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ABSTRACT: The separation of xylenes is one of the most important processes in the
petrochemical industry. In this article, the competitive adsorption from a fluid-phase
mixture of xylenes in zeolites is studied. Adsorption from both vapor and liquid phases is
considered. Computations of adsorption of pure xylenes and a mixture of xylenes at
chemical equilibrium in several zeolite types at 250 °C are performed by Monte Carlo
simulations. It is observed that 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
intersecting 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 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 is preferentially adsorbed. This study provides
insight into how the zeolite topology 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 adsorption from a liquid phase. These insight
have a direct impact on the design criteria for future applications of zeolites in the industry. 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.

1. INTRODUCTION
Xylenes are hydrocarbons that are mainly produced by the
catalytic reforming of crude oil.1 From this process, xylenes are
usually mixed with benzene and toluene (BTX mixture).2

Further extraction and distillation processes yield mixtures of
xylenes that typically contain 53% m-xylene, 24% o-xylene, and
23% p-xylene.3 Of the xylene isomers, p-xylene has the highest
economic value.4,5 It is a core raw material for manufacturing
poly(ethylene terephthalate),6,7 commonly known as PET. o-
Xylene is mostly used in the production of phthalic anhydride.8

m-Xylenethe main component of the mixturehas a limited
end use and is preferably isomerized into p-xylene.9,10 Xylenes
are components of solvents, cleaning agents, paint thinners,
varnish, and corrosion preventives.11−13

The different practical applications and economic value of
xylene isomers make the separation of the isomers from the
mixture a relevant industrial process.14,15 Separation of xylenes
is a major challenge.16−18 Commonly, the separation of xylenes
is performed by distillation processes2 or by fractional
crystallization.19,20 The similar boiling points of xylene isomers
make separation using distillation a very difficult21 and energy-
intensive process.22 Sholl and Lively23 have underlined that
improvements to the separation processes of benzene and C8
aromatics would greatly benefit the world.
Separation using adsorption in porous materials is an

attractive alternative to the distillation for the separation of
chemicals.24 The use of solid adsorbents for separation yields
higher separation efficiencies and lower energy consumption

than traditional separation processes.25,26 The separation of
xylenes in porous materials can be achieved by adsorption
zeolites such as FAU-type27−36 and metal−organic frame-
works.37,38 Many industrial applications strongly rely on the
selective hosting capabilities of zeolites.39−44

Zeolites have been widely used in many processes for the
transformation of hydrocarbons.45−47 These materials are
considered the most important heterogeneous catalysts in
the petrochemical industry.48,49 Zeolites have a porous
structure with well-defined pores and channel systems.50

These systems offer large void volumes that are able to host
a wide variety of molecules while maintaining mechanical
stability.51,52

Several mechanisms influence the selective adsorption of
molecules in zeolites.53 These mechanisms are based on
enthalpy, shape, and entropy differences between the
competing guest molecules. The enthalpy difference between
competing molecules is relevant when the change in enthalpy
of the molecules transferred from the bulk phase into the
zeolite is even slightly different. In this mechanism, the
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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 toward
molecules with stronger attractive interactions with the
zeolite.54 In the shape selectivity mechanism, the adsorption
of molecules that do not fit in the pores of the zeolite is
hindered.55 Instead, only molecules that are smaller than the
zeolite poresand that can diffuse through the poresare
adsorbed. This size exclusion mechanism is related to entropic
effects.56 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.56,57

This mechanism is particularly important at high loadings.58

Molecular simulations are an extensively used tool to predict
the thermodynamic properties of a wide diversity of systems.59

Molecular simulations have been extensively used to predict
the adsorption properties of hydrocarbons in zeolites60−68 and
other nanoporous materials.69−72 Commonly, Monte Carlo
simulations (MCs) in the grand-canonical ensemble (GCMC)
can be used to compute sorbate loadings in a zeolite for
different temperatures and pressures.73−75 Several studies
where MCs are used to study adsorption of aromatics in
zeolites can be found in the literature.44,76−86 Most molecular
simulation studies of adsorption of hydrocarbons in zeolites
have focused on adsorption from a vapor phase.78 This is due
to the difficult insertion and deletion of molecules at
conditions close to saturation, leading to inefficient simu-
lations.87 However, advanced biasing techniquessuch as
continuous fractional component (CFCMC) or configura-
tional-bias (CBMC)88can be used nowadays in Monte Carlo
simulations to overcome this issue. In practice, most C8
processing technologies have classically considered adsorption
from a vapor phase. More recently, there has been interest in
adsorption from a liquid phase.89 This leads to an efficient use
of all of the pore volume of the zeolite. Liquid-phase
adsorption is preferred due to its operational, maintenance,
and environmental advantages over other processing tech-
nologies.90

The adsorption of xylene isomers in zeolites and the
mechanisms that drive adsorption are studied using Monte
Carlo simulations. This article aims to study the competitive
adsorption of xylene isomers in selected zeolite frameworks at
conditions relevant for industrial purposes. The prediction of
the adsorption equilibrium of multiple components is one of
the most challenging problems in adsorption.91−93 Typical
processing of xylenes uses a mixture of xylenes at chemical
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 an input for GCMC
simulations of adsorption in zeolites. The calculations of the
compositions of the mixtures at chemical equilibrium also yield
the chemical potentials and fugacity coefficients of xylene
isomers.94 For the grand-canonical ensemble (μVT), there is
thermodynamic equilibrium between the adsorbed molecules
and the reservoir.95 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.96−99 Pressures of interest for industrial
processing of xylenes in the liquid phase using zeolites at
temperatures close to 523 K are in the range of 15−40
bar.100−102 In this work, the pressures considered for the
simulations are in the range of 0.03−300 bar. To investigate
the dependence of xylene 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 the
industry, including four out of the so-called “big five” zeolite
types.103,104 Also, a characterization of the selected zeolite
frameworks is presented.
This article is organized as follows. The methods are

explained in Section 2. The characterization of the selected
zeolite frameworks, computed heats of adsorption, and
adsorption isotherms of xylenes in the zeolite frameworks are
reported and discussed in Section 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 4.

2. METHODS
The compositions of the mixture at chemical equilibrium and
densities of the mixture of xylene isomers are obtained using
force-field-based Monte Carlo simulations in the isothermal−
isobaric ensemble (NPT), combined with the reaction
ensemble.105−108 In the reaction ensemble, trial moves are
attempted to transform reactant molecules of a chemical
reaction into reaction product molecules. This method
considers chemical reactions as Monte Carlo trial moves,
without considering kinetics or the reaction mechanism.
Brick−CFCMC software94 is used for these simulations. The
cont inuous f rac t iona l component Monte Car lo
(CFCMC)109,110 algorithm is used to achieve efficient
insertions and deletions of molecules in the system.88,110,111

Fugacity coefficients of xylene isomers in the mixture are
obtained from the chemical potential computed with the
CFCMC algorithm.108,111,112 Details about the conversion of
chemical potentials to fugacity coefficients can be found in the
Supporting Information. A MC cycle is defined as the
maximum between 20 and N-move-attempts, with N being
the number of molecules in the system.94,113 In the CFCMC
algorithm, the interactions of a fractional molecule are scaled
by the so-called λ parameter. The λ parameter scales the
interactions of the fractional molecule in the range 0−1 (0 for
no interactions with surrounding molecules, and 1 for full
interaction with surrounding molecules). The λ-trial moves are
biased to obtain a flat probability distribution of λ. The
simulations are initialized with 105 MC cycles, and only
translation and rotation trial moves are attempted. After
initialization, an equilibration run of 5 × 105 MC cycles is
performed. All of the types of trial moves considered are
allowed, and the biasing factors for the λ-trial moves of the
CFCMC algorithm are calculated. After equilibration,
ensemble averages are obtained in a 5 × 105 MC cycle
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 performed
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at pressures ranging between 0.03 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 Å3. Two isomerization reactions are considered:
m-xylene ↔ o-xylene and m-xylene ↔ p-xylene. The
simulations using the reaction ensemble require the partition
functions of the isolated molecules of all of the species involved
in the reaction as input. The partition functions of isolated
molecules can be obtained using standard thermodynamic
tables (e.g., JANAF tables114) or by quantum mechanics
calculations.115 Mullen and Maginn116 computed the compo-
sition 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
energies of reaction for the calculation of partition functions
yields the best agreement with experimental composition of
the bulk fluid phase of xylene mixtures. In this work, the
isolated molecule partition functions are obtained computing
the change in the ideal gas free energy ΔGA↔B

ideal of a reaction A
↔ B using thermodynamic tables.117−120 The changes in the
ideal gas free energy ΔGA↔B

ideal of a reaction A ↔ B computed
with tabulated enthalpies and entropies of formation for the
reactions considered in this work are listed in the Supporting
Information.
The composition of the mixture at chemical equilibrium and

the fugacity coefficients of xylene isomers computed in the
NPT ensemble combined with the reaction ensemble are used
as inputs for the computations of adsorption in zeolites. The
computations of adsorption are performed using the
CFCMC109,110 algorithm in the grand-canonical ensemble.
The RASPA software113,121 is used for all of the simulations of
adsorption. The all-silica zeolite structures are obtained from
the IZA-SC Database of Zeolite Structures.122 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 hydro-

carbons are modeled using the TraPPE-zeo model.123 In this
force field, all oxygen and silicon atoms are modeled with
Lennard-Jones (LJ) interactions and partial charges. It is
known that framework flexibility plays a significant role in the
adsorption of aromatics in zeolites.80 For very flexible zeolite
frameworks, loadings up to two times larger than in a rigid
zeolite framework are obtained at a given pressure.124

However, models for framework flexibility should not be
blindly applied to zeolites.80 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.80 The effects of using models for
framework flexibility in different zeolite types are unknown.
For these reasons, the zeolite frameworks are considered rigid.
Force fields for the interactions between aromatic molecules
are typically fitted to model the vapor−liquid equilibrium with
LJ potentials or a combination of LJ and electrostatic
interactions.125,126 Guest−guest force fields that use electro-
static interactions (such as OPLS127,128) have been used to a
great extent for the simulation of adsorption of aromatics in
zeolites.76−78,129 The electrostatic interactions of guest−guest
force fields of aromatics are fitted for VLE and not for
interaction with a host framework.80 Also, the electrostatic
interactions included in the TraPPE-zeo model123 are fitted

and tested for the adsorption of CO2, and not for aromatic/
zeolite systems. It is convenient to use a guest−guest force field
that does not include electrostatic interactions. In this work,
the guest−guest interactions are modeled using the TraPPE-
UA130,131 force field. This force field considers a single
uncharged interaction site representing each CHx group in the
aromatic molecules. Electrostatic interactions are not consid-
ered in this work. Although the presence of nonframework
cations may change the adsorption of xylenes,132 this is not
considered in this work as it would interfere with under-
standing the effect of zeolite type on adsorption. The
interactions between different atom types are obtained using
Lorentz−Berthelot mixing rules.133 A cutoff radius of 14 Å is
applied for all LJ interactions, and analytic tail corrections are
used.134 All force field parameters are listed in the Supporting
Information.
At each MC cycle, trial moves attempt to rotate, displace,

randomly reinsert, and insert/remove adsorbates. Also, λ-trial
moves scale the interactions of the fractional molecule (via the
CFCMC algorithm109,110). The simulations use 105 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 × 105 MC cycles is
used to equilibrate the CFCMC biasing factors. Ensemble
averages are obtained in a 5 × 105 MC cycle 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.135,136 The heat of adsorption of
xylenes at infinite dilution in the zeolite structures is calculated
via Widom’s test-particle insertion method.137 The heat of
adsorption is computed in a 105 MC cycle 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 × 106 MC cycles. The helium void
fraction (HVF) and the gravimetric surface area of the zeolite
frameworks used in this work are determined using iRASPA
visualization software.138 The HVF is determined by probing
the framework with a nonadsorbing helium molecule using
Widom’s test-particle insertion method.137 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 the Supporting Information. The discussion of the
zeolite types is ordered based on the maximum diameter of a
sphere that can be included in the zeolite framework.122 This
diameter is listed in Table S3 of the Supporting Information.
For comparison with the adsorption of the mixture of xylene

isomers, the ideal adsorbed solution theory (IAST)139,140 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 inputs. The IAST
predictions are computed using pyIAST software.141

Multiple linear regression142,143 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 the Supporting
Information.
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3. RESULTS AND DISCUSSION

3.1. Properties of Mixture of Xylenes. The properties of
the mixture of xylene isomers at chemical equilibrium are
calculated by Monte Carlo simulations in the NPT ensemble,
combined with the reaction ensemble. Figure 1 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 chemical equilibrium does not
significantly vary with changes in pressure at 523 K. Taylor et
al.144 reported that at 500 K the C8 aromatic mixture has an
equilibrium 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
is in excellent agreement with the equilibrium composition
estimated by Mullen and Maginn116 at 1 bar by MC
simulations in the reaction ensemble.
Given the similarity of the thermodynamic properties of

xylene isomers,125,126 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,145 for o-xylene (at
523 K) it is 8.83 bar,146 and for p-xylene (at 520 K) it is 9.419
bar.147 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 the vapor phase when the

pressure is lower than 5.3 bar and that the mixture is in the
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.

3.2. Zeolite Structures. The pore size distribution (PSD)
of the zeolite frameworks considered in this work is shown in
Figure 2. The PSD is calculated geometrically with the method
of Gelb and Gubbins.135,136 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 zeolites,
the cages are denoted at a diameter of ca. 9.5 Å. For MWW-
type zeolites, 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
and 5 Å approximately. The 12-ring pore system is denoted
between 6 and 8.5 Å. For AFI-type zeolites, the channel is
denoted at a diameter of approx. 7 Å. For MEL-type zeolites, a
peak at a diameter of approx. 4.5 Å denotes the channels, and
the distribution at diameters larger than 5.5 Å denotes the
intersections of the channels. For MOR-type zeolites, the peak

Figure 1. 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.144 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. Computed data are listed in the Supporting Information.
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at a diameter of approx. 5.5 Å denotes the 12-ring channels.
The small peak at a diameter of approx. 4 Å denotes the 8-ring
side pockets that link the 12-ring channels. For BEA-type
zeolites, the channel and the intersection of the channels are
denoted at a diameter of approx. 5.5 Å. For MFI-type zeolites,
two peaks are observed: one at a diameter of approx. 3.5 Å and
one at approx. 5 Å. These peaks correspond to the channels
(zigzag and straight) and intersection of the channels,
respectively. For MRE-type and MTW-type zeolites, the
peaks at diameters of approx. 5 and 4.5 Å denote the channels,
respectively.
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 Figure
3. In FAU-type zeolites, 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 zeolites, there is an
enthalpic preference for p-xylene over o-xylene and m-xylene.
For MOR-type zeolites, p-xylene and o-xylene are preferentially
adsorbed based on enthalpy. For MFI-type and MEL-type
zeolites, there is an enthalpic preference for m-xylene. In the
following section, the location 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 1
lists the preferential adsorption of xylene isomers based on the

heat of adsorption at infinite dilution. The computed heat of
adsorption values 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 Figure S2 of the
Supporting Information.
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 Figure 4. The
single-component isotherms of the three isomers suggest that
there is no preferential adsorption for any isomer. Zheng et
al.82 reported the adsorption of aromatics in FAU-type zeolites.
The same packing efficiency of C8 aromatics in the cages of
FAU-type zeolites is observed. In Figure 4a, it is observed that
nearly identical loadings of the three xylene isomers in FAU-
type zeolites as a function of pressure are computed. This is
expected due to the large pore size of FAU-type zeolites.
Figure 4b shows the adsorption isotherm of the mixture of

xylenes at chemical equilibrium in FAU-type zeolites. 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 zeolites
are higher than the loadings of p-xylene.
Figure 4c shows the composition of the mixture of xylenes

adsorbed in FAU-type zeolites compared to the composition of
mixture in the bulk phase (Figure 1a). It is observed that the
composition of the adsorbed fluid does not change with
pressure. The mole fractions of p-xylene in the adsorbed phase
are lower than the mole fractions of p-xylene in the bulk phase.
Figure 4d shows the changes in enthalpy and entropy due to
the transfer of a xylene molecule between the bulk mixture and
the 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 zeolites. 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 at 30 bar)
do not show any selectivity for a xylene isomer.
A typical snapshot of the simulation of adsorption of the

mixture of xylene isomers at 523 K and 300 bar is shown in
Figure 4e. It is observed that xylene molecules are almost
fluidlike in the cages of FAU-type zeolites. 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

Figure 2. Pore size distribution (PSD) of the zeolite frameworks
considered in this work computed with the method of Gelb and
Gubbins.135 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) PSDs for FAU-type,
MWW-type, AFI-type, MEL-type, and MOR-type zeolites. (b) PSDs
for BEA-type, MRE-type, MFI-type, and MTW-type zeolites.

Figure 3. 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.
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of the mixture of xylenes. This suggests that xylene molecules
compete for the same adsorption sites in the FAU-type zeolite.
The adsorption isotherms of xylene isomers as single

components and the mixture of xylenes at chemical
equilibrium in MWW-type zeolites at 523 K are shown in
Figure 5. The single-component isotherms show that for
pressures lower than 5.3 bar (adsorption from the 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 the 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. Figure 5c shows the
composition of the mixture of xylenes adsorbed in MWW-type
zeolites 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 zeolites at infinite dilution shows an energetic
preference for p-xylene over the other isomers. Figure 5d
shows the changes in enthalpy and entropy due to the transfer
of a xylene molecule between the bulk mixture and the 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.148−150 For the adsorption of xylene isomers in MWW-
type zeolites, 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. Figure 5e 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. Typical snapshots of the
adsorption of o-xylene in MWW-type zeolites at 0.94 and 300
bar can be found in Figure S3 of the Supporting Information.
The adsorption isotherms of xylene isomers as single

components and the mixture of isomers at chemical
equilibrium in AFI-type zeolites at 523 K are shown in Figure
6. 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.,151

who studied the adsorption of xylenes in AlPO4-5 (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
mixture is lower than the single-component isotherm for o-
xylene (Figure 6a). This suggests 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 predicted with IAST agree with the
simulations of adsorption of the mixture of xylenes. Figure 6c
shows the composition of the mixture of xylenes adsorbed in
AFI-type zeolites 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 zeolites show an
energetic preference for p-xylene. Figure 6d shows the changes
in enthalpy and entropy due to the transfer of a xylene
molecule between the bulk mixture and the 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. Figure 6e
shows a typical snapshot of the adsorption of m-xylene and p-
xylene in AFI-type zeolites. At least one methyl group of these

Table 1. 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 Ka

zeolite framework
type

observed preferential adsorption of xylenes
as single components

observed preferential adsorption of xylenes
for the mixture at chemical equilibrium

0.03 ≤ P ≤ 5.3 bar 16.8 ≤ P ≤ 300 bar 0.03 ≤ P ≤ 5.3 bar 16.8 ≤ P ≤ 300 bar
preference based on the heat of adsorption at

infinite dilution

FAU m = o = p m = o = p m > o ∼ p m ≫ o > p m ∼ o > p
AFI o > m ∼ p o ≫ m ∼ p o ∼ m ∼ p o ≫ m > p p > m ∼ o
MWW o > p > m m > p > o o > m ∼ p o > m ∼ p p > o > m
MEL m > p > o m ∼ p∼ o m ≫ p > o m ≫ p > o m > p > o
MFI m > p > o m > p > o m ≫ p ∼ o m ≫ p ∼ o m > p > o
BEA p > m ∼ o o > p > m p ∼ m > o p > m > o p > m > o
MRE p ≫ m ∼ o p ≫ m ∼ o p ≫ m ∼ o p ≫ m ∼ o p > m > o
MTW p > o > m m = o > p p > m > o p ∼ m > o p > o > m
MOR m ∼ o ∼ p o > m ∼ p m ∼ p > o m > o ∼ p p > o > m

aThe preferences are observed for two pressure ranges: 0.03 ≤ P ≤ 5.3 bar (i.e., adsorption from a 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.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09411
J. Phys. Chem. C 2021, 125, 4155−4174

4160

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c09411/suppl_file/jp0c09411_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09411?ref=pdf


molecules is aligned with the channel direction. Figure 6f
shows a typical snapshot of the adsorption of o-xylene in AFI-
type zeolites. 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 arrangement of o-xylene
molecules has been previously observed by Torres-Knoop et
al.152 for the adsorption of an equimolar mixture of xylene
isomers and ethylbenzene in AFI-type zeolites. In the
literature, the face-to-face stacking has been related to entropic
effects,57,152 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.
The adsorption isotherms of xylene isomers as single

components and the mixture at chemical equilibrium in
MEL-type zeolites at 523 K are shown in Figure 7. 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 suggests that the three
xylene isomers are adsorbed on the same sites of MEL-type
zeolites.
For the mixture of xylene isomers at chemical equilibrium,

there is a strong selectivity of m-xylene adsorption over o-
xylene and p-xylene. Figure 7c shows the composition of the
mixture of xylenes adsorbed in MEL-type zeolites 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 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. Figure 7d shows the changes

Figure 4. 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) a mixture at chemical equilibrium in FAU-type zeolites at 523 K. (c) Mole fractions of xylene isomers as a
function of total pressure for the mixture at chemical equilibrium adsorbed in the FAU-type zeolite and for the bulk phase. The composition in the
bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-phase
mixture at chemical equilibrium to the FAU-type zeolite at 0.3 and 30 bar. (e) Typical snapshot of the simulation of adsorption of the mixture of
xylene isomers in FAU-type zeolites at 523 K and 300 bar. m-Xylene is shown in blue, p-xylene in gray, and o-xylene in orange. The snapshot shows
how several xylenes are hosted in the cages of FAU-type zeolites.
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in enthalpy and entropy due to the transfer of a xylene
molecule between the bulk mixture and the 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 in enthalpy due to the transfer of
xylenes between the fluid phase and the MEL-type zeolite (as
computed using eq S-4) become positive when xylenes are
adsorbed from the liquid phase. Figure S2 of the Supporting
Information shows the computed heat of adsorption of xylenes
in MEL-type zeolites at 30 bar and 523 K. It can be observed
that the heat of adsorption of xylenes in MEL-type zeolites at
30 bar is significantly lower than the heat of adsorption at
infinite dilution (see Figure 3). 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.,153

where this decrease in the heat of adsorption at high loadings
compared to low loadings is related to the complete filling of
the pores of MEL-type zeolites. At high pressures, the heat of

adsorption of xylenes in the bulk phase is higher than the heat
of adsorption of xylenes in MEL-type zeolites (due to the
complete pore filling), yielding a positive change in enthalpy.
Figure 7e 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 zeolites.
The adsorption isotherms of xylene isomers as single

components and the mixture at chemical equilibrium in
MOR-type zeolites at 523 K are shown in Figure 8. The single-
component isotherms (Figure 8a) show that for pressures
lower than 0.94 bar, the loadings of 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 suggests that entropic effects are important for the

Figure 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) a mixture at chemical equilibrium in MWW-type zeolites at 523 K. (c) Mole fractions of xylene isomers as
a function of total pressure for the mixture at chemical equilibrium adsorbed in the MWW-type zeolite and for the bulk phase. The composition in
the bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-
phase mixture at chemical equilibrium to the MWW-type zeolite at 0.3 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 gray, 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.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09411
J. Phys. Chem. C 2021, 125, 4155−4174

4162

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c09411/suppl_file/jp0c09411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c09411/suppl_file/jp0c09411_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09411?ref=pdf


arrangement of o-xylene molecules in the 12-ring channels 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 zeolites (Figure 8b), 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. Figure 8c shows the
composition of the mixture of xylenes adsorbed in MOR-
type zeolites 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 fluid changes as a function of
pressure. For pressures higher than 0.94 bar, the mole fractions
of p-xylene in MOR-type zeolites decrease with increasing total
pressure, while the mole fractions of o-xylene increase with
increasing total pressure. The mole fractions of p-xylene for the
mixture adsorbed in MOR-type zeolites do not change as a

function of the total pressure. Figure 8d shows the changes in
enthalpy and entropy due to the transfer of a xylene molecule
between the bulk mixture and the 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
entropic changes. However, there is a small enthalpic
preference for o-xylene over the other xylene isomers. This
suggests 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.
Figure 8e,f shows 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 to the direction 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

Figure 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) a mixture at chemical equilibrium in AFI-type zeolites at 523 K. (c) Mole fractions of xylene isomers as a
function of total pressure for the mixture at chemical equilibrium adsorbed in the AFI-type zeolite and for the bulk phase. The composition in the
bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-phase
mixture at chemical equilibrium to the AFI-type zeolite at 0.3 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
gray, 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 zeolites.
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total loading of the mixture is lower than the single-component
isotherm for o-xylene (Figure 8a). 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 channel also typically allow the
methyl groups of p-xylene to align with an inclination of ca.
45° from the channel direction.
The adsorption isotherms of xylene isomers as single

components and the mixture at chemical equilibrium in
BEA-type zeolites at 523 K are shown in Figure 9. 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 (pressures 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 suggests that there is a preferential adsorption of
p-xylene and m-xylene over o-xylene. The loadings predicted
with IAST are in agreement with the simulations of adsorption
of the mixture of xylenes. Figure 9c shows the composition of
the mixture of xylenes adsorbed in BEA-type zeolites 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 pressure. Based
on the heat of adsorption at infinite dilution, there is a
preferential adsorption of p-xylene > m-xylene > o-xylene.
Figure 9d shows the changes in enthalpy and entropy due to
the transfer of a xylene molecule between the bulk mixture and
the 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

Figure 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) a mixture at chemical equilibrium in MEL-type zeolites at 523 K. (c) Mole fractions of xylene isomers as a
function of total pressure for the mixture at chemical equilibrium adsorbed in the MEL-type zeolite and for the bulk phase. The composition in the
bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-phase
mixture at chemical equilibrium to the MEL-type zeolite at 0.3 and 30 bar. (e) Typical snapshot of the simulation of adsorption of the mixture of
xylenes in MEL-type zeolites at 300 bar and 523 K. m-Xylene is shown in blue, p-xylene in gray, and o-xylene in orange. The snapshot shows how
xylenes are located in the intersection of the channels of MEL-type zeolites.
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the other isomers. Figure 9e,f shows typical snapshots of the
simulation of adsorption of 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 align either with the channel
direction 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.
The adsorption isotherms of xylene isomers as single

components and the mixture at chemical equilibrium in
MRE-type zeolite at 523 K are shown in Figure 10. 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 zeolites. Figure 10c
shows the composition of the mixture of xylenes adsorbed in

MRE-type zeolites compared to the composition 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 (Figure 2)
shows a peak in the distribution for MRE-type zeolites at a
diameter of ca. 5 Å, which suggests that there are size
restriction and shape selectivity for molecules larger than p-
xylene. Figure 10d shows the changes in enthalpy and entropy
due to the transfer of a xylene molecule between the bulk
mixture and the 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

Figure 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) a mixture at chemical equilibrium in MOR-type zeolites at 523 K. (c) Mole fractions of xylene isomers as
a function of the total pressure for the mixture at chemical equilibrium adsorbed in the MOR-type zeolites and for the bulk phase. The composition
in the bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-
phase mixture at chemical equilibrium to the 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 zeolites at 300 bar and 523 K. p-Xylene is shown in gray, and o-xylene is shown in orange. The snapshots
show the typical configuration of xylene isomers in the channels of MOR-type zeolites.
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equilibrium. Figure 10e 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.
The adsorption isotherms of xylene isomers as single

components and the mixture at chemical equilibrium in
MFI-type zeolites at 523 K are shown in Figure 11. 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).76,80 The simulations show that all of
the molecules are located in the intersections of the zigzag and
straight channels. The preference for m-xylene is due to an
alignment of the methyl groups with the zigzag and straight
channels. Figure 11e 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 in the

direction of the zigzag channel (c-crystallographic axis). It can
also be observed how this arrangement 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. Figure 11c shows the composition of the
mixture of xylenes adsorbed in MFI-type zeolites 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. Figure 11d shows the changes in enthalpy
and entropy due to the transfer of a xylene molecule between
the bulk mixture and the MFI-type zeolite for 0.3 and 30 bar at
523 K. At 0.3 bar, adsorption of m-xylene and o-xylene is
almost equally driven by changes in enthalpy and entropy due

Figure 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) a mixture at chemical equilibrium in BEA-type zeolites at 523 K. (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 Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-phase
mixture at chemical equilibrium to the BEA-type zeolite at 0.3 and 30 bar. Typical snapshot of the simulation of adsorption of the mixture of
xylenes in BEA-type zeolites at 523 K and 30 bar showing (e) m-xylene and (f) p-xylene. m-Xylene is shown in blue and p-xylene in gray. The
snapshot shows how m-xylene and p-xylene are arranged in the intersection of the channels.
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to the molecule’s 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.
The adsorption isotherms of xylene isomers as single

components and the mixture at chemical equilibrium in
MTW-type zeolite at 523 K are shown in Figure 12. The
single-component 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 mixture of
xylenes at chemical equilibrium. This implies that the adsorbed
molecules compete for the same adsorption sites. Figure 12c

shows the composition of the mixture of xylenes adsorbed in
MTW-type zeolites 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 zeolites
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 infinite dilution, there is
a preferential adsorption of p-xylene > o-xylene > m-xylene.
Figure 12d shows the changes in enthalpy and entropy due to
the transfer of a xylene 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 the
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 zeolites

Figure 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) a mixture at chemical equilibrium in MRE-type zeolites at 523 K. (c) Mole fractions of xylene isomers as
a function of the total pressure for the mixture at chemical equilibrium adsorbed in the MRE-type zeolite and for the bulk phase. The composition
in the bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-
phase mixture at chemical equilibrium to the MRE-type zeolite at 0.3 and 30 bar. (e) Typical snapshot of the simulation of adsorption of the
mixture of xylenes at chemical equilibrium in MRE-type zeolites at 300 bar and 523 K. p-Xylene is shown in gray. The snapshot shows how p-xylene
molecules are aligned with the channel of MRE-type zeolites.
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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. Figure 12e,f shows typical snapshots of the location of
xylene molecules in the channel of an 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.
Table 1 lists a summary of the observed preferential

adsorption of the single components and for the mixture at
chemical equilibrium 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 zeolites is related to
the large mole fraction of m-xylene in the bulk phase,
compared to the 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.
The 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 as well as to the
large mole fraction of m-xylene in the bulk mixture of xylenes.
For p-xylene molecules, the methyl groups can align either with
the channel direction or with an intersecting channel.
The PSD of BEA-type zeolites shows a peak of the

distribution at a diameter of approx. 5.5 Å. This diameter is
larger than for MFI- and MEL-type zeolites (intersections with
diameters of approx. 5 Å). This suggests that the preferential
adsorption of m-xylene in zeolites with an intersecting channel

Figure 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) a mixture at chemical equilibrium in MFI-type zeolites at 523 K. (c) Mole fractions of xylene isomers as a
function of the total pressure for the mixture at chemical equilibrium adsorbed in the MFI-type zeolite and for the bulk phase. The composition in
the bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-
phase mixture at chemical equilibrium to the MFI-type zeolite at 0.3 and 30 bar. (e) 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 gray, and o-xylene in orange. The snapshot shows
how xylenes are located in the intersection of the zigzag and straight channels of MFI-type zeolites.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09411
J. Phys. Chem. C 2021, 125, 4155−4174

4168

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09411?fig=fig11&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09411?ref=pdf


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 zeolites, only p-xylene molecules are

adsorbed in the 10-ring channel. 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
zeolites. 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 channels.154 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 (Figure 12f). In
this case, there is an enthalpic preference for p-xylene.
MOR-type zeolites have a 12-ring channel wider than the

one-dimensional channel of MTW-type zeolites (see Figure 2).
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 channel. 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
effects.
The AFI-type zeolite has a 12-ring one-dimensional channel

even wider than the channel of the MOR-type zeolite (see
Figure 2). The size of such a channel can host o-xylene
molecules that align perpendicular to the channel direction. In
such a 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.

Figure 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) a mixture at chemical equilibrium in MTW-type zeolites at 523 K. (c) Mole fractions of xylene isomers as
a function of the total pressure for the mixture at chemical equilibrium adsorbed in the MTW-type zeolite and for the bulk phase. The composition
in the bulk phase follows from Figure 1a. (d) Changes in enthalpy ΔHtr,i and entropy TΔStr,i at 523 K due to the transfer of xylene i from the fluid-
phase mixture at chemical equilibrium to the MTW-type zeolite at 0.3 and 30 bar. (e) and (f) are typical snapshots of the simulation of adsorption
of the mixture of xylene isomers in MTW-type zeolites at 300 bar and 523 K. m-Xylene is shown in blue, p-xylene is shown in gray, and o-xylene is
shown in orange. The snapshots show the typical configuration of xylene isomers in the channels of MTW-type zeolites.
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In zeolites with one-dimensional channel systems, the size of
such channels determines the selective mechanism for a
particular xylene isomer. p-Xylene is preferentially adsorbed in
the 10-ring channel of MRE-type zeolites 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 zeolites.
In the case of the 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 adsorption 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 zeolites 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,124,155 to the flexibility of
aromatic molecules,156 and to the partial charges used for the
models.62 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.80 The
insights shown here are 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 thoroughly assessed. As such, future
work on experimental testing of these findings is encouraged.

4. CONCLUSIONS
The adsorption of xylenes as single components and as a
mixture at chemical equilibrium in several zeolites has been
computed by Monte Carlo simulations. The simulations show
the role of the different mechanisms that drive adsorption in
several zeolite types. It is observed that for zeolites with one-
dimensional channels, the selectivity for a xylene isomer is
determined by a competition between 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 intersecting 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 mechanisms 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 screening studies that consider adsorption only
from a vapor phase may have overlooked well-performing
candidates for C8 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.
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J.; Žilkova,́ N.; Nachtigall, P., Eds.; Elsevier, 2005; Vol. 158, pp 1177−
1184.
(36) Daems, I.; Leflaive, P.; Méthivier, A.; Baron, G. V.; Denayer, J.
F. Influence of Si:Al-ratio of faujasites on the adsorption of alkanes,
alkenes and aromatics.Microporous Mesoporous Mater. 2006, 96, 149−
156.
(37) Gu, Z.-Y.; Jiang, D.-Q.; Wang, H.-F.; Cui, X.-Y.; Yan, X.-P.
Adsorption and separation of xylene isomers and ethylbenzene on two
Zn-terephthalate metal-organic frameworks. J. Phys. Chem. C 2010,
114, 311−316.
(38) Torres-Knoop, A.; Krishna, R.; Dubbeldam, D. Separating
xylene isomers by commensurate stacking of p-xylene within channels
of MAF-X8. Angew. Chem. 2014, 126, 7908−7912.
(39) Zeolites in Industrial Separation and Catalysis, 1st ed.;
Kulprathipanja, S., Ed.; John Wiley & Sons: Weinheim, 2010.
(40) Vermeiren, W.; Gilson, J. P. Impact of zeolites on the
petroleum and petrochemical industry. Top. Catal. 2009, 52, 1131−
1161.
(41) Ackley, M. W.; Rege, S. U.; Saxena, H. Application of natural
zeolites in the purification and separation of gases. Microporous
Mesoporous Mater. 2003, 61, 25−42.
(42) Ramirez, A.; Dutta Chowdhury, A.; Dokania, A.; Cnudde, P.;
Caglayan, M.; Yarulina, I.; Abou-Hamad, E.; Gevers, L.; Ould-Chikh,
S.; De Wispelaere, K.; et al. Effect of zeolite topology and reactor
configuration on the direct conversion of CO2 to light olefins and
aromatics. ACS Catal. 2019, 9, 6320−6334.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09411
J. Phys. Chem. C 2021, 125, 4155−4174

4171

https://dx.doi.org/10.1002/aic.15144
https://dx.doi.org/10.1002/aic.15144
https://dx.doi.org/10.1002/aic.15144
https://dx.doi.org/10.1021/acs.iecr.7b03127
https://dx.doi.org/10.1021/acs.iecr.7b03127
https://dx.doi.org/10.1021/ie50542a028
https://dx.doi.org/10.1038/s41563-020-0630-y
https://dx.doi.org/10.1021/cr300298j
https://dx.doi.org/10.1021/cr300298j
https://dx.doi.org/10.1021/cr300298j
https://dx.doi.org/10.1002/cssc.201600605
https://dx.doi.org/10.1002/cssc.201600605
https://dx.doi.org/10.1002/cssc.201600605
https://dx.doi.org/10.1205/026387604323142739
https://dx.doi.org/10.1205/026387604323142739
https://dx.doi.org/10.1016/0021-9517(82)90271-8
https://dx.doi.org/10.1016/0021-9517(82)90271-8
https://dx.doi.org/10.1016/0021-9517(82)90271-8
https://dx.doi.org/10.1016/0021-9517(82)90271-8
https://dx.doi.org/10.1016/0048-9697(85)90039-7
https://dx.doi.org/10.1016/0048-9697(85)90039-7
https://dx.doi.org/10.4103/0973-029X.64299
https://dx.doi.org/10.4103/0973-029X.64299
https://dx.doi.org/10.1016/j.seppur.2012.02.034
https://dx.doi.org/10.1016/j.seppur.2012.02.034
https://dx.doi.org/10.1016/j.seppur.2012.02.034
https://dx.doi.org/10.1002/anie.200906560
https://dx.doi.org/10.1002/anie.200906560
https://dx.doi.org/10.1002/anie.200906560
https://dx.doi.org/10.1021/ie401156x
https://dx.doi.org/10.1021/ie401156x
https://dx.doi.org/10.1016/j.memsci.2018.07.040
https://dx.doi.org/10.1016/j.memsci.2018.07.040
https://dx.doi.org/10.1016/j.memsci.2018.07.040
https://dx.doi.org/10.1002/aic.690411109
https://dx.doi.org/10.1002/aic.690411109
https://dx.doi.org/10.1016/j.cep.2006.04.002
https://dx.doi.org/10.1016/j.cep.2006.04.002
https://dx.doi.org/10.1063/1.3703506
https://dx.doi.org/10.1063/1.3703506
https://dx.doi.org/10.1038/532435a
https://dx.doi.org/10.1038/532435a
https://dx.doi.org/10.1002/chem.201904455
https://dx.doi.org/10.1002/chem.201904455
https://dx.doi.org/10.1002/smll.201900058
https://dx.doi.org/10.1002/smll.201900058
https://dx.doi.org/10.1002/smll.201900058
https://dx.doi.org/10.1002/adma.201806445
https://dx.doi.org/10.1002/adma.201806445
https://dx.doi.org/10.2516/ogst:1994035
https://dx.doi.org/10.2516/ogst:1994035
https://dx.doi.org/10.1080/01496390601173978
https://dx.doi.org/10.1080/01496390601173978
https://dx.doi.org/10.1002/aic.11062
https://dx.doi.org/10.1002/aic.11062
https://dx.doi.org/10.1021/jp9640033
https://dx.doi.org/10.1021/jp9640033
https://dx.doi.org/10.1016/0144-2449(94)00048-W
https://dx.doi.org/10.1016/0144-2449(94)00048-W
https://dx.doi.org/10.1016/0144-2449(94)00048-W
https://dx.doi.org/10.1023/A:1010191820215
https://dx.doi.org/10.1023/A:1010191820215
https://dx.doi.org/10.1023/A:1010191820215
https://dx.doi.org/10.1016/j.micromeso.2006.06.029
https://dx.doi.org/10.1016/j.micromeso.2006.06.029
https://dx.doi.org/10.1021/jp9063017
https://dx.doi.org/10.1021/jp9063017
https://dx.doi.org/10.1002/ange.201402894
https://dx.doi.org/10.1002/ange.201402894
https://dx.doi.org/10.1002/ange.201402894
https://dx.doi.org/10.1007/s11244-009-9271-8
https://dx.doi.org/10.1007/s11244-009-9271-8
https://dx.doi.org/10.1016/S1387-1811(03)00353-6
https://dx.doi.org/10.1016/S1387-1811(03)00353-6
https://dx.doi.org/10.1021/acscatal.9b01466
https://dx.doi.org/10.1021/acscatal.9b01466
https://dx.doi.org/10.1021/acscatal.9b01466
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09411?ref=pdf


(43) Shi, J.; Wang, Y.; Yang, W.; Tang, Y.; Xie, Z. Recent advances
of pore system construction in zeolite-catalyzed chemical industry
processes. Chem. Soc. Rev. 2015, 44, 8877−8903.
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