o is kept fixed to reduce the number of
parameters [216]. The original Demontis model [373] uses constant equilibrium
bond lengths and angles. The so-called modified form of this model takes the equi-
librium bond lengths and bend-angles (in the Urey-Bradley term) directly from the
crystallographic structure to which the model is applied [216]. This modification
is used in this work, and it is used to avoid large deviations from the experimental
crystal structure (see chapter 3). When this modification is in use, the minimum
energy structure is exactly reproduced when k — oo [216] or for any value of the
spring constant £k when 7" — 0 K.

The interactions between the zeolite and guest hydrocarbons are modeled us-
ing the TraPPE-zeo model [396]. In this force field, all oxygen and silicon atoms
are modeled with LJ interactions and partial charges. The development of this
force field was focus on transferability and variety of zeolite/guest systems [396].
As such, it is fitted to match the experimental adsorption isotherms of n-heptane,
propane, carbon dioxide, and ethanol in zeolites.

As discussed in chapter 2, molecular simulations of aromatics typically use force
fields (guest-guest interactions) that model the vapor-liquid equilibrium (VLE) with
LJ potentials or a combination of LJ and electrostatic interactions [257, 258]. In
the case of aromatic species, a common practice in the development of these force
fields is to fit the interaction parameters to reproduce the VLE of the pure com-
ponents [245-248, 253, 297, 299], or by optimizing LJ interactions by a combi-
nation of ab initio quantum mechanical calculations and empirical methods [249-
251, 401, 420]. In this work, the guest-guest interactions are modeled using the
TraPPE-UA [252, 403] force field. The TraPPE-UA is a widely used force field that is
designed to reproduce the VLE of alkylbenzenes and n-alkanes, among other chem-
ical species. The united atom approach is used by merging a carbon atom and
its bonded hydrogen atoms into a single uncharged interaction site representing
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each CHy group in the aromatic species. Aromatics are modeled as rigid molecules,
except ethylbenzene, that includes a torsional potential in the CH3-CH,-CH bend-
angle. The reader is referred to chapter 3 for details about the choice of force fields
and to tables A.2 and A.3 of Appendix A.1 for the force field parameters used here.

4.3. RESULTS AND DISCUSSION

4.3.1. HENRY COEFFICIENTS OF XYLENES IN MFI-TYPE ZEOLITE

The Henry coefficients of ethylbenzene and xylene isomers (as single components)
in an MFI-type zeolite at 353 K are computed using the flexible framework model
and the ’flexible snapshot’ method, varying k. Five snapshots are used for the ’flexi-
ble snapshot’ method. The computed Henry coefficients as a function of the frame-
work flexibility are shown in Fig. 4.2. It is observed that for all aromatics considered
in this study, the ’flexible snapshot’ method yields the same Henry coefficient as the
simulations using a flexible framework. Fig. 4.2 shows that framework flexibility
has a significant influence on the Henry coefficient of aromatics in the MFI-type
zeolite. When the framework is very flexible (i.e. k/kg = 500 K/O\*Q), the Henry
coefficients of ethylbenzene, p-xylene, and o-xylene are higher than those computed
for the structure with atom positions fixed to the crystallographic data (rigid frame-
work). When 5-10* KA=2 < k/kg < 5-10° KA~2, the Henry coefficients of ethyl-
benzene and xylene isomers are lower than in the rigid zeolite framework. When
k/kg > 5-107 KA~2, the Henry coefficient of ethylbenzene and xylene isomers
is in agreement with the Henry coefficient computed for the rigid structure. This
suggests that when £ is sufficiently high, framework flexibility does not affect the
zeolite structure. The Henry coefficients of aromatics in MFI-type zeolite computed
with the ’flexible snapshot’ method are in excellent agreement with the values com-
puted using the flexible framework for all k. This suggests that the snapshots can be
used to describe the changes that framework flexibility induces on the empty zeolite
structure.

4.3.2. FRAMEWORK FLEXIBILITY IN MFI-TYPE ZEOLITE

The mean displacement of the zeolite atoms compared to the rigid structure [351],
the HVF, and the PSD are computed for the five snapshots used in the ’flexible snap-
shot’ method. Fig. 4.3 shows the mean displacement of the zeolite framework atoms
compared to the rigid framework, the HVF, and the PSD, as a function of k, com-
puted for five MFI-type zeolite snapshots. It is observed that as k is decreased, the
mean displacement of the framework atoms increases. When k/kg = 5 - 102 KA~2,
an average displacement of 0.95 A is observed. For k/kg > 5- 107 KA~2, the aver-
age displacement of framework atoms is close to zero. The HVF of the MFI-type zeo-
lite structures is significantly influenced by framework flexibility. The highest HVF is
observed when k/kg = 5- 102 KA~2. For 5-10* KA=2 < k/kg < 5-10° KA~2, the
HVF of the MFI-type zeolite structure is lower than the HVF computed for the rigid
framework. For k/kp > 5-10% KA~2, the HVF of the MFI-type zeolite structures
is in good agreement with the HVF computed for the rigid zeolite structure. The
influence of framework flexibility on the HVF shows that the accessible pore volume
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Figure 4.2: Henry coefficient of ethylbenzene, and xylene isomers computed in an MFI-type zeolite at
353 K as a function of framework flexibility k. Closed symbols denote the computations using the flexible
framework. Open symbols denote the computations using the ’flexible snapshot’ method [416]. Dashed
lines denote the computations using the rigid framework.

of the zeolite is directly related to the Henry coefficient of aromatics in MFI-type
zeolites.

For the PSD of MFI-type zeolites, the peak centered at a diameter of approxi-
mately 4.3 A corresponds to the zigzag and straight channels. The peak centered at
a diameter of approximately 5.5 A corresponds to the intersection of the channels.
The PSD of the MFI-type zeolite snapshots show the influence of framework flexibil-
ity on the zeolite pore sizes. It can be observed that as k is decreased, the peak that
corresponds to the intersections is shifted to lower diameters. The peak that corre-
sponds to the channels is shifted to lower diameters when k/kg < 5 - 104 KA-2,

The PSD of the MFI-type structures when k/kg = 5 - 102 KA=2 does not show a
pore size peak distinction between channels and intersection. The maximum pore
size observed is 6.5 A, suggesting that for very high framework flexibility, the de-
formation of the zeolite void spaces is very large. As framework flexibility changes
the pore size of the zeolite intersections and channels, a decrease of the pore size of
the intersection directly affects the adsorption of molecules, and Henry coefficients
lower than for the rigid framework are obtained. This suggests that the interac-
tion of the aromatic molecules and the zeolite framework is highly influenced by
changes on the pore sizes of the zeolite. Having higher Henry coefficients than
in the rigid framework when k/kg < 5-103 KA=2 can be related to an increase
of pores with a diameter of approximately 4.7 A. The PSDs suggest that as k is
decreased, the pore sizes of the channels and the intersections become uniform.
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When k/kg = 5-10° KA~2, a mean displacement of the zeolite atoms of 0.018 A
is enough to induce up to a 42% decrease of the Henry coefficient of o-xylene in
MFI-type zeolites, compared to the Henry coefficient computed in the rigid frame-
work. With framework flexibility in the range of the original Demontis model (i.e.
k/kg =5 - 10* KA=2), Henry coefficients lower than in the rigid framework are ob-
tained. As the framework is more flexible, Henry coefficients higher than in the rigid
framework are obtained. This suggests that the interactions between the aromatic
molecules and the zeolite framework are very susceptible to small displacements of
the zeolite atoms and the geometry of the zeolite pores.

Since the snapshots are obtained from an empty zeolite structure, the capacity
of the ’flexible snapshot’ method to describe the adsorption of aromatics outside
the Henry regime is of interest. Simulations of adsorption of ethylbenzene and p-
xylene in an MFI-type structure are computed at 7848 Pa, using different number
of snapshots, for different k. Snapshot 1 corresponds to the crystal structure from
experiments [351]. The loadings of ethylbenzene and p-xylene in MFI-type zeolite
at 7848 Pa and 353 K as a function of the number of snapshots for different k are
shown in Fig. 4.4. The loadings computed using the ’flexible snapshot’ method are
higher than the loadings computed in the rigid framework. The loadings computed
with the ’flexible snapshot’ method are lower than the loadings obtained using a
flexible framework. It can be observed that the loadings using the ’flexible snapshot’
method do not depend on the number of snapshots used if ten or more snapshots
are used.

4.3.3. 'FLEXIBLE SNAPSHOT' METHOD FOR ADSORPTION IN MFI-TYPE
ZEOLITE
Adsorption isotherms of ethylbenzene and p-xylene in an MFI-type zeolite at 353 K
are computed using the flexible framework and the ’flexible snapshot’ method with
ten snapshots, are shown in Fig. 4.4. The adsorption isotherms show the differences
between the loadings computed with the flexible framework and the ’flexible snap-
shot’ method. In the ’flexible snapshot’ method, it is assumed that the adsorbate
does not have a significant effect on the framework dynamics [418]. This assump-
tion has a significant effect on the computed loadings when framework flexibility is
high (i.e. k is low). When k/kg = 5 - 102 KA~2, significant differences between the
loadings of ethylbenzene and p-xylene in MFI-type zeolite computed with the flexi-
ble framework and the ’flexible snapshot’ method are observed for pressures higher
than 10 Pa. For framework flexibility k/kg = 5- 103 KA=2 and k/kg = 5-10* KA~2,
the loading differences can be observed when the pressure is higher than 100 Pa,
and loadings higher than 4 molec./u.c. are obtained. The ’flexible snapshot’ method
can be used to understand the effect that bulky aromatic guest molecules produce
on the zeolite framework. It can be observed that the loadings computed using the
'flexible snapshot’ method account for the molecules that would fit in a new rigid
framework with the new average configuration produced by a particular framework
flexibility k. The difference between the loadings computed with the ’flexible snap-
shot’ method and the flexible framework correspond to the effect on the isotherm of
how the framework accommodates to the guest molecules. The ’flexible snapshot’
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Figure 4.3: (a) Mean displacement of framework atoms compared to the rigid structure [351] and
helium void fraction, and (b) Pore size distribution of the five empty MFI-type zeolite snapshots used for
the ’flexible snapshot’ method [416] at 353 K as a function of framework flexibility k.

method is useful for the description of the adsorption behavior at very low load-
ings/infinite dilution. For high pressures/loadings, the ’flexible snapshot’ method
does not yield the same loading as when the flexible framework is used. This sug-
gests that the effect of the guest aromatic molecules on the zeolite framework should
not be neglected.
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Figure 4.4: Absolute loadings of (a) ethylbenzene and (b) p-xylene at 7848 Pa in an MFI-type zeolite
[351] at 353 K computed using the flexible framework and the ’flexible snapshot’ method, as a func-
tion of the number of snapshots considered in the ’flexible snapshot’ method, for different framework
flexibility k. Adsorption isotherms of (c) ethylbenzene and (d) p-xylene in an MFI-type zeolite [351] at
353 K computed using the flexible framework and the ’flexible snapshot’ method using ten snapshots, for
different framework flexibility k.

4.3.4. ADSORPTION OF AROMATICS IN MFI-TYPE ZEOLITE

Adsorption isotherms of ethylbenzene and xylene isomers at 353 K in an MFI-type
zeolite varying framework flexibility & are shown in Fig 4.5. Framework flexibil-
ity influences the adsorption isotherm of aromatics in MFI-type zeolite. In the low
pressure regime (i.e. P < 10? Pa), the loadings of ethylbenzene are similar for
k/kg > 5-10% KA~2. At higher pressures, the effect of framework flexibility is
observed, yielding higher loadings as k is decreased. The highest loadings of ethyl-
benzene in the considered pressure range are obtained when k/kg = 5 - 102 KA-2,
having up to 8.2 molec./u.c. at 7848 Pa.

At pressures lower than 20 Pa, framework flexibility does not play a role in the
loadings of m-xylene. When k/kg = 5 - 102 KA~2, loadings of 7.8 molec./u.c. of m-
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Figure 4.5: Adsorption isotherms for (a) ethylbenzene, (b) m-xylene, (c) o-xylene, and (d) p-xylene in
an MFI-type zeolite [351] at 353 K, varying framework flexibility k.

xylene are observed at 7848 Pa. For 5 - 103 KA=2 < k/kp < 10% KA—2, framework
flexibility influences adsorption only when the pressure is higher than 6 - 10 Pa.
Fig. 4.6 shows two typical snapshots of the simulation of adsorption of m-xylene
in an MFI-type zeolite at 353 K and 7848 Pa, using a rigid zeolite framework (Fig.
4.6a), and a flexible zeolite framework with k/kg = 5-10% KA~2 (Fig. 4.6b). It
can be observed that when using the rigid zeolite framework, m-xylene molecules
are located exclusively in the intersection of the zigzag and the straight channel.
When k/kg = 5-10? KA‘Q, m-xylene molecules are located in the intersections of
the channels, as well as in the channels.

Unlike ethylbenzene and m-xylene, o-xylene adsorption is affected by frame-
work flexibility already at very low pressures. The effects of framework flexibil-
ity are noticeable when the pressure is higher than 10 Pa. Framework flexibil-
ity has a significant influence on the Henry coefficient of o-xylene (Fig. 4.2); the
Henry coefficient of o-xylene is 1.9 times higher than for the rigid structure when
k/kp = 5-10° K;\‘Q, and 0.48 times smaller when than for the rigid structure
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Figure 4.6: Typical snapshots of the simulations of adsorption of m-xylene in an MFI-type zeolite at 353
K and 7848 Pa. (a) Simulaotion using the rigid zeolite framework. (b) Simulations using framework
flexibility k/kp = 5 - 102 KA~2. The adsorption surface computed with iRASPA [22] is shown in green.

when k/kg = 5-10° KA~2. This suggest that the adsorption of o-xylene in MFI-
type zeolite is sensitive to the changes of the zeolite structure caused by framework
flexibility already at low loadings. When k/kg = 5- 102 KA~2, o-xylene loadings
of up to 8.5 molec./u.c. are obtained. For k/kg = 5-10® KA~2, the maximum
loading obtained is 4.3 molec./u.c. As k/kg > 10* KA=2, maximum loadings
of approximately 3.8 molec./u.c. are obtained. p-xylene adsorption is highly af-
fected by framework flexibility, specially at high pressures. The maximum loading
of p-xylene (8.1 molec./u.c.) is obtained for k/kg = 5-102 KA=2. Only when
k/kg > 5-10° KA~2, the loadings obtained with the flexible framework are the
same as the loadings obtained in the rigid framework. In the case of Cg aromatics,
and inflection point in the isotherm can be an indication of the occupancy of new
adsorption sites [314], such as the zigzag and straight channels. For adsorption of
aromatics in MFI-type zeolites, when the loadings are lower than 4 molec./u.c., the
molecules occupy the intersection of the channels. At higher loadings, the molecules
occupy the void spaces in the channels. It can be observed that as & is decreased
to k/kg = 5 - 102 KA~2, the shape of the isotherms for ethylbenzene and xylene
isomers changes from type IV to type I. The PSD of the empty zeolite structure for
k/kg = 5-102 KA=2 (Fig. 4.3b) shows the absence of a pore size peak distinction
between the channels and the intersections. This suggests that the changes that
framework flexibility induces in the zeolite structure can change the shape of the
adsorption isotherm of aromatics in MFI-type zeolites.

4.3.5. DIFFUSION OF AROMATICS IN MFI-TYPE ZEOLITE

The free energy profiles of ethylbenzene and xylene isomers in an MFI-type zeolite
as a function of framework flexibility are shown in Fig. 4.7. The dimensionless co-
ordinate correspond to the dimensionless position across the b-crystallographic axis
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Figure 4.7: Free Energy profiles in the b-crystallographic axis (parallel to the straight channel) for (a)
ethylbenzene, (b) m-xylene, (c) o-xylene, and (d) p-xylene at infinite dilution in an MFI-type zeolite
[351] at 353 K, varying framework flexibility k. The dimensionless coordinate correspond to the dimen-
sionless position across the b-crystallographic axis of the MFI-type zeolite unit cell.

of the MFI-type zeolite unit cell. The free energy profiles suggest that framework
flexibility significantly influences the free energy barrier between the low energy
states (intersections). As k is decreased, the free energy barrier between the inter-
sections of the channels is decreased. This suggests that the pore size changes that
framework flexibility induces on the zeolite framework have an important effect on
the free energy of aromatic molecules in MFI-type zeolites.

The free energy profiles are used to compute the hopping rate k%57, and the self-
diffusion coefficient (D) at infinite dilution of aromatics in the straight channel of a
MFI-type zeolite framework using TST. In TST, it is assumed that all particles that
reach the free energy barrier from a low energy site A to a low energy site B, eventu-
ally end up in B [227]. The hopping rates k151 are obtained by computing the rela-
tive probability to find a molecule on top of the free energy barrier, and the velocity
of the molecule is given by a Maxwell distribution corresponding to the temperature

of the system [144]. The hopping distance As_,p is the distance between A and B.
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Figure 4.8: Self-diffusion coefficient D computed using Transition State Theory for ethylbenzene and xy-
lene isomers in the straight channel of a MFI-type zeolite [351] at 353 K, varying framework flexibility &.

At infinite dilution, the self-diffusion coefficient is calculated using the expression
D = k15T, - A3 5. The reader is referred to refs. [144, 227, 230] for details about
the calculation of diffusion coefficients from TST. The self-diffusion coefficients of
ethylbenzene and xylene isomers in the straight channel of MFI-type zeolite at 353
K are shown in Fig. 4.8. It can be observed that framework flexibility has an im-
portant effect on the self-diffusion coefficient of aromatics in MFI-type zeolites. The
highest self-diffusivity coefficients D are obtained when k/kg = 5 - 102 KA~2 for all
aromatics considered. As k is increased, the computed D are in agreement with the
self-diffusion coefficient computed in the rigid framework. For all values of k consid-
ered (and the rigid structures), Dp_xyiene > Dethylbenzene > Dm—xylene > Do—xylene-
Comparing the self diffusion coefficients obtained when k/kg = 5- 102 KA~2 and
D obtained in the rigid structure, framework flexibility affects the diffusion of aro-
matics molecules in an MFI-type zeolite differently: Degnyibenzene increased from
4.7:1071 £0 1.5:1078 m?s™1; D, xylene increased from 1.9-107® t0 7.6-107% m?s~1;
Dy xylene increased from 1.9 - 10728 to 1.6 - 1072 m2s™!; D,,_xylene increased from
6.8-1071% to 4.5-10~® m2s~!. Framework flexibility significantly changes D when
k/ks < 5-105 KA~2. This suggests that the changes that framework flexibility in-
duces on the pore sizes of the channels of the zeolite framework notably influence
the estimation of D.
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4.4. CONCLUSIONS

The influence of framework flexibility on the adsorption and diffusion behavior of
Cg aromatics in an MFI-type zeolite has been investigated using molecular simula-
tions. It has been observed that -regardless of taking the bond lengths and angles
from the crystallographic data- framework flexibility induces changes on the aver-
age zeolite structure. As the framework is more flexible, it is difficult to discrimi-
nate the channels and the intersections based on pore sizes. This has a significant
effect on the Henry coefficient and the adsorption isotherms of aromatics in MFI-
type zeolites. The Henry coefficient of aromatics in MFI-type zeolites is significantly
affected by framework flexibility. With framework flexibility in the range of the
original Demontis model (i.e. k/kg = 5-10* KA~2), computed Henry coefficients
of aromatics in MFI-type zeolites are lower than in the rigid framework. As the
framework is more flexible, Henry coefficients are higher than in the rigid frame-
work. When k/kg = 5-10° KA=2, a mean displacement of the zeolite atoms of
0.018 A is enough to induce a significant change in the Henry coefficient of aromat-
ics in MFI-type zeolites. This suggests that the interactions between the aromatic
molecules and the zeolite framework are very susceptible to small displacements of
the zeolite atoms affect and changes of the geometry of the zeolite pores. The ’flexi-
ble snapshot’ method is useful for the description of the adsorption behavior at very
low loadings/infinite dilution. For high pressures/loadings, the ’flexible snapshot’
method does not yield the same loading as when the flexible framework is used.
This suggests that the effect of the guest molecules on the zeolite framework should
not be neglected. The adsorption isotherms are affected by framework flexibility. At
low loadings, the influence of the framework flexibility on the adsorption is small.
When the loadings are higher than 4 molec./u.c., small, lower framework flexi-
bility % yields higher loadings than in the rigid framework. In the pressure range
considered, the maximum loadings of aromatics in MFI-type zeolites computed de-
pend on the framework flexibility. Higher maximum loadings are obtained when the
framework is more flexible (i.e. k/kg = 5 - 102 KA~2). For ethylbenzene, m-xylene
and p-xylene, framework flexibility plays an important role when the loadings are
higher than 4 molec./u.c.. For o-xylene, framework flexibility plays a role when
the loadings are lower than 4 molec./u.c. The changes that framework flexibility
induces in the zeolite structure can change the shape of the adsorption isotherm
of aromatics in MFI-type zeolites for very flexible zeolite frameworks. Framework
flexibility significantly decreases the free energy barriers of aromatics between the
low energy sites of the zeolite framework. As the zeolite framework is more flexible,
the self-diffusion coefficient is significantly increased. Framework flexibility has a
remarkable effect on the adsorption and diffusion of aromatics in MFI-type zeolites.
In the future, the development of force fields for zeolite framework flexibility should
have a special focus on the interactions of bulky aromatic guest molecules with and
within a zeolite framework.
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5.1. INTRODUCTION

Several mechanisms influence the selective adsorption of molecules in zeolites [144,
422]. These mechanisms are based on enthalpy, shape, and entropy differences
between the competing guest molecules [423]. The enthalpy difference between
competing molecules is relevant when the change of enthalpy of the molecules
transferred from the bulk phase into the zeolite is even slightly different. In this
mechanism, the adsorption is driven by the attractions between the molecules and
the zeolite atoms. At low loadings, when interactions among adsorbates can be
neglected, there is selectivity towards molecules with stronger attractive interac-
tions with the zeolite [424]. In the shape selectivity mechanism, the adsorption of
molecules that do not fit in the pores of the zeolite is hindered [231]. Instead, only
molecules that are smaller than the zeolite pores -and that can diffuse through the
pores- are adsorbed. This size exclusion mechanism is related to entropic effects
[425]. In the entropic selectivity mechanism, packing effects drive the selectivity.
The efficiency with which the adsorbed molecules are arranged within the channels
of the zeolite determines which molecules are preferentially adsorbed [425, 426].
This mechanism is particularly important at high loadings [427].

Molecular simulations are an extensively used tool to predict the thermodynamic
properties of a wide diversity of systems [173]. Molecular simulations have been
extensively used to predict the adsorption properties of hydrocarbons in zeolites
[179-186, 188] and other nanoporous materials [190-193]. Commonly, Monte
Carlo simulations (MC) in the grand-canonical ensemble (GCMC) can be used to
compute sorbate loadings in a zeolite for different temperatures and pressures [197-
199]. Several studies where MC are used to study adsorption of aromatics in zeolites
can be found in literature [135, 200-210]. Most molecular simulations studies of
adsorption of hydrocarbons in zeolites have focused on adsorption from a vapor-
phase [202]. This is due to the difficult insertion and deletion of molecules at
conditions close to saturation, leading to inefficient simulations [239]. However,
advanced biasing techniques -such as Continuous Fractional Component (CFCMC)
or Configurational-Bias (CBMC)[243]- can be used nowadays in Monte Carlo sim-
ulations to overcome this issue. In practice, most Cg processing technologies have
classically considered adsorption from a vapor phase. More recently, there has been
interest in adsorption from a liquid phase [236]. This leads to an efficient use of
all the pore volume of the zeolite. Liquid phase adsorption is preferred due to
its operational, maintenance and environmental advantages over other processing
technologies [237].

The adsorption of xylene isomers in zeolites and the mechanisms that drive ad-
sorption are studied using Monte Carlo simulations. This article aims to study the
competitive adsorption of xylene isomers in selected zeolite frameworks at condi-
tions relevant for industrial purposes. The prediction of the adsorption equilib-
rium of multiple components is one of the most challenging problems in adsorption
[159, 160, 428]. Typical processing of xylenes use the mixture of xylenes at chemi-
cal equilibrium as feedstock. For this reason, the composition of a mixture of xylene
isomers at chemical equilibrium is computed by MC simulations and used as a input
for GCMC simulations of adsorption in zeolites. The calculations of the compositions
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of the mixtures at chemical equilibrium also yield the chemical potentials and fugac-
ity coefficients of xylene isomers [295]. For the grand-canonical ensemble (uVT),
there is thermodynamic equilibrium between the adsorbed molecules and the reser-
voir [429]. The fugacity coefficients and the composition of the mixture at chemical
equilibrium are used to describe the reservoir for GCMC simulations. As there is
chemical equilibrium in the reservoir, there must be chemical equilibrium for the
molecules adsorbed in the zeolite framework. The adsorption of xylenes in zeolites
from a vapor and a liquid phase is computed at 523 K as a function of the total
pressure. This temperature is chosen as it is high enough to promote isomerization
of xylene isomers catalyzed by acid sites in zeolites [311, 430-432]. Pressures of
interest for industrial processing of xylenes in the liquid phase using zeolites at tem-
peratures close to 523 K are in the range of 15 to 40 bar [433-435]. In this work,
the pressures considered for the simulations are in the range of 0.03 to 300 bar.
To investigate the dependence of xylenes adsorption on the zeolite structure, nine
different zeolite types are chosen: FAU, MWW, AFI, MEL, MOR, BEA, MRE, MFI,
and MTW. These zeolite types are considered as part of the most commonly used in
industry, including four out of the so-called ’big five’ zeolite types [107, 128]. These
zeolite types and are shown in Figs. 1.3 and 5.1. Also, a characterization of the
selected zeolite frameworks is presented.

This chapter is organized as follows. The methods are explained in section 5.2.
The characterization of the selected zeolite frameworks, computed heats of adsorp-
tion and adsorption isotherms of xylenes in the zeolite frameworks are reported
and discussed in section 5.3. It is shown that the type and topology of the zeolite
framework influence the mechanisms for selective adsorption of xylene isomers in
different zeolites. The concluding remarks regarding the competitive adsorption of
xylenes in zeolites are discussed in Section 5.4.
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Figure 5.1: Framework structures of (a) MEL-type zeolite, (b) MRE-type zeolite, (c) AFI-type zeolite,
(d) MTW-type zeolite, and (e) MWW-type zeolite. The framework structures of the other zeolite types
considered in this chapter can be found in Fig. 1.3. Silicon and oxygen atoms are shown in yellow and
red, respectively. The maximum diameter of a sphere that can fit in these zeolite types are: 7.72, 6.36,
8,3, 6,08, and 9.69 10\, respectively [123]. MEL- and MRE-type zeolites contain 10-membered ring (mr)
channels. MTW- and AFI-type zeolites contain 12-mr channels. MWW-type zeolites contain 12-mr cages
and 10-mr channels.
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5.2. METHODS

The compositions of the mixture at chemical equilibrium and densities of the mix-
ture of xylene isomers are obtained using force field-based Monte Carlo simula-
tions in the isothermal-isobaric ensemble (NPT), combined with the Reaction en-
semble [436-439]. In the reaction ensemble, trial moves are attempted to trans-
form reactant molecules of a chemical reaction into reaction product molecules.
This method considers chemical reactions as Monte Carlo trial moves, without con-
sidering kinetics or the reaction mechanism. The Brick-CFCMC software [295] is
used for these simulations. The Continuous Fractional Component Monte Carlo
(CFCMCQ) [240, 241] algorithm is used for having efficient insertions and deletions
of molecules in the system [241-243]. Fugacity coefficients of xylene isomers in
the mixture are obtained from the chemical potential computed with the CFCMC
algorithm [242, 294, 439]. Details about the conversion of chemical potentials to
fugacity coefficients can be found in Appendix A.4. A MC cycle is defined as the max-
imum between 20 and N-move-attempts, with N being the number of molecules in
the system [295, 365].

In the CFCMC algorithm, the interactions of a fractional molecule are scaled by
the so-called \ parameter. The )\ parameter scales the interactions of the fractional
molecule in the range 0 to 1 (0 for no interactions with surrounding molecules, and
1 for full interaction with surrounding molecules). The A-trial moves are biased
to obtain a flat probability distribution of A\. The simulations are initialized with
10° MC cycles and only translation and rotation trial moves are attempted. After
initialization, an equilibration run of 5 - 10° MC cycles is performed. All the types
of trial moves considered are allowed and the biasing factors for the A-trial moves
of the CFCMC algorithm are calculated. After equilibration, ensemble averages are
obtained in a 5-10% MC cycles production stage. The reported errors account for the
95% confidence interval calculated by dividing the production run into five parts
and computing the standard deviation. The initial system contains a total of 300
molecules (200 m-xylene, 50 o-xylene, and 50 p-xylene). The simulations are per-
formed at pressures ranging between 0.03 bar and 300 bar. This pressure range
considers both a vapor and a liquid phase. The initial volume of the simulation box
for the simulations in the vapor phase is estimated assuming ideal gas behavior. The
initial volume of the simulation box for the simulations of the liquid phase is 403 A3.

Two isomerization reactions are considered: m-xylene +» o-xylene and m-xylene
+ p-xylene. The simulations using the reaction ensemble require the partition func-
tions of the isolated molecules of all the species involved in the reaction as input.
The partition functions of isolated molecules can be obtained using standard ther-
modynamic tables (e.g. JANAF tables [440]) or by quantum mechanic calculations
[441]. Mullen and Maginn [442] computed the composition of xylene mixtures
at chemical equilibrium as a function of temperature using the reaction ensemble
Monte Carlo simulations. These authors found that the use of tabulated free ener-
gies of reaction for the calculation of partition functions yield the best agreement
with experimental composition of the bulk fluid phase of xylene mixtures. The Brick
software [295] uses the ideal gas partition function of each component as input. In
this work, the isolated molecule partition functions are obtained using thermody-
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namic tables. The reader is referred to Appendix A.2 for detailed steps to obtain
the partition functions of xylenes using thermodynamic tables for simulations of the
reaction ensemble in Brick-CFCMC [295]. The ideal gas partition function of each
component as input for Brick-CFCMC are listed in table A.9 of Appendix A.2.

The composition of the mixture at chemical equilibrium and the fugacity coeffi-
cients of xylene isomers computed in the NPT-ensemble combined with the reaction
ensemble are used as input for the computations of adsorption in zeolites. The com-
putations of adsorption are performed using the CFCMC [240, 241] algorithm in the
grand-canonical ensemble. The RASPA software [365, 366] is used for all the simu-
lations of adsorption. The all-silica zeolite structures are obtained from the IZA-SC
Database of Zeolite Structures [123]. The volume of the simulation box is kept
fixed. Periodic boundary conditions are applied. The computations of adsorption
do not consider reaction trial moves.

The interactions between the zeolite and guest hydrocarbons are modeled using
the TraPPE-zeo model [396]. In this force field, all oxygen and silicon atoms are
modeled with LJ interactions and partial charges. As discussed in chapter 3, it is
known that framework flexibility plays a significant role in the adsorption of aro-
matics in zeolites. For very flexible zeolite frameworks, loadings up to two times
larger than in a rigid zeolite framework are obtained at a given pressure (see chap-
ter 4). However, models for framework flexibility should not be blindly applied to
zeolites [204]. The intra-framework interactions in flexible framework models in-
duce small but important changes in the atom positions of the zeolite, and hence in
the adsorption isotherms [204]. The effects of using models for framework flexibil-
ity in different zeolite types is unknown. For these reasons, the zeolite frameworks
are considered rigid. As discussed in chapter 2, force fields for the interactions be-
tween aromatic molecules are typically fitted to model the vapor-liquid equilibrium
with LJ potentials or a combination of LJ and electrostatic interactions [257, 258].
Guest-guest force field that use electrostatic interactions (such as OPLS [253, 297])
have been used to a great extend for the simulation of adsorption of aromatics in
zeolites [200-202, 402]. The electrostatic interactions of guest-guest force fields of
aromatics are fitted for VLE and not for the interaction with a host framework [204].
Also, the electrostatic interactions included in the TraPPE-zeo model [396] are fit-
ted and tested for the adsorption of CO,, and not for aromatic/zeolite systems. It is
convenient to use a guest-guest force field that does not include electrostatic inter-
actions. In this work, the guest-guest interactions are modeled using the TraPPE-UA
[252, 403] force field. This force field considers single uncharged interaction site
representing each CH, group in the aromatic molecules. Electrostatic interactions
are not considered in this work. Although the presence of non-framework cations
may change the adsorption of xylenes [443], this is not considered in this work as
it would interfere with understanding the effect of the zeolite type on adsorption.
The interactions between different atom types are obtained using Lorentz-Berthelot
mixing rules [292]. A cut off radius of 14 A is applied for all LJ interactions and ana-
lytic tail corrections are used [367]. All force field parameters are listed in tables A.2
and A.3 of Appendix A.1.

At each MC cycle, trial moves attempt to rotate, displace, randomly reinsert, and
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insert/remove adsorbates. Also, A-trial moves scale the interactions of the fractional
molecule (via the CFCMC algorithm [240, 241]). The simulations use 10° MC cycles
to initialize the system. The initialization run only allows translation, rotation, and
insertion/deletion, and reinsertion trial moves. After initialization, a stage of 5 - 10°
MC cycles are used to equilibrate the CFCMC biasing factors. Ensemble averages
are obtained in a 5 - 10° MC cycles production stage. The reported errors account
for the 95% confidence interval calculated by dividing the production run into five
parts and computing the standard deviation.

The pore size distribution (PSD) of each zeolite structure considered in this work
is calculated geometrically with the method of Gelb and Gubbins [388, 389]. The
heat of adsorption of xylenes at inifinite dilution in the zeolite structures are calcu-
lated via Widom’s test-particle insertion method [390]. The heat of adsorption is
computed in a 10° MC cycles production run. Enthalpies of adsorption at 523 K from
the mixture at chemical equilibrium to the zeolite frameworks at 0.3 and 30 bar
are computed by grand-canonical Monte Carlo simulations in a production stage of
5-10% MC cycles. The helium void fraction (HVF) and the gravimetric surface area
of the zeolite frameworks used in this work are determined using the iRASPA visu-
alization software [22]. The HVF is determined by probing the framework with a
non-adsorbing helium molecule using Widom'’s test-particle insertion method [390].
The surface area is determined by probing the zeolite framework with a nitrogen
molecule. The HVF, surface area, and the amount of unit cells considered for each
zeolite framework used in this work are listed in table 5.1. The discussion of the
zeolite types is ordered based on the maximum diameter of a sphere that can be
included in the zeolite framework [123]. This diameter is listed in table 5.1.

For comparison with the adsorption of the mixture of xylene isomers, the Ideal
Adsorbed Solution Theory (IAST)[444, 445] is used to predict the loadings of the
xylene mixture using single component adsorption isotherms. The single component
adsorption isotherms are computed using the fugacity coefficients for each xylene
isomer as input. The IAST predictions are computed using the pyIAST software
[446].

Multiple linear regression [447, 448] is used to compute changes in enthalpy
and entropy due to the transfer of one xylene molecule from the bulk phase to the
zeolite framework. Details about these calculations can be found in Appendix A.3.
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Table 5.1: Helium void fraction and gravimetric surface area computed using iRASPA [22], unit cell parameters, and amount of unit cells considered for the
simulations of each zeolite framework used in this work. *Maximum diameter of a sphere that can be included in the zeolite framework [123].

Zeolite | Helium void Surface Unit Unit cell dimensions / [A] Unit cell angles / [°] Max. diam.
type faction / [-] | area / [m?/g] cells a b c «a B 5 sphere* / [A]
FAU 0.494 1212.8 2x2x2 | 24345 24345  24.345 | 90 90 90 11.24

MWW 0.395 965.1 3x3x2 | 14.390 14.390 25.198 | 90 90 120 9.69
AFI 0.291 602.4 3x3x4 | 13.8271 13.8271 8.58035 | 90 90 120 8.3
MEL 0.309 736.1 2x2x3 | 20.270 20.270 13.459 | 90 90 90 7.72
MOR 0.309 1002.9 2x2x4 | 18.256 20.534 7.542 | 90 90 90 6.7
BEA 0.415 1063.5 3x3x2 | 12.632 12.632 26.186 | 90 90 90 6.68
MRE 0.172 354.2 4x2x2 | 8.257 14.562  20.314 | 90 90 90 6.36
MFI 0.265 657.5 2x2x3 | 20.090 19.738 13.142 | 90 90 90 6.36

MTW 0.238 537.4 2x6x3 | 25.552 5.256 12.117 | 90 109.312 90 6.08
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5.3. RESULTS AND DISCUSSION

5.3.1. PROPERTIES OF MIXTURE OF XYLENES
The properties of the mixture of xylene isomers at chemical equilibrium are calcu-
lated by Monte Carlo simulations in the NPT-ensemble, combined with the reaction
ensemble. Fig. 5.2 shows the computed equilibrium composition, density of the
mixture, and fugacity coefficients of xylenes as a function of pressure at 523 K. The
simulations suggest that the composition of xylene isomers in the mixture at chemi-
cal equilibrium does not significantly vary with changes of pressure at 523 K. Taylor
et al. [449] reported that at 500 K the mixture of Cg aromatic mixture has an equi-
librium composition of: 3.7% ethylbenzene, 52.8% m-xylene, 20.4% o-xylene, and
23.2% p-xylene. In this work, the equilibrium composition of the mixture of xylenes
at 0.94 bar and 523 K is: 54.6% m-xylene, 21.5% o-xylene, and 23.9% p-xylene.
The computed composition of the mixture at chemical equilibrium is in agreement
with the experimental data. The computed composition of the mixture at chemical
equilibrium are in excellent agreement with the equilibrium composition estimated
by Mullen and Maginn [442] at 1 bar by MC simulations in the reaction ensemble.
Given the similarity of the thermodynamic properties of xylene isomers [257,
258], it is expected that the vapor pressure of the mixture of xylenes is close to
the vapor pressure of the xylene isomers. From experiments, it is known that the
vapor pressure of m-xylene (at 523 K) is 9.85 bar [450], for o-xylene (at 523 K)
is 8.83 bar [451], and for p-xylene (at 520 K) is 9.419 bar [452]. It is expected
that the vapor pressure of the mixture of xylenes at chemical equilibrium is close
to these pressures. From the computed densities of the mixture of xylene isomers,
it is observed that the mixture is in vapor phase when the pressure is lower than
5.3 bar, and that the mixture is in liquid state when the pressure is higher than
16.8 bar. The density of the mixture of xylenes as a function of pressure suggests
that the phase change from vapor to liquid occurs at some point between 5.3 and
16.8 bar. From the bulk phase simulations, only an estimation of the composition
of the mixture at chemical equilibrium and the fugacity coefficients are required.
As such, the properties for pressures close to the phase change at 523 K are not
computed. The computed fugacity coefficients significantly decrease from pressures
higher than 5.3 bar. The fugacity coefficients of the three xylene isomers are nearly
identical at 523 K and pressures between 0.03 and 300 bar.
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Figure 5.2: Properties of the mixture of xylene isomers at 523 K as computed in this work by Monte
Carlo simulations in the NPT-ensemble combined with the reaction ensemble. (a) Composition of the
mixture of xylene isomers at chemical equilibrium as a function of pressure. Crossed symbols denote the
mole fractions of xylenes and ethylbenzene (purple) in the mixture at chemical equilibrium determined
from experiments by Taylor et al. [449] at 500 K. The mole fraction of ethylbenzene in the experiments
is very low, and the computed mole fractions of xylenes match the experimental mole fractions well. (b)
Density of the mixture of xylene isomers as a function of pressure. (c) Fugacity coefficients of xylene
isomers as a function of pressure.
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5.3.2. ZEOLITE STRUCTURES

The pore size distribution (PSD) of the zeolite frameworks considered in this work
are shown in Fig. 5.3. The PSD is calculated geometrically with the method of Gelb
and Gubbins [388, 389]. In this method, the diameter of the largest sphere that
does not intercept any framework atoms is computed for each point in the void
space of the framework. In a PSD of zeolite frameworks, a peak in the distribution
denotes the diameter of a cavity or a channel. For FAU-type zeolite, the cages are
denoted at a diameter of ca. 9.5 A. For MWW-type zeolite, the two independent pore
systems are represented by two ranges of diameters in the pore-size distribution.
The 10-ring pore system is denoted between 3-5 A approximately. The 12-ring pore
system is denoted between 6-8.5 A. For AFI-type zeolite, the channel is denoted at a
diameter of approx. 7 A. For MEL-type zeolite, a peak at a diameter of approx. 4.5 A
denotes the channels, and the distribution at diameters larger than 5.5 A denote
the intersections of the channels. For MOR-type zeolite, the peak at a diameter of
approx. 5.5 A denote the 12-ring channels. The small peak at a diameter of approx.
4 A denotes the 8-ring side pockets that link the 12-ring channels. For BEA-type
zeolite, the channel and the intersection of the channels are denoted at a diameter
of approx. 5.5 A. For MFI-type zeolite, two peaks are observed: one at a diameter
of approx. 3.5 A and one at approx. 5 A. These peaks correspond to the channels
(zigzag and straight) and intersection of the channels, respectively. For MRE-type
and MTW-type zeolite, the peaks at a diameter of approx. 5 and 4.5 A denote the
channels, respectively.
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Figure 5.3: Pore size distribution (PSD) of the zeolite frameworks considered in this work computed with
the method of Gelb and Gubbins [388]. In this method, the diameter of the largest sphere that does not
intercept any framework atoms is computed for each point in the void space of the zeolite framework.
(a) PSD for FAU-type, MWW-type, AFI-type, MEL-type, and MOR-type zeolites. (b) PSD for BEA-type,
MRE-type, MFI-type, and MTW-type zeolites.
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Figure 5.4: Heat of adsorption at infinite dilution of xylene isomers at 523 K in the zeolite framework
types considered in this work as computed by Monte Carlo simulations.

5.3.3. ADSORPTION OF XYLENES IN ZEOLITES

The heats of adsorption at infinite dilution of xylene isomers at 523 K in the zeolite
frameworks considered in this work are shown in Fig. 5.4. In FAU-type zeolite, there
is enthalpic preference for m-xylene and o-xylene over p-xylene. In AFI-type, MWW-
type, BEA-type, MRE-type, and MTW-type zeolite, there is an enthalpic preference
for p-xylene over o-xylene and m-xylene. For MOR-type zeolite, p-xylene and o-
xylene are preferentially adsorbed based on enthalpy. For MFI-type and MEL-type
zeolite, there is an enthalpic preference for m-xylene. In the following section, the
sitting of the xylene molecules in each zeolite framework is discussed and linked
to the heat of adsorption and changes in enthalpy and entropy due to the transfer
of xylenes from the bulk mixture to the zeolite. Table 5.2 lists the preferential
adsorption of xylene isomers based on the heat of adsorption at infinite dilution.
The computed heat of adsorption of xylenes adsorbed from the mixture at chemical
equilibrium at 30 bar and 523 K in the zeolite types considered in this work are
shown in Fig. A.1.
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The adsorption isotherms of single component xylene isomers and the mixture of
isomers at chemical equilibrium in FAU-type zeolite at 523 K are shown in Fig. 5.5.
The single component isotherms of the three isomers suggest that there is no pref-
erential adsorption for any isomer. Zheng et al. [206] reported the adsorption of
aromatics in FAU-type zeolites. The same packing efficiency of Cg aromatics in the
cages of FAU-type zeolites is observed. In Fig. 5.5a, it is observed that nearly identi-
cal loadings of the three xylene isomers in FAU-type zeolite as a function of pressure
are computed. This is expected due to the large pore size of FAU-type zeolite.

Fig. 5.5b shows the adsorption isotherm of the mixture of xylenes at chemical
equilibrium in FAU-type zeolite. It is observed that the loadings of m-xylene are
higher than for the other isomers. This is related to the high mole fraction of m-
xylene in the bulk phase, compared to the mole fractions of the other isomers. The
loadings of o-xylene in FAU-type zeolite are higher than the loadings of p-xylene.

Fig. 5.5c shows the composition of the mixture of xylenes adsorbed in FAU-type
zeolite compared to the composition of mixture in the bulk phase (Fig 5.2a). It
is observed that the composition of the adsorbed fluid does not change with the
pressure. The mole fractions of p-xylene in the adsorbed phase are lower than
the mole fractions of p-xylene in the bulk phase. Fig 5.5d shows the changes in
enthalpy and entropy due to the transfer of a xylene molecule between the bulk
mixture and FAU-type zeolite for 0.3 and 30 bar and 523 K. At 0.3 bar, adsorption
is driven by enthalpic changes. At 30 bar, the changes in entropy (multiplied by
the absolute temperature) are larger than the changes in enthalpy. This suggests
that for adsorption from the liquid phase, changes in entropy significantly influence
adsorption and the arrangement of xylenes in the cages of FAU-type zeolite. The
changes in enthalpy and entropy due to the transfer of xylene molecules from the
bulk phase to the zeolite (either at 0.3 or 30 bar) do not show any selectivity for a
xylene isomer.

A typical snapshot of the simulation of adsorption of the mixture of xylene iso-
mers at 523 K and 300 bar is shown in Fig. 5.5e. It is observed that xylene molecules
are almost fluid-like in the cages of FAU-type zeolite. At high pressure -or when
molecules are adsorbed from the liquid phase-, each cage hosts two or more xylene
molecules. The loadings predicted with IAST are in agreement with the simulations
of adsorption of the mixture of xylenes. This suggest that xylene molecules compete
for the same adsorption sites in the FAU-type zeolite.
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Figure 5.5: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture is the
sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at chemical
equilibrium in FAU-type zeolite at 523 K. For adsorption of xylenes in FAU-type zeolite, 1 mol/kg is equal
to 11.5 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total pressure for the
mixture at chemical equilibrium adsorbed in FAU-type zeolite, and for the bulk phase. The composition
in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy A Hy, ; and entropy TAS;, ; at 523 K
due to the transfer of xylene ¢ from the fluid phase mixture at chemical equilibrium to FAU-type zeolite at
0.3 bar and 30 bar. (e) Typical snapshot of the simulation of adsorption of the mixture of xylene isomers
in FAU-type zeolite at 523 K and 300 bar. m-Xylene is shown in blue, p-xylene in grey, and o-xylene in
orange. The snapshot shows how several xylenes are hosted in the cages of FAU-type zeolite.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture of xylenes at chemical equilibrium in MWW-type zeolite at 523 K are shown
in Fig. 5.6. The single components isotherms show that for pressures lower than
5.3 bar (adsorption from vapor phase), the loadings of o-xylene are higher than for
p-xylene and m-xylene. For pressures higher than 16.8 bar (i.e. adsorption from
liquid phase), the loadings of m-xylene are higher than for p-xylene and o-xylene.

For the adsorption isotherm of the mixture of xylenes at chemical equilibrium,
there is a preferential adsorption of o-xylene over m-xylene and p-xylene. Fig. 5.6¢
shows the composition of the mixture of xylenes adsorbed in MWW-type zeolite
compared to the composition of the mixture in the bulk phase as a function of
pressure. It is observed that for the adsorbed molecules, the mole fractions of m-
xylene and p-xylene are nearly identical. The heat of adsorption of xylenes in MWW-
type zeolite at infinite dilution show an energetic preference for p-xylene over the
other isomers. Fig 5.6d shows the changes in enthalpy and entropy due to the
transfer of a xylene molecule between the bulk mixture and MWW-type zeolite for
0.3 and 30 bar at 523 K. At 0.3 bar, adsorption is driven by enthalpy and there is an
enthalpic preference for p-xylene over o-xylene and m-xylene. At 30 bar, the changes
in entropy (multiplied by the absolute temperature) are larger than the changes
in enthalpy for each xylene isomer. The adsorption of o-xylene is almost equally
driven by enthalpic and entropic changes. For m-xylene and p-xylene, adsorption
is hindered by entropic effects. For pressures higher than 16.8 bar, the loadings
predicted with IAST are not in agreement with the simulations of adsorption of the
mixture of xylenes. IAST does not provide a suitable prediction of the component
loadings if there is a segregation of the preferential adsorption sites [453-455]. For
the adsorption of xylene isomers in MWW-type zeolite, the isomers do not compete
for the same adsorption sites. o-Xylene is preferentially adsorbed in the 12-ring
cages. m-Xylene and p-xylene are preferentially adsorbed in the 10-ring channels.
Fig. 5.6e shows a typical snapshot of the simulation of adsorption of the mixture
of xylenes at chemical equilibrium at 523 K and 300 bar. It is observed that for
the mixture of xylenes at chemical equilibrium, the 12-ring cages preferentially host
o-xylene. m-Xylene and p-xylene are hosted in the 10-ring channels.
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Figure 5.6: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture
is the sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at
chemical equilibrium in MWW-type zeolite at 523 K. For adsorption of xylenes in MWW-type zeolite,
1 mol/kg is equal to 4.3 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total
pressure for the mixture at chemical equilibrium adsorbed in MWW-type zeolite, and for the bulk phase.
The composition in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy AHy, ; and entropy
TAS:,; at 523 K due to the transfer of xylene ¢ from the fluid phase mixture at chemical equilibrium to
MWW-type zeolite at 0.3 bar and 30 bar. (e) Typical snapshot of the simulation of the mixture of xylene
isomers at chemical equilibrium at 523 K and 300 bar. m-Xylene is shown in blue, p-xylene in grey, and
o-xylene in orange. o-Xylene is located in the 12-ring cages of the MWW-type zeolite. m-Xylene and

p-xylene are located in the 10-ring channels.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture of isomers at chemical equilibrium in AFI-type zeolite at 523 K are shown in
Fig. 5.7. The single component isotherms show a significant adsorption selectivity of
o-xylene over m-xylene and p-xylene. This is in agreement with the observations of
Chiang et al. [456] who studied the adsorption of xylenes in AIPO4-5 (an AFI-type
zeolite) via experiments.

The adsorption isotherm of the mixture of xylenes at chemical equilibrium shows
a significant selectivity of o-xylene over m-xylene and p-xylene for pressures higher
than 16.8 bar, i.e. adsorption from the liquid phase. The total loading of the mix-
ture is lower than the single component isotherm for o-xylene (Fig. 5.7a). This
suggest that the preferential adsorption of o-xylene from the mixture is affected by
guest-guest interactions between o-xylene and the other isomers. The loadings pre-
dicted with IAST agree with the simulations of adsorption of the mixture of xylenes.
Fig. 5.7c shows the composition of the mixture of xylenes adsorbed in AFI-type ze-
olite compared to the composition of the mixture in the bulk phase as a function
of pressure. It is observed that for pressures higher than 0.53 bar, the composition
of the adsorbed molecules significantly changes as a function of the pressure. At
low pressures, the adsorption of m-xylene is higher than for the other isomers. At
pressures higher than 0.53 bar, the mole fraction of o-xylene is significantly higher
than for the other isomers. At 300 bar, the mole fraction of o-xylene in the adsorbed
phase is 0.92. The heats of adsorption of xylene isomers at infinite dilution in AFI-
type zeolite show an energetic preference for p-xylene. Fig 5.7d shows the changes
in enthalpy and entropy due to the transfer of a xylene molecule between the bulk
mixture and AFI-type zeolite for 0.3 and 30 bar at 523 K. At 0.3 bar, adsorption is
driven by enthalpic changes due to the transfer of xylenes to the zeolite. At 30 bar,
adsorption of m-xylene and p-xylene is significantly affected by entropic changes.
For o-xylene, adsorption is almost equally driven by entropic and enthalpic changes.
Fig. 5.7e shows a typical snapshot of the adsorption of m-xylene and p-xylene in
AFI-type zeolite. At least one methyl group of these molecules is aligned with the
channel direction. Fig. 5.7f shows a typical snapshot of the adsorption of o-xylene
in AFI-type zeolite. Face-to-face stacking of o-xylene molecules is observed. The
aromatic ring of o-xylene is perpendicular to the direction of the channel. This ar-
rangement of o-xylene molecules has been previously observed by Torres-Knoop et
al. [457] for the adsorption of an equimolar mixture of xylene isomers and ethyl-
benzene in AFI-type zeolite. In literature, the face-to-face stacking has been related
to entropic effects [426, 457], i.e. how efficiently xylene molecules are arranged.
The simulations from this work suggest that the preferential adsorption of o-xylene
over the other isomers is related to enthalpic changes affecting adsorption of the
other isomers.
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Figure 5.7: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture is the
sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at chemical
equilibrium in AFI-type zeolite at 523 K. For adsorption of xylenes in AFI-type zeolite, 1 mol/kg is equal
to 1.44 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total pressure for the
mixture at chemical equilibrium adsorbed in AFI-type zeolite, and for the bulk phase. The composition
in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy A Hy, ; and entropy TAS;, ; at 523 K
due to the transfer of xylene i from the fluid phase mixture at chemical equilibrium to AFI-type zeolite
at 0.3 bar and 30 bar. Typical snapshots of the simulation of adsorption from the mixture of xylenes
at chemical equilibrium at 523 K and 300 bar showing (e) m-xylene + p-xylene, and (f) o-xylene. m-
Xylene is shown in blue, p-xylene in grey, and o-xylene in orange. The snapshots show the face-to-face
stacking of o-xylene molecules, in comparison to how m-xylene and p-xylene molecules are arranged in
the channels of AFI-type zeolite.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture at chemical equilibrium in MEL-type zeolite at 523 K are shown in Fig. 5.8. The
single component isotherms show that the loadings of m-xylene and p-xylene are
higher than the loadings of o-xylene for pressures lower than 5.3 bar. For pressures
higher than 16.8 bar (adsorption from the liquid phase), almost identical loadings
are obtained for the three isomers. This suggest that the three xylene isomers are
adsorbed on the same sites of MEL-type zeolite.

For the mixture of xylene isomers at chemical equilibrium, there is a strong
selectivity of m-xylene adsorption over o-xylene and p-xylene. Fig. 5.8c shows the
composition of the mixture of xylenes adsorbed in MEL-type zeolite compared to the
composition of the mixture in the bulk phase as a function of pressure. It is observed
that the composition of the adsorbed phase does not depend on the pressure. The
mole fractions of p-xylene in the adsorbed phase are the same as in the bulk phase.

The loadings predicted with IAST are in agreement with the simulations of ad-
sorption of the mixture. Based on the heat of adsorption at infinite dilution, there
is a preferential adsorption of m-xylene > p-xylene > o-xylene. Fig 5.8d shows the
changes in enthalpy and entropy due to the transfer of a xylene molecule between
the bulk mixture and MEL-type zeolite for 0.3 and 30 bar at 523 K. At both 0.3
and 30 bar, adsorption is driven by enthalpic changes due to the transfer of xylenes
to the zeolite. The changes of enthalpy due to the transfer of xylenes between
the fluid phase and MEL-type zeolite (as computed using Eq. A.8) become positive
when xylenes are adsorbed from the liquid phase. Fig. A.1 shows the computed
heat of adsorption of xylenes in MEL-type zeolite at 30 bar and 523 K. It can be
observed that the heat of adsorption of xylenes in MEL-type zeolite at 30 bar are
significantly smaller than the heat of adsorption at infinite dilution (see Fig. 5.4).
This is in agreement with the observations from experiments of m-xylene adsorption
in ZSM-11 (an MEL-type zeolite) at 315 K by Guil et al. [458], where this decrease
of the heat of adsorption at high loadings compared to low loadings is related to the
complete filling of the pores of MEL-type zeolite. At high pressures, the heat of ad-
sorption of xylenes in the bulk phase is higher than the heat of adsorption of xylenes
in MEL-type zeolite (due to the complete pore filling), yielding to a positive change
of enthalpy. Fig. 5.8e shows a typical snapshot of the simulation of adsorption of
the mixture of xylenes at chemical equilibrium at 523 K and 300 bar. The snapshot
shows that the three xylene isomers are located in the intersections of the channels
of MEL-type zeolite.
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Figure 5.8: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture is the
sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at chemical
equilibrium in MEL-type zeolite at 523 K. For adsorption of xylenes in MEL-type zeolite, 1 mol/kg is equal
to 5.7 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total pressure for the
mixture at chemical equilibrium adsorbed in MEL-type zeolite, and for the bulk phase. The composition
in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy AHy, ; and entropy TAS;, ; at 523 K
due to the transfer of xylene ¢ from the fluid phase mixture at chemical equilibrium to MEL-type zeolite
at 0.3 bar and 30 bar. (e) Typical snapshot of the simulation of adsorption of the mixture of xylenes
in MEL-type zeolite at 300 bar and 523 K. m-Xylene is shown in blue, p-xylene in grey, and o-xylene
in orange. The snapshot shows how xylenes are located in the intersection the channels of MEL-type
zeolite.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture at chemical equilibrium in MOR-type zeolite at 523 K are shown in Fig. 5.9.
The single components isotherms (Fig. 5.9a) show that for pressures lower than
0.94 bar, the loadings the three xylene isomers are nearly identical. For pressures
higher than 0.94 bar, the loadings of o-xylene are higher than for the other isomers.
The preferential adsorption of xylene isomers in MOR-type zeolites based on the
heat of adsorption is p-xylene > o-xylene > m-xylene. This suggest that entropic
effects are important for the arrangement of o-xylene molecules in the 12-ring chan-
nels of MOR-type zeolites for adsorption from the liquid phase.

For the adsorption isotherm of the mixture of xylenes at chemical equilibrium in
MOR-type zeolite (Fig. 5.9b), there is a preferential adsorption of m-xylene and p-
xylene for pressures lower than 5.3 bar (i.e. adsorption from the vapor phase). For
adsorption from the liquid phase, there is preferential adsorption of m-xylene, and
nearly identical loadings of o-xylene and p-xylene. Fig. 5.9c shows the composition
of the mixture of xylenes adsorbed in MOR-type zeolite compared to the composi-
tion of the mixture in the bulk phase as a function of pressure. It is observed that
the composition of the adsorbed fluid changes as a function of the pressure. For
pressures higher than 0.94 bar, the mole fractions of p-xylene in MOR-type zeolite
decrease with increasing total pressure, while the mole fractions of o-xylene in-
crease with increasing total pressure. The mole fractions of p-xylene for the mixture
adsorbed in MOR-type zeolite does not change as a function of the total pressure.
Fig 5.9d shows the changes in enthalpy and entropy due to the transfer of a xylene
molecule between the bulk mixture and MOR-type zeolite for 0.3 and 30 bar at
523 K. At 0.3 bar, adsorption is driven by changes in enthalpy due to the transfer
of xylenes to the zeolite. At 30 bar, adsorption of xylene isomers is affected by en-
tropic changes. However, there is a small enthalpic preference for o-xylene over the
other xylene isomers. This suggest that at higher pressures there is a competition
between enthalpic and entropic effects for accommodating p-xylene and o-xylene
molecules in MOR-type zeolites.

Figs. 5.9e and 5.9f show typical snapshots of the adsorption at 523 K and 300 bar
of o-xylene and p-xylene, respectively. At high pressures, adsorption of o-xylenes is
favored by the alignment of its methyl groups. These can be aligned with the di-
rection of the channel (c-crystallographic axis) or perpendicular to the channel (a-
crystallographic axis). This favors an efficient pore volume occupancy of o-xylenes
in MOR-type zeolites. The total loading of the mixture is lower than the single com-
ponent isotherm for o-xylene (Fig. 5.9a). The preferential adsorption of o-xylene
from the mixture is affected by guest-guest interactions between o-xylene and the
other isomers. This leads to a disagreement between the computed loadings of o-
xylenes with the predictions of IAST. For p-xylene, the methyl groups are typically
aligned with the channel direction. The grooves of the surface of the 12-ring chan-
nel also typically allow the methyl groups of p-xylene to align with and inclination
of ca. 45° from the channel direction.
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Figure 5.9: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture is the
sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at chemical
equilibrium in MOR-type zeolite at 523 K. For adsorption of xylenes in MOR-type zeolite, 1 mol/kg is
equal to 2.9 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total pressure
for the mixture at chemical equilibrium adsorbed in MOR-type zeolite, and for the bulk phase. The
composition in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy AHy, ; and entropy
TAS;r,; at 523 K due to the transfer of xylene ¢ from the fluid phase mixture at chemical equilibrium to
MOR-type zeolite at 0.3 bar and 30 bar. Typical snapshots of the simulations of adsorption of (e) o-xylene
and (f) p-xylene in MOR-type zeolite at 300 bar and 523 K. p-Xylene is shown in grey, and o-xylene is
shown in orange. The snapshots show the typical configuration of xylene isomers in the channels of
MOR-type zeolite.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture at chemical equilibrium in BEA-type zeolite at 523 K are shown in Fig. 5.10.
The single component isotherms show that for pressures lower than 1 bar, there is
p-xylene selectivity over m-xylene and o-xylene. For the adsorption from a liquid
phase (pressure higher than 16.8 bar), loadings of o-xylene higher than p-xylene
and m-xylene are obtained.

The adsorption isotherm of the mixture at chemical equilibrium suggest that
there is a preferential adsorption of p-xylene and m-xylene over o-xylene. The load-
ings predicted with TAST are in agreement with the simulations of adsorption of
the mixture of xylenes. Fig. 5.10c shows the composition of the mixture of xylenes
adsorbed in BEA-type zeolite compared to the composition of the mixture in the
bulk phase as a function of pressure. It is observed that the composition of the
adsorbed phase does not significantly vary with the pressure. Based on the heat
of adsorption at infinite dilution, there is a preferential adsorption of p-xylene >
m-xylene > o-xylene. Fig 5.10d shows the changes in enthalpy and entropy due to
the transfer of a xylene molecule between the bulk mixture and BEA-type zeolite for
0.3 and 30 bar at 523 K. At 0.3 bar, adsorption is driven by changes in enthalpy due
to the transfer of xylenes to the zeolite. At 30 bar, adsorption of xylene isomers is
driven by changes in entropy. However, there is a small enthalpic preference for the
adsorption of p-xylene over the other isomers. Fig. 5.10e and 5.10f show typical
snapshots of the simulation of adsorption of the m-xylene and p-xylene at 30 bar
and 523 K. It is observed that m-xylene molecules are located in the intersection of
the channels and that the methyl groups align with the two intersecting channels.
For p-xylene molecules, the methyl groups can either align with the channel direc-
tion or with an intersecting channel. This suggests that the differences between the
loadings of the xylene isomers in the adsorbed mixture are related to the shape of
the molecules.
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Figure 5.10: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture is
the sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at chemical
equilibrium in BEA-type zeolite at 523 K. For adsorption of xylenes in BEA-type zeolite, 1 mol/kg is
equal to 3.8 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total pressure
for the mixture at chemical equilibrium adsorbed in the BEA-type zeolite, and for the bulk phase. The
composition in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy AH:, ; and entropy
TASq;,; at 523 K due to the transfer of xylene ¢ from the fluid phase mixture at chemical equilibrium to
BEA-type zeolite at 0.3 bar and 30 bar. Typical snapshot of the simulation of adsorption of the mixture
of xylenes in BEA-type zeolite at 523 K and 30 bar showing (d) m-xylene and (e) p-xylene. m-Xylene is
shown in blue, and p-xylene in grey. The snapshot shows how m-xylene and p-xylene are arranged in the
intersection of the channels.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture at chemical equilibrium in MRE-type zeolite at 523 K are shown in Fig. 5.11.
The single component isotherms show a strong preference for the adsorption of
p-xylene over the adsorption of m-xylene and o-xylene. The loadings of m-xylene
and o-xylene are below 0.05 mol/kg for the considered pressure range. This can be
related to the size of the channel of MRE-type zeolite. Fig. 5.11c shows the compo-
sition of the mixture of xylenes adsorbed in MRE-type zeolite compared to the com-
position of the mixture in the bulk phase as a function of pressure. The composition
of the adsorbed phase does not vary as a function of pressure. The mole fraction
of p-xylene in the adsorbed phase is 0.999 for the considered pressure range. The
loadings predicted with IAST are in agreement with the simulations of adsorption
of the mixture of xylenes. The PSD (Fig. 5.3) shows a peak in the distribution for
MRE-type zeolite at a diameter of ca. 5 A, which suggest that there size restriction
and shape selectivity for molecules larger p-xylene. Fig 5.11d shows the changes
in enthalpy and entropy due to the transfer of a xylene molecule between the bulk
mixture and MRE-type zeolite for 0.3 and 30 bar at 523 K. At 0.3 bar, adsorption
of p-xylene is driven by changes in enthalpy due to the transfer to the zeolite. For
m-xylene and o-xylene, the shape exclusion is shown as changes in entropy. This is
also observed for adsorption at 30 bar, as only p-xylene is adsorbed from the mixture
of xylenes at chemical equilibrium. Fig 5.11e shows a snapshot of the simulation
of adsorption of the mixture of xylenes. It is observed that the methyl groups of
p-Xylene are aligned with the channel.
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Figure 5.11: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture is
the sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at chemical
equilibrium in MRE-type zeolite at 523 K. For adsorption of xylenes in MRE-type zeolite, 1 mol/kg is equal
to 2.9 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total pressure for the
mixture at chemical equilibrium adsorbed in MRE-type zeolite, and for the bulk phase. The composition
in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy AHj, ; and entropy TASs, ; at 523 K
due to the transfer of xylene 7 from the fluid phase mixture at chemical equilibrium to MRE-type zeolite
at 0.3 bar and 30 bar. (d) Typical snapshot of the simulation of adsorption of the mixture of xylenes at
chemical equilibrium in MRE-type zeolite at 300 bar and 523 K. p-Xylene is shown in grey. The snapshot
shows how p-xylene molecules are aligned with the channel of MRE-type zeolite.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture at chemical equilibrium in MFI-type zeolite at 523 K are shown in Fig. 5.12. The
single component isotherms show that the loadings of m-xylene are higher than the
loadings of p-xylene and o-xylene in the considered pressure range. In this pressure
range, the adsorption site for all isomers is nearly identical. It is known that p-
xylene molecules are hosted in the channels of MFI-type zeolites when the loadings
are higher than 4 molecules/unit cell (ca. 0.693 mol/kg) [200, 204]. The sim-
ulations show that all the molecules are located in the intersections of the zigzag
and straight channel. The preference for m-xylene is due to an alignment of the
methyl groups with the zigzag and straight channels. Fig. 5.12¢ shows how as one
methyl group of m-xylene is aligned in the direction of the straight channel (b-
crystallographic axis), the other methyl group is aligned with the direction of the
zigzag channel (c-crystallographic axis). It can be also observed how this arrange-
ment of the methyl groups is difficult for o-xylene molecules. p-Xylenes are aligned
with the straight channel (b-crystallographic axis).

For the mixture of xylene isomers at chemical equilibrium, there is a strong
selectivity of m-xylene adsorption over o-xylene and p-xylene. Fig. 5.12c shows
the composition of the mixture of xylenes adsorbed in MFI-type zeolite compared
to the composition of the mixture in the bulk phase as a function of pressure. It
is observed that the composition of the adsorbed phase does not depend on the
pressure. The loadings predicted with IAST are in agreement with the simulations
of adsorption of the mixture. Based on the heat of adsorption at infinite dilution,
there is a preferential adsorption of m-xylene > p-xylene > o-xylene. Fig 5.12d
shows the changes in enthalpy and entropy due to the transfer of a xylene molecule
between the bulk mixture and MFI-type zeolite for 0.3 and 30 bar at 523 K. At
0.3 bar, adsorption of m-xylene and o-xylene are almost equally driven by changes
in enthalpy and entropy due to the molecule transfer to the zeolite. For p-xylene,
adsorption is driven by changes in enthalpy. For adsorption of m-xylene at 30 bar
the changes in enthalpy and entropy (multiplied by the absolute temperature) due
to the transfer to the zeolite are almost equal.
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Figure 5.12: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture is
the sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at chemical
equilibrium in MFI-type zeolite at 523 K. For adsorption of xylenes in MFI-type zeolite, 1 mol/kg is equal
to 5.7 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total pressure for the
mixture at chemical equilibrium adsorbed in MFI-type zeolite, and for the bulk phase. The composition
in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy A Hy, ; and entropy TAS;, ; at 523 K
due to the transfer of xylene ¢ from the fluid phase mixture at chemical equilibrium to MFI-type zeolite
at 0.3 bar and 30 bar. (d) Typical snapshot of the simulation of adsorption of the mixture of xylenes in
the MFI-type zeolite at 300 bar and 523 K. m-Xylene is shown in blue, p-xylene in grey, and o-xylene
in orange. The snapshot shows how xylenes are located in the intersection of the zigzag and straight

channels of MFI-type zeolite.
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The adsorption isotherms of xylene isomers as single components and the mix-
ture at chemical equilibrium in MTW-type zeolite at 523 K are shown in Fig. 5.13.
The single components isotherms show that for pressures lower than 5.3 bar, the
loadings of p-xylene are higher than for o-xylene and m-xylene. For pressures higher
than 16.8 bar, the loadings of m-xylene are higher than for o-xylene and p-xylene.

For the adsorption of the mixture of xylenes at chemical equilibrium, there is
a preferential adsorption of p-xylene, over m-xylene and o-xylene. The isotherm
predicted with IAST is in agreement with the simulations of adsorption of the mix-
ture of xylenes at chemical equilibrium. This implies that the adsorbed molecules
compete for the same adsorption sites. Fig. 5.13c shows the composition of the
mixture of xylenes adsorbed in MTW-type zeolite compared to the composition of
the mixture in the bulk phase as a function of pressure. It is observed that the
phase composition of the adsorbed fluid changes as a function of the pressure. The
mole fractions of p-xylene for the mixture adsorbed in MTW-type zeolite decrease
from 0.6 at 0.03 bar to 0.4 at 300 bar. For m-xylene, the mole fractions increase
from 0.27 at 0.03 bar to 0.4 at 300 bar. Based on the heat of adsorption at infi-
nite dilution, there is a preferential adsorption of p-xylene > o-xylene > m-xylene.
Fig 5.13d shows the changes in enthalpy and entropy due to the transfer of a xy-
lene molecule between the bulk mixture and MTW-type zeolite for 0.3 and 30 bar
at 523 K. At 0.3 bar, adsorption of xylenes is driven by changes in enthalpy due
to the transfer of molecules between the bulk mixture and MTW-type zeolite. For
30 bar, the adsorption of xylenes is influenced by changes in entropy. The changes
in entropy and enthalpy due to the transfer of xylenes to MTW-type zeolite suggest
that the preferential adsorption of p-xylene is due to entropic effects, and that the
preferential adsorption of m-xylene over o-xylene is due to its large mole fraction
in the bulk phase. Figs. 5.13e and 5.13f show typical snapshots of the location of
xylene molecules in the channel of a MTW-type zeolite. It is observed that m-xylene
and o-xylene molecules fit tightly in the channel due to the direction of the methyl
groups.



5.3. RESULTS AND DISCUSSION 101

(b)
(a) 0.75+ — 0.4+ = mxylene
S —X— Total loading mixture T o ~——— mexylene, IAST
= —W— mxylene & ) ; % A oxylene
° 1 4+ oxylene _h-d-n Y o-xylene, IAST
S 0.60 —®— pxylene / f;:i:g* - ,E, 031 o p-xylene
= 2 1 J J ‘ - —— pxylene, IAST
> 0.45- 2
S T 0.21
s 3
3 0.30 3
0] [0)
= 5 0.1
> >
3 0.15 o)
[72] 0
Q Q
< 0.00 . . . . . <00 : . ’ ’ .
102 10" 10° 10" 100 10° 10?2 10" 10° 10 10°  10°
Pressure / [bar] Pressure / [bar]
(C) 0.8 = mxylene (adsorption) —— m-xylene (bulk phase) (d) 80+ --Aﬁ(,mxylene -AHuaxerne -—AH"nyle"e
A o-xylene (adsorption) oxylene (bulk phase) — — m-7ns, -ns i )
—e— pxylene (adsorption) —>— p-xylene (bulk phase) g rmtene rrowene rpene
— 061 oo S
-: O f;i:‘*—*\1\2*3*1«1~1 =,
S \o»o\.ro\.i.\ ~.
Q i -, =
o o4 n- /l—-/""-/-\'/-/. (2
‘g l<l/././-‘ ! |\|
[} P—$—4——§—g—$—C—5—& 0=0=0—0=0=0 .
o 0.2 ) R = 1 ; A4 =
§ A-i-A-A-a-A-A-a-4-4 Afat gl
T
0.0 T T T T | )
107 10" 10" 10 102 10°

b 46 46 46 46 4

o
L

Figure 5.13: Adsorption isotherms of xylene isomers as (a) single components (total loading mixture
is the sum of the loadings of xylenes from the mixture at chemical equilibrium), and (b) mixture at
chemical equilibrium in MTW-type zeolite at 523 K. For adsorption of xylenes in MTW-type zeolite,
1 mol/kg is equal to 1.7 molecules/unit cell. (c) Mole fractions of xylene isomers as a function of total
pressure for the mixture at chemical equilibrium adsorbed in MTW-type zeolite, and for the bulk phase.
The composition in the bulk phase follows from Fig 5.2a. (d) Changes in enthalpy AHy, ; and entropy
TAS¢r,; at 523 K due to the transfer of xylene ¢ from the fluid phase mixture at chemical equilibrium to
MTW-type zeolite at 0.3 bar and 30 bar. (d) and (e) are typical snapshots of the simulation of adsorption
of the mixture of xylene isomers in MTW-type zeolite at 300 bar and 523 K. m-Xylene is shown in blue,
p-xylene is shown in grey, and o-xylene is shown in orange. The snapshots show the typical configuration
of xylene isomers in the channels of MTW-type zeolite.
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Table 5.2 lists a summary of the observed preferential adsorption of the single
components and for the mixture at chemical equilibrium the for each zeolite type
considered in this work. It is observed that m-xylene is preferentially adsorbed in
FAU-, MEL-, and MFI-type zeolites. The preferential adsorption of m-xylene in the
FAU-type zeolite is related to the large mole fraction of m-xylene in the bulk phase,
compared to mole fraction of the other isomers. In MEL- and MFI-type zeolites,
the preferential adsorption of m-xylene is related to the shape of the adsorption
site in which xylene molecules are located. Xylene molecules are located in the
intersections of two channel systems. The methyl groups of m-xylene are aligned
with these two channel systems. For p-xylene, the methyl groups are aligned with
one of the channels. One of the methyl groups of o-xylene is in alignment with one
of the channels, while the other methyl group is not.

BEA-type zeolite shows a preferential adsorption of p-xylene. Also significant
adsorption of m-xylene is observed. This is related to m-xylene molecules located
in the intersection of the channels and that the methyl groups are aligned with the
two intersecting channels, and to the large mole fraction of m-xylene in the bulk
mixture of xylenes. For p-xylene molecules, the methyl groups can either align with
the channel direction or with an intersecting channel.

The PSD of BEA-type zeolite shows a peak of the distribution at a diameter of
approx. 5.5 A. This diameter is larger than for MFI- and MEL-type zeolites (intersec-
tions with diameters of approx. 5 A). This suggest that the preferential adsorption
of m-xylene in zeolites with an intersecting channel system depends on the size
of such channel systems. If the channel intersection is large, molecules such as p-
xylene can be accommodated in configurations different than in alignment with the
channel direction. This influences the preferential adsorption of p-xylene over the
other xylene isomers in zeolites with intersecting channel systems. The preferential
adsorption of m-xylene in zeolites with intersecting channel systems occurs when
the molecules fit tightly in the adsorption site.

For MRE-type zeolite, only p-xylene molecules are adsorbed in the 10-ring chan-
nel. m-Xylene and o-xylene are not adsorbed. In this zeolite type, the methyl groups
of p-xylene are in alignment with the 10-ring channel. Steric effects hinder the
adsorption of m-xylene and o-xylene in MRE-type zeolite. For MTW-type zeolites,
p-xylene is preferentially adsorbed. At high pressures, significant loadings of m-
xylene are observed. MTW-type zeolites have small 12-ring one dimensional chan-
nels [459]. In these channels, the methyl groups of p-xylene are in alignment with
the channel. Also, these 12-ring channels can host m-xylene and o-xylene when one
of its methyl groups is accommodated in the cavity (Fig. 5.13¢). In this case, there
is an enthalpic preference for p-xylene.

MOR-type zeolites have a 12-ring channel wider than the one dimensional chan-
nel of MTW-type zeolite (see Fig. 5.3). In these channels, entropic effects favor
the adsorption of o-xylenes. This is caused by the alignment of its methyl groups.
These can be aligned with the direction of the channel or perpendicular to the chan-
nel. For the adsorption of the mixture at chemical equilibrium this entropic effect is
hindered by the other isomers in the neighborhood. The adsorption is driven by a
competition between entropic and enthalpic effect.
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The AFI-type zeolite has a 12-ring one dimensional channel even wider than
the channel of MOR-type zeolite (see Fig. 5.3). The size of such channel can host o-
xylene molecules that align perpendicular to the channel direction. In such channel,
m-xylene and p-xylene molecules accommodate in alignment with the direction of
the channel. In this case, the o-xylene preference is related to entropic effects.

In zeolites with one dimensional channel systems, the size of the such channels
determines the selective mechanism for a particular xylene isomer. p-Xylene is pref-
erentially adsorbed in the 10-ring channel of MRE-type zeolite due to size exclusion
of the other isomers. Entropic and enthalpic factors compete for the preferential
adsorption of xylenes in the 12-ring channels of MTW-type and MOR-type zeolites.
Entropic effects yield a preferential adsorption of o-xylene in the 12-ring channels
of AFI-type zeolite.

In the case of MWW-type zeolite, there is a preferential adsorption of o-xylene,
and significant loadings of m-xylene and p-xylene. It is observed that for the ad-
sorption of the mixture of xylenes at chemical equilibrium, o-xylene molecules are
located in the 12-ring cages. The 10-ring channels host m-xylene and p-xylene.
MWW-type zeolite can accommodate xylene isomers in different channel systems
depending on the size of the channel.

The insight from this work can be considered for the design and/or improvement
of applications of zeolites for the processing of xylenes. However, it is known that
the predictions of adsorption of aromatics in zeolites are sensitive to the flexibility
of the framework [187, 217], the flexibility of aromatic molecules [410], and to
the partial charges used for the models [181]. These factors are not considered in
this work. Models that capture the physics behind the flexibility of the zeolite and
aromatics in confinements are needed [204]. The insight shown here is based on
the thermodynamic stability of the isomers inside the zeolite pores. Thus, diffusion
limitations of xylenes in the channels of the zeolite types considered should be thor-
oughly assessed. As such, future work on experimental testing of these findings is
encouraged.




5. COMPETITIVE ADSORPTION OF XYLENES IN ZEOLITES

104

Table 5.2: Summary of the observed preferential adsorption of xylene isomers in zeolites for pure components and for the adsorption of the mixture of xylenes
at chemical equilibrium at 523 K. The preferences are observed for two pressure ranges: 0.03 < P < 5.3 bar (i.e. adsorption from the vapor phase), and
16.8 < P < 300 bar (i.e. adsorption from a liquid phase). The preferential adsorption based on the heat of adsorption at infinite dilution is also listed. The
xylene isomers are represented as: m for m-xylene, o for o-xylene, and p for p-xylene.

Zeolite Observed preferential adsorption of Observed preferential adsorption of xylenes | Preference based on
framework xylenes as single components for the mixture at chemical equilibrium the heat of adsorption
type 0.03< P < 53bar | 168 < P < 300bar | 0.03< P < 53bar | 16.8 < P < 300 bar at infinite dilution
FAU m = o = p|m = o = p|m > o ~ p|lm > o > p|m ~ o > p
AFI o > m ~ plo >» m ~ plo ~ m ~ plo > m > p|p > m -~ 0
MWW o > p > m|m > p > o|lo > m ~ plo > m ~ p|p > o0 > m
MEL m > p > o|lm ~ p ~ o|lm >» p > o|m > p > o|m > p > 0
MFI m > p > o|m > p > o /m >» p ~ o|lm >» p ~ o |lm > p > o
BEA p > m ~ o|lo > p > m|p ~ m > ol|lp > m > o|p > m > o
MRE p > m ~ o|p > m ~ o|p > m ~ o|lp > m ~ o0o|p > m > o
MTW p > o > m|m = o > p|p > m > o|p ~ m > o|p > o > m
MOR m ~ o ~ Dp|loOo > m ~ p|m ~ p > o|lm > o ~ p|p > o > m
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The adsorption of xylenes as single components and as a mixture at chemical equi-
librium in several zeolites has been computed by Monte Carlo simulations. The
simulations show the role of the different mechanisms that drive adsorption in sev-
eral zeolite types. It is observed that for zeolites with one dimensional channels,
the selectivity for a xylene isomer is determined by a competition of entropic and
enthalpic effects. Each of these effects is related to the diameter of the zeolite
channel. Shape and size selectivity entropic effects are predominant for small one
dimensional systems. Entropic effects due to the efficient arrangement of xylenes
become relevant for large one dimensional systems. For zeolites with two intersect-
ing channels, the selectivity is determined by a competition between enthalpic and
entropic effects. Such effects are related to the orientation of the methyl groups of
the competing xylenes. m-Xylene is preferentially adsorbed if xylenes fit tightly in
the intersection of the channels. If the intersection is much larger than the adsorbed
molecules, p-xylene molecules are adsorbed and can be efficiently arranged in the
void volumes of the zeolite. The simulations show that different selectivity mech-
anisms are predominant when the vapor phase mixture of xylenes is adsorbed in a
zeolite compared to the adsorption from the liquid phase. This suggests that screen-
ing studies that consider adsorption only from a vapor phase may have overlooked
well-performing candidates for Cg aromatics processing. MRE-type and AFI-type
zeolites exclusively adsorb p-xylene and o-xylene from the mixture of xylenes in the
liquid phase, respectively. These zeolite types show potential to be used as high-
performing molecular sieves for xylene separation and catalysis.







The separation and catalytic transformations of aromatic hydrocarbons are one of
the most important processes in the petrochemical industry. In this work, the sepa-
ration of these molecules in zeolites is studied using classical molecular simulations.
Importance is given to the factors that are required to predict reliable molecular in-
sight from simulations.

The intermolecular interactions between aromatic molecules are studied by com-
puting vapor-liquid equilibria of pure xylenes and binary mixtures using four differ-
ent force fields. The densities of pure p-xylene and m-xylene are well estimated us-
ing the TraPPE-UA and AUA force fields. The largest differences of computed VLEs
with experiments are observed for o-xylene. p-Xylene/o-xylene binary mixtures are
simulated, leading to an excellent agreement for the prediction of the composition
of the liquid phase compared to experiments. For the vapor phase, the accuracy of
the predictions of the composition are closely related to the quality of the density
predictions of the pure components of the mixture. The simulations have shown
the potential to accurately predict the phase compositions of such binary mixtures,
but the development of force fields that predict the VLE of each xylene isomer more
accurately -especially o-xylene- is needed. The phase composition of the binary sys-
tem of xylenes is very sensitive to slight differences in the vapor phase densities of
each xylene isomer, and how well the differences are captured by the force fields.

Most of the models commonly used for framework flexibility in zeolites include a
combination of Lennard-Jones (LJ) and electrostatic intra-framework interactions,
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and impose fixed lengths for the covalent bonds between zeolite framework atoms.
The effect of these models for framework flexibility on the predictions of adsorption
of aromatics in zeolites is studied. The adsorption of n-heptane and Cg in MFI-type
zeolites is computed using rigid and flexible zeolite frameworks. Pore-size distribu-
tions (PSD) of the MFI-type zeolite structures using three different force fields for
framework flexibility are computed. The results show that the use of constant bond
lengths induce displacements of the framework atoms that influences adsorption.
Directly taking the bond lengths from the crystallographic structure minimizes this
effect. Also, the electrostatic and LJ intra-framework interactions induce small dis-
placements of the zeolite atoms that significantly affect the size of the pores and
channels of the zeolite. Using the considered host-host force fields, framework flex-
ibility generates a new structure that is differently 'rigid’. The flexible force fields
produce a zeolite structure that vibrates around an new equilibrium configuration
that has only a limited capacity to accommodate to a bulky guest molecule. The
vibration of the zeolite atoms only plays role at high loadings, and the adsorption
is mainly dependent on the average positions of the atoms. The intra-framework
interactions should be treated carefully, as these interactions cause significant devi-
ations from the experimental zeolite lattice. In sharp contrast to the adsorption of
aromatics, the adsorption of n-heptane in MFI-type zeolite showed that the use of
a zeolite structure with fixed atom positions is appropriate when the molecule does
not fit tightly in the zeolite pores. For aromatics, the influence of the force field for
framework flexibility on the adsorption in MFI-type zeolites implies that structural
changes of the zeolite framework are relevant for molecules that fit tightly in the
zeolite pores. The prediction of loadings when a force field for framework flexibility
is used compared to when a rigid structure is used can be considered an artifact
of the force field and not a re-accommodation of the framework atoms to a guest
molecule. The simulations underline the need of new tailor-made force fields to
model the zeolite flexibility for hosting aromatics. Such force fields should focus
on the local changes due to the presence of bulky guest molecules, and not only
vibrational behavior. The models for framework flexibility such as the ones consid-
ered in this work have been extensively used in literature to compute diffusion of
many kinds of molecules in zeolites. The artifacts that these force fields produce for
predictions of adsorption may have affected the prediction of other thermodynamic
properties in these systems. The simulations from this work show that force fields
for framework flexibility should not be blindly applied to zeolites and that a general
rethinking of the parametrization schemes for such models is needed.

The effect of framework flexibility on the adsorption and diffusion of aromat-
ics in MFI-type zeolites has been systematically studied. It has been observed that
framework flexibility induces changes of the average zeolite structure. As the frame-
work is more flexible, it is difficult to distinguish the channels and the intersections
based on pore sizes. This has a significant effect on the Henry coefficient and the
adsorption isotherms of aromatics in MFI-type zeolites. This suggests that the inter-
actions between the aromatic molecules and the zeolite framework are very suscep-
tible to small displacements of the zeolite atoms and changes of the geometry of the
zeolite pores. The ’flexible snapshot’ method is useful for the description of adsorp-
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tion behavior at very low loadings/infinite dilution. For high pressures/loadings, the
flexible snapshot’ method does not yield the same loading compared to a flexible
framework. This suggests that the effect of the guest molecules on the zeolite frame-
work should not be neglected. The adsorption isotherms are affected by framework
flexibility. At low loadings, the influence of the framework flexibility on the adsorp-
tion is small. When the loadings are higher than 4 molec./u.c., a small framework
flexibility & yields higher loadings than in the rigid framework. Framework flexi-
bility significantly decreases the free energy barriers of aromatics between the low
energy sites of the zeolite framework. As the zeolite framework is more flexible,
the self-diffusion coefficient is significantly increased. Framework flexibility has a
remarkable effect on the adsorption and diffusion of aromatics in MFI-type zeolites.
In the future, the development of force fields for zeolite framework flexibility should
specifically focus on the interactions of bulky aromatic guest molecules within a ze-
olite framework.

The interactions of aromatic molecules within different zeolite types are stud-
ied by computing adsorption isotherms of pure xylenes and a mixture of xylenes at
chemical equilibrium. It is observed that for zeolites with one dimensional chan-
nels, the selectivity for a xylene isomer is determined by a competition of entropic
and enthalpic effects. Shape and size selectivity entropic effects are predominant
for small one dimensional systems. Entropic effects due to the efficient arrange-
ment of xylenes become relevant for large one dimensional systems. For zeolites
with two intersecting channels, the selectivity is determined by a competition be-
tween enthalpic and entropic effects. Such effects are related to the orientation of
the methyl groups of the competing xylenes. m-Xylene is preferentially adsorbed
if xylenes fit tightly in the intersection of the channels. If the intersection is much
larger than the adsorbed molecules, p-xylene molecules are adsorbed and can be ef-
ficiently arranged in the void volumes of the zeolite. The zeolite type can influence
the competitive adsorption and selectivity of xylenes at reaction conditions. Dif-
ferent selectivities are observed when molecules are adsorbed from a vapor phase
compared to the adsorption from a liquid phase. This suggests that screening stud-
ies that consider adsorption only from a vapor phase may have overlooked well-
performing candidates for Cg aromatics processing. This insight has a direct impact
on the design criteria for future applications of zeolites in industry. More specifi-
cally, it is observed that MRE-type and AFI-type zeolites exclusively adsorb p-xylene
and o-xylene from the mixture of xylenes in the liquid phase, respectively. These
zeolite types show potential to be used as high-performing molecular sieves for xy-
lene separation and catalysis. The insight from this work reflect the thermodynamic
equilibrium of the molecules in the zeolites, so experimental work testing these
findings is encouraged.

Regarding molecular simulations of aromatics and zeolites, future work should
focus on the development of accurate descriptions of: vapor-liquid equilibria, spe-
cially for the vapor phase of xylenes; zeolite framework flexibility, aiming to prop-
erly describe the accommodation of bulky guest molecules in the framework without
inducing artificial changes on the structure; and screening different zeolite types at
reaction conditions considering the different mechanisms that drive adsorption at
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high pressures. The development of appropriate models for the adsorption of aro-
matics in zeolites could be assisted by artificial intelligence algorithms. However,
there are many challenges to model the framework flexibility and the adsorption
of aromatics in zeolites appropriately. An accurate experimental description of the
internal changes and crystal structure of the zeolite when varying pressure or tem-
perature is crucial. Data of adsorption of aromatics in zeolites is scarce and not al-
ways consistent at the same temperature/pressure conditions. The variability of the
adsorption experiments of aromatics in zeolites prevents a clear overview on what
to compare to the predictions of the simulations. This knowledge is required to de-
velop models able to reproduce and provide reliable molecular insight of adsorption
phenomena. The insight provided in this work contributes to the development of
knowledge at the molecular level of the chemistry and physics behind the complex
interactions of Cg aromatics hydrocarbons in zeolites.



APPENDIX

A.1. FORCE FIELD PARAMETERS AND INITIAL CONDITIONS

Table A.1: Force field parameters for xylene isomers used for chapter 2. All molecules are considered
as rigid. *Carbon atom bonded with a methyl group. For the bond lengths and angles between pseudo-
atoms, the reader is referred to the original publications of the force fields [245, 248, 252, 253, 297, 299].

Force field Pseudo-atom | ¢/kp /[K] o /A q/[e]
TraPPE-UA [252] C 21.00 3.880 0
CH 50.50 3.695 0
CHj3 98.00 3.750 0

TraPPEE-UA-EH [245, 252] C 30.70 3.600 -0.095
C* 21.00 3.880 0

H 25.50 2.360 0.095
CHj3 98.00 3.750 0

OPLS [253, 297] C 35.24 3.550 -0.115

H 15.03 2.420 0.115

CHj; 85.51 3.800 0.115
AUA [248, 299] C 35.43 3.361 0
CH 75.60 3.361 0
CHj; 120.15 3.607 0

Center site (+) 0 0 8.130

m-site (-) 0 0 -4.065

111



112

APPENDIX

Table A.2: Force field parameters of the guest-guest interactions used in chapters 3, 4, and 5. Lennard-
Jones, partial charges, bending and torsion parameters are listed. The reader is referred to the original

publications of the force fields for further details [252, 403].

Molecule Pseudo-atom | ¢/kg / [K] o/ [A] q/ [e]
n-Heptane [403] CH, 46.0 3.950 0
CH; 98.0 3.750 0
Ethylbenzene [252] C 21.0 3.880 0
CH 50.5 3.695 0
CH, 46.0 3.950 0
CH3 98.0 3.750 0
Xylenes [252] C 21.0 3.880 0
CH 50.5 3.695 0
CH; 98.0 3.750 0
Molecule \ Bend | 60/ [°]1  ko/ks / [K]
n-Heptane [403] CHj3-CH5-CH, 114 62500
CH,-CH,-CH, 114 62500
CH,-CH,-CHj3 114 62500
Ethylbenzene [252] | C-CH,-CHs | 114 62500
Ubena = 0.5k9[9 — 90]2
Molecule n-Heptane [403]
Torsion CHg-CHQ CHQ-CHQ CHQ-CHQ
-CH»-CH> -CH,-CH, | -CH,-CHj
co/kp / [K] 0.00 0.00 0.00
c1/ks / [K] 355.03 355.03 355.03
co/kp / [K] -68.19 -68.19 -68.19
cs/kp / [K] 791.32 791.32 791.32
Utorsion = Co + ¢1[1 + cos @] + ca[1 — cos 2¢] + c3[1 — cos 3¢
Molecule Torsion e1/ [°] eo/ks / [K]
Ethylbenzene [252] | CH-C-CH,-CHj3 180 131

Utorsion = 60[1 — COs (2¢ =+ 61)]
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Table A.3: Force field parameters of the host-guest interactions used in chapters 3,4, and 5. Lennard-
Jones parameters listed. The interactions between different host-guest atom types are obtained using
Lorentz-Berthelot mixing rules [292]. *For chapter 3, the partial charges of the host-host force field
[312, 373, 376] are used instead of the partial charges reported in the original TraPPE-zeo [396] force
field. The reader is referred to the original publication of the force field for further details [396].

Pseudo-atom ‘ e/ks /Kl o/[Al q/ el
Si 22.0 2.3 +1.50%
(0] 53.0 3.3 -0.75%

Table A.4: Force field parameters of the Demontis [374] model. Intra-framework bond bending param-
eters are listed. *The modified form of the model takes these lengths directly from the experimental
crystal structure. The reader is referred to the original publication of the force field for further details
[374].

Demontis [374] model

Bond | Type | k/k / (KA1 ro / [A]
Si-O Harmonic bond stretch 251778.08 1.605*
0O-(SD)-0 Urey-Bradley 51866.28 2.61786*

2
UHarmonic bond stretch = 0.5]€[T - 7‘0]
2
UUrey»Bradley = 0~5k[r - TO]
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Table A.5: Force field parameters of the Nicholas [376] model. Intra-framework Lennard-Jones, partial
charges, bond stretching, bending and torsion parameters are listed. *The modified form of the model
takes these lengths directly from the experimental crystal structure. The reader is referred to the original
publications of the force fields for further details [376].

Nicholas [376] model

Pseudo-atom ‘ ks /K] o/ [Al q/ [e]
Si 81.76 3.96 +1.10
(0] 29.43 3.06 -0.55

Bond | Type | k/ KA1 7o/ [A]
Si-O Harmonic bond stretch | 300724.77 1.61*
0-(SD)-0 Urey-Bradley 27488.74 3.1261*%
Utarmonic bond stretch = 0.5]{?[7“ - TO]Q
UUrey-Bradley = 0~5k[7" - T0]2

Bond bending Si-O-Si
Type Quartic bend
ki / [K/rad?] 5462.50
ky / [K/rad?] -17157.80
ks / [K/rad?] 13351.67
0o / [°] 149.5
UQuartic bend = 0~5(k1 [9 - 90]2 - kf2[9 - 90]3 + k3 [‘9 - 90]4)

Bond bending | Type | k/ KA1 | 6y / [°]
0-Si-0 | Harmonic bend | 69537.44 | 109.5
UHarmonic bend — 05k[9 - 60]2

Bend-Torsion Si-O-Si-O
Type Smoothed three
cosine dihedral
po/ks / [K] 0.0
p1/ks / [K] 0.0
p2/ks / [K] -352.42
Usend-torsion = 0.5pg [1 =+ cos ¢ijkl]5(9ijk)5(9jkl)
+ 0.5p1 [1 — COS 2¢ijkl]5(9ijk)5(9jkl)
+ 0.5p2 [1 + cos 3¢z—jkl]S(9ijk)S(0jkl)
1 0 < Oon
S(6) = (Bogt — 0)2 Ootr + 20 — 300n 0> 6,

(eoff - Hon)g

with 6y, = 170° and O, = 180°.
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Table A.6: Force field parameters of the zeolite model by Jeffroy et al. [312] used in chapter 3. Intra-
framework Lennard-Jones, partial charges, bond stretching, and bending parameters are listed. The
reader is referred to the original publication of the force fields for further details [312]. *The modified
form of the model takes these lengths directly from the experimental crystal structure. **Partial charges
for silicalite are not reported by Jeffroy et al. [312]. In the original model [312], the partial charges
are linearly extrapolated based on the aluminum content of the zeolite structure. The partial charges
reported for Si atoms increase from +1.270530 e to +1.452410 e as the Si:Al ratio is increased from 1
to 3. Such linear extrapolation yields very high values of partial charges for high Si:Al ratios/all silica
zeolites. Typical partial charges for Si atoms have been reported in the range of +0.5 to +4 e [400]. The
values +1.5 e and -0.75 e are chosen for the Si and O atoms of silicalite, respectively.

Jeffroy et al. [312] model
Pseudo-atom ‘ ks / [Kl o/ [A] q/ [e]

Si 0.0 0.0 +1.50**

(0] 0.0 0.0 —0.75%*
Bond ‘ Type ‘ k/[KA=21 o/ [A]
Si-O ‘ Harmonic bond stretch ‘ 1392000 1.65*

_ 2
UHarmonic bond stretch — O5k[T - TO]

Bond bending | Type | k/ [K/rad®] 6,/ [°]
0-Si-O Harmonic bend 300000 110
Si-O-Si Harmonic bend 60000 145

Ularmonic bend = 05k[0 - 00]2

Table A.7: Input for the simulations of vapor-liquid equilibrium of chapter 2 for m-xylene, o-xylene and
p-xylene. T is the temperature, N the number of molecules, L the initial length of one side of the (cubic)
simulation box.

T/[K] | N Liquid NVapor LLiquid / [A] LVapor / [A]
375 965 35 60 142
400 933 67 60 142
425 899 101 60 130
450 863 137 60 126
475 830 170 60 114
500 797 203 60 112
525 760 240 60 112
550 745 255 60 105
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ideal

Table A.8: Change of ideal gas free energy AG'{¢, of a reaction A <+ B at 523 K computed using
tabulated data [460-463] with Eq. A.1 for the reactions considered in chapter 5.

Reaction A <+ B | AGH / [kJ/mol]
m-xylene <+ o-xylene 4.06
m-xylene <+ p-xylene 3.62

A.2. PARTITION FUNCTIONS OF XYLENES FROM THERMODY-

NAMIC TABLES

The partition functions of xylene isomers at 523 K are computed from the change of
the ideal gas free energy AGi{¢a,; of a reaction A +» B using the procedure outlined
in Ref. [295]. The change of the ideal gas free energy AG'{¢*,; of a reaction 4 ++ B

is computed with tabulated enthalpies and entropies of formation using [442]:

T
AGHSE = AHY p — AHY 4 + /2 o ACy aespdT
T AC (A.1)
-T (S;’,B — 594 +/ pj’medT>
298K

where AH$ 4, AH¢ p and S$ 4, S$ p are the enthalpy and entropy of formation
of components A and B at 298 K and 1 atm. AC), 4 p is the difference between
the constant pressure heat capacities of component A and B at temperature 7. The
enthalpies and entropies of formation, and the constant pressure heat capacities
of xylene isomers are obtained from Refs. [460-463]. The computed change of
ideal gas free energy AG'{¢*; of a reaction A <> B for the reactions considered in
chapter 5 are listed in table A.8.

The change of the ideal gas free energy AG'{*}; of a reaction A <+ B with S
components is related to the chemical potential of reactants and products (and the
equilibrium constant K (7)) by [295]:

s
idea QZVO
AGHS, = ~RTIK(T) = —RT Y v;In < I > (A.2)
=1 7‘

Where v; is the stoichiometric coefficient of component 4, g; is the partition func-
tion of an isolated molecule of component i, V; is the reference volume (for the
input of Brick-CFCMC: V; = 1 A®). The thermal de Broglie wavelength A; can be
calculated using:

h
A= ——— A3
vV 27TMZ I{ZBT ( )
in which £ is the Planck constant, M; is the mass of one molecule of component 7,
kg is the Boltzmann constant, and 7T is the temperature [464]. Using the computed
change of ideal gas free energy AG{¢el of a reaction A <+ B for the reactions

considered in chapter 5, Eq. A.2 becomes Egs. A.4 and A.5:



A.2. PARTITION FUNCTIONS OF XYLENES 117

Table A.9: Partition functions of xylene isomers at 523 K as input for reaction ensemble simulations in

Brick-CFCMC [295] computed using Egs. A.4 and A.5 by setting In (‘“Xéf S ) =0.

Molecule | In(q;Vo/A?) / [-]

m-xylene 0
o-xylene -0.9329943
p-Xylene -0.8324533
AG:%SE;IO Vo % Vo
T = In ( AT, ) —1In ( A ) (A4)
AGieal am Vo Vo
—Rr = In ( A ) —In ( A3 > (A.5)

where m is m-xylene, o is o-xylene, and p is p-xylene. For the simulations of
the reaction ensemble in Brick-CFCMC, only the relative difference between the
partition functions is needed. The partition functions as input for Brick-CFCMC are

obtained by setting In (‘1’/’;—3‘/‘)) = 0in Egs. A.4 and A.5. The partition functions used
as input of Brick-CFCMC for the simulations of chapter 5 are listed in table A.9.
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A.3. MULTIPLE LINEAR REGRESSION FOR COMPUTING THER-

MODYNAMIC PROPERTIES OF ADSORPTION

Multiple linear regression [447, 448] is used to compute changes in enthalpy and
entropy due to the transfer of one xylene molecule from the bulk phase (mixture of
xylenes at chemical equilibrium) to the zeolite framework in chapter 5. The change
in free energy AGy, ; due to the transfer of one xylene molecule i from the bulk
phase to the zeolite is related to the change of enthalpy AH,,; and entropy AS;, ;
by:

AG’vtr,i = AI—Itr,i - TAStr,i (A6)

The change in free energy due to the transfer of one xylene molecule between
the bulk phase and the zeolite is obtained using [465, 466]:

AGyy; = RTIn 2oulket (A7)
Pads,i
where ppyik,; and paqs,; are the number densities of molecule ¢ in bulk phase and
zeolite, respectively. The change in enthalpy A H, ; due to the transfer of one xylene
molecule i from the bulk phase to the zeolite is obtained from:

AI—I‘cr,i = Idads,s — Hbulk,i - RT (A8)

where H,qs; is the enthalpy of adsorption of component i from the mixture of
xylenes at chemical equilibrium in the zeolite framework, and Hyyx ; is the enthalpy
of adsorption of component 7 in the bulk phase mixture of xylenes at chemical equi-
librium. Both H,4s; and Hpyui,; are computed by Monte Carlo simulations in the
grand-canonical ensemble using multiple linear regression [447, 448].

A.4. FUGACITY COEFFICIENT FROM CHEMICAL POTENTIALS

In chapter 5, the Brick-CFCMC software [295] was used to compute fugacity coeffi-
cients ¢, for component ¢ from the excess chemical potential fiexcess,; Obtained with
the CFCMC method using [295]:

¢i = % exp (ﬁ/”‘excessnﬁ) (A.9)
where N is the total number of whole molecules, and V is the volume of the simu-
lation box.

For the input for grand-canonical Monte Carlo simulations using the RASPA soft-
ware [22, 365, 366], the fugacity coefficients are transformed to chemical potentials
1; using [366]:

Bui = Buig ; +In (B P) (A.10)

where P is the pressure, and yf ,; is the the chemical potential of the reference
state.
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Figure A.1: Heat of adsorption of xylene isomers at 523 K and 30 bar in the zeolite framework types
considered in chapter 5, adsorbed from the mixture at chemical equilibrium as computed by Monte
Carlo simulations.
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SUMMARY

The separation of Cg aromatic hydrocarbons (e.g. xylenes) is one of the most impor-
tant processes in the petrochemical industry. Current research efforts are focused
on materials that can decrease the energy consumption and increase the efficiency
of the separation process. Industrial processing of Cg aromatics typically considers
adsorption in a zeolite from a vapor or liquid stream of mixed aromatics. Adsorp-
tion in porous materials can be used to separate the isomers or to promote catalytic
reactions to transform aromatics into high value products. However, little is known
about the chemical equilibrium of the adsorbed phase at reaction conditions. Most
studies of adsorption of aromatics in zeolites, either experimental or computational,
have focused on adsorption of pure components from the vapor phase. Experimen-
tally, it is very difficult to determine adsorption equilibrium at saturation conditions.
In molecular simulations, very difficult insertions and deletions of molecules make
simulations very inefficient. Nowadays, advanced simulations techniques can be
used to overcome this issue. Computer simulations of adsorption of aromatics in ze-
olites are typically performed using rigid zeolite frameworks. However, it is known
that adsorption isotherms for aromatics are very sensitive to small differences in the
atomic positions of the zeolite. In this thesis, the following types of questions are
addressed: (1) how does framework flexibility influence adsorption and diffusion
of Cg aromatics in zeolites?; (2) what is the role of the pore topology? For the
separation and catalytic conversion of xylenes; (3) how does the type of framework
influence the product distribution of xylene isomers?; (4) are there any possible ze-
olite structures that may have been overlooked for the processing of aromatics? For
this, the different aspects that affect the interactions between aromatic molecules
and the aromatics/zeolite systems in the simulations are discussed.

The intermolecular interactions between aromatic molecules are studied by com-
puting the vapor-liquid equilibria of pure xylenes and binary mixtures using four
different force fields. The densities of pure p-xylene and m-xylene can be well es-
timated using the TraPPE-UA and AUA force fields. The largest differences of com-
puted VLEs with experiments are observed for o-xylene. Binary mixtures of p-xylene
and o-xylene are simulated, leading to an excellent agreement for the predictions of
the composition of the liquid phase compared to experiments. For the vapor phase,
the accuracy of the predictions of the composition are linked to the quality of the
density predictions of the pure components of the mixture. The phase composition
of the binary system of xylenes is very sensitive to small differences in vapor phase
density of each xylene isomer, and how well the differences are captured by the
force fields.

Most of the models commonly used for framework flexibility in zeolites include a
combination of Lennard-Jones and electrostatic intra-framework interactions. The
effect of these models for framework flexibility on the predictions of adsorption
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of aromatics in zeolites is studied. It is observed that the intra-framework inter-
actions in flexible framework models induce small but important changes in the
atom positions of the zeolite, and hence in the adsorption isotherms. Framework
flexibility is differently 'rigid’: flexible force fields produce a zeolite structure that
vibrates around a new equilibrium configuration with limited capacity to accommo-
date to bulky guest molecules. The simulations show that models for framework
flexibility should not be blindly applied to zeolites and a general reconsideration of
the parametrization schemes for such models is needed. The effect of framework
flexibility on the adsorption and diffusion of aromatics in MFI-type zeolite is sys-
tematically studied. It is found that framework flexibility has a significant effect on
the adsorption of aromatics in zeolites, specially at high pressures. For very flexible
zeolite frameworks, loadings up to two times larger than in a rigid zeolite frame-
work are obtained at a given pressure. Framework flexibility increases the rate of
diffusion of aromatics in the straight channel of MFI-type zeolites by many orders
of magnitude compared to a rigid zeolite framework. The simulations show that
framework flexibility should not be neglected and that it significantly affects the
diffusion and adsorption properties of aromatics in a MFI-type zeolite.

The interactions of aromatic molecules inside different zeolite types are stud-
ied by computing adsorption isotherms of pure xylenes and a mixture of xylenes at
chemical equilibrium. It is observed that for zeolites with one dimensional chan-
nels, the selectivity for a xylene isomer is determined by a competition of entropic
and enthalpic effects. Each of these effects is related to the diameter of the zeolite
channel. For zeolites with two intersecting channels, the selectivity is determined
by the orientation of the methyl groups of xylenes. m-Xylene is preferentially ad-
sorbed if xylenes fit tightly in the intersection of the channels. If the intersection is
much larger than the adsorbed molecules, p-xylene is preferentially adsorbed. This
thesis provides insight on how the zeolite framework can influence the competitive
adsorption and selectivity of xylenes at reaction conditions. Different selectivities
are observed when molecules are adsorbed from a vapor phase compared to the
adsorption from a liquid phase. This suggests that screening studies that consider
adsorption only from a vapor phase may have overlooked well-performing candi-
dates for Cg aromatics processing. This insight has a direct impact on the design
criteria for future applications of zeolites in industry. It is observed that MRE-type
and AFI-type zeolites exclusively adsorb p-xylene and o-xylene from a mixture of
xylenes in the liquid phase, respectively. These zeolite types show potential to be
used as high-performing molecular sieves for xylene separation and catalysis.



SAMENVATTING

De scheiding van Cg aromatische koolwaterstoffen zoals xylenen is één van de be-
langrijkste processen in de petrochemische industrie. Hedendaags onderzoek richt
zich op het vinden van materialen die de efficiéntie van dit scheidingsproces verho-
gen en het energieverbruik verlagen. In de industrie worden Cg-aromaten geschei-
den uit gas- of vloeistofmengsels van aromaten door gebruik te maken van adsorptie
in zeolieten. De adsorptie van de aromaten kan gebruikt worden om isomeren te
scheiden of deze om te zetten in andere waardevolle producten. Er is echter niet
veel bekend over het chemisch (reactie) evenwicht in de geadsorbeerde fase. De
meeste onderzoeken (zowel experimenteel als computationeel) naar de adsorptie
van aromaten in zeolieten richtten zich op de adsorptie van zuivere componen-
ten in de gasfase. Dichtbij het verzadigde regime is het experimenteel lastig om
adsorptie-evenwichten te bepalen en in moleculaire simulaties is het invoegen en
verwijderen van moleculen inefficiént. Nieuwe, geavanceerde simulatiemethoden
bieden een oplossing voor dit probleem. Bij simulaties van adsorptie van aromaten
in zeolieten wordt vaak aangenomen dat het zeoliet star is. Het is echter bekend
dat adsorptie-isothermen van aromaten erg gevoelig zijn voor kleine veranderin-
gen in de posities van de atomen in het zeoliet. In dit proefschrift richten we ons
daarom op de volgende vraagstukken: (1) hoe worden de adsorptie en diffusie van
Cg-aromaten beinvloedt door de flexibiliteit van het zeoliet? en (2) welke rol speelt
de topologie van de porién? En voor het scheiden en omzetten van xylenen richten
we ons op: (3) hoe wordt de verdeling van de reactieproducten beinvloedt door de
structuur van een zeoliet? en (4) zijn er zeolieten die geschikt zijn voor de adsorptie
van aromaten die eerder over het hoofd zijn gezien? We bestuderen daarvoor de
verschillende factoren die van invloed kunnen zijn op de interacties tussen aroma-
ten en zeolieten.

De intermoleculaire interacties tussen aromaten worden bestudeerd met behulp
van simulaties van gas-vloeistofevenwichten van zuivere xylenen en binaire meng-
sels daarvan. We doen dit voor vier verschillende krachtvelden. De dichtheden van
zuiver p-xyleen en m-xyleen kunnen nauwkeurig worden bepaald met de TraPPE-UA
en AUA krachtvelden. Voor gas-vloeistofevenwichten wordt de grootste afwijking
gevonden tussen simulaties en experimenten voor o-xyleen. Simulaties van binaire
mengsels van p-xyleen en o-xyleen komen goed overeen met de vloeistofcomposi-
tie afkomstig uit experimenten. In de gasfase hangt de nauwkeurigheid af van de
nauwkeurigheid van het krachtveld voor de dichtheden van de zuivere stoffen. De
compositie van de binaire mengsels wordt sterk beinvloed door kleine verschillen in
de dichtheden van de gasfase en hoe goed het krachtveld deze verschillen beschrijft.

De meeste modellen die framework-framework interacties beschrijven in een
flexibel zeoliet gebruiken een combinatie van Lennard-Jones en elektrostatische in-
teracties. Hier bekijken we de invloed van deze modellen op de adsorptie van aro-
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maten in zeolieten. Het blijkt dat de framework-framework interacties een kleine,
maar belangrijke, invloed hebben op de posities van de atomen in het zeoliet. Dit
effect is terug te zien in de adsorptie-isothermen. Wat adsorptie betreft heeft de
flexibiliteit van een framework hetzelfde effect als een kleine structuurverandering
van een star zeoliet. Simulaties tonen aan dat modellen die flexibiliteit beschrijven
niet zo maar toegevoegd kunnen worden aan modellen voor adsorptie en diffusie
in zeolieten. Er is daarvoor een andere aanpak nodig. Een systematische studie is
uitgevoerd om te onderzoeken hoe adsorptie en diffusie van aromaten in MFI-type
zeolieten worden beinvloed door flexibiliteit. Vooral bij hoge drukken heeft flexibi-
liteit een effect op de adsorptie van de aromaten in zeolieten. In flexibele zeolieten
kan de adsorptie twee keer zo hoog zijn als in een star zeoliet. Door de flexibiliteit
van MFI-type zeolieten wordt de diffusiesnelheid van aromaten in het rechte kanaal
enkele ordegroottes groter ten opzichte van starre zeolieten. Uit deze simulaties
kunnen we concluderen dat flexibiliteit een belangrijke factor is om rekening mee
te houden wanneer men kijkt naar diffusie en adsorptie van aromaten in MFI-type
zeolieten.

De interacties van aromaten in verschillende zeolieten worden bestudeerd door
het bepalen van adsorptie-isothermen van zuivere xylenen en mengsels daarvan bij
chemisch evenwicht. Voor zeolieten met één-dimensionale kanalen zien we dat de
selectiviteit voor een bepaald xyleen-isomeer bepaald wordt door entropische en
enthalpische invloeden. Beide invloeden zijn gerelateerd aan de doorsnede van
het kanaal in het zeoliet. In zeolieten met twee kruisende kanalen wordt de selec-
tiviteit bepaald door de oriéntatie van de methylgroepen van het xyleen-isomeer.
Als xylenen nauw passen in de kanalen wordt vooral m-xyleen geadsorbeerd. Als de
kanaaldiameter groter wordt zal vooral p-xyleen worden geadsorbeerd. In dit proef-
schrift gaan we in op hoe de structuur van het zeoliet de adsorptie en selectiviteit
van xylenen beinvloedt wanneer deze een reactie ondergaan. De selectiviteit ver-
schilt wanneer de moleculen worden geadsorbeerd uit de gasfase vergeleken met de
vloeistoffase. Voor studies waar alleen gekeken is naar de adsorptie uit de gasfase
kan dit betekenen dat sommige zeolieten over het hoofd zijn gezien, terwijl deze
wel degelijk geschikt zouden kunnen zijn voor het converteren van Cg-aromaten.
Dit is een belangrijk resultaat voor toekomstige toepassingen van zeolieten in de
(petrochemische) industrie. Verder blijkt dat MRE-type zeolieten alleen p-xyleen
adsorbeert uit xyleenmengsels in de vloeistoffase en AFI-type zeolieten alleen o-
xyleen. Deze typen zeolieten kunnen veelbelovend zijn als moleculaire zeef voor
het scheiden én omzetten van xylenen.
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