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Title: Adsorption/diffusion interplay in hierarchical zeolites: Understanding the
role of external surface and additional porosity

Abstract

The performance of xylene separation processes using nanoporous adsorbents is related
to both the transport and selectivity properties of the used faujasite zeolites (BaX).
Conventional zeolites exhibit a large volume of micropores and a good selectivity to paraxylene
(px). However, intracrystalline diffusion is a slow process which limits the efficiency of the
zeolites. Therefore, the use of hierarchical zeolites has been proposed as an alternative to
improve transport properties by the introduction of an additional porous network. In this
thesis, two types of BaX hierarchical zeolites are considered: Nanoparticles aggregates (NA -
aggregates of small particles with mesopores between them) and Layer-like zeolite (LL - array
of zeolite layers, with the presence of inter and intra-layers mesopores). In order to better
understand the role played by the external surface and by the additional porosity in hierarchical
zeolites (NA and LL), these zeolites were characterized in terms of quantity and quality of the
external surface by the application of different characterization techniques (X-ray diffraction,
N> adsorption, porosimetry, microscopy, infrared and nuclear magnetic resonance). The xylene
adsorption and diffusion were evaluated in gas and liquid phase, by means of thermogravimetry
and batch experiments, respectively. Through the experiments in liquid phase, it is noticed that
the xylene diffusion in hierarchical zeolites is considerably improved. On the other hand, a
significant loss in px-selectivity in hierarchical BaX zeolites is observed compared to
conventional BaX zeolites. The study of diffusion in gas phase allowed the identification of
surface barriers, which are not present in the liquid phase. This may be an indication that, when
the concentration around the surface is large (liquid phase), the passage of molecules across the
surface is less/not disturbed. This reinforces the interest of using hierarchical zeolite for xylene

separation which is carried out in liquid phase.



Titre: Couplage entre adsorption et diffusion dans les zéolithes a porosité
hiérarchisée: Effet de la surface externe et de la porosité supplémentaire

Resume

La performance des procédés de séparation des xylénes utilisant des adsorbants
nanoporeux est liée aux propriétés de transport et de sélectivité des zéolithes faujasite du type
BaX. Les zéolithes conventionnelles présentent un grand volume de micropores et une bonne
sélectivité vis-a-vis du paraxylene. Cependant, la diffusion intracristalline est un processus lent
qui limite l'efficacité des zéolithes. Par conséquent, I'utilisation de zéolithes hiérarchiques a été
proposée comme alternative pour améliorer les propriétés de transport par l'introduction d'un
réseau poreux supplémentaire. Dans cette these, deux types de z€olithes hiérarchiques BaX sont
considérés: les agrégats de nanoparticules (NA - des agrégats de petites particules avec des
mésopores entre eux) et les zéolithes Layer-Like (LL), formées par un réseau de couches
zéolitiques (présentant des mésopores entre les couches et au sein des couches). Afin de mieux
comprendre le rdle joué par la surface externe et par la porosité supplémentaire dans les
zéolithes hiérarchiques (NA et LL), ces zéolithes ont été caractérisées en termes de quantité et
de qualité de la surface externe par différentes techniques de caractérisation (diffraction des
rayons X, adsorption de N>, porosimétrie, microscopie, infrarouge et résonance magnétique
nucléaire). L'adsorption et la diffusion des xylénes ont été évaluées par thermogravimétrie et
par batch, en phase gazeuse et liquide, respectivement. Les expériences réalisées en phase
liquide permettent d’observer une amélioration importante de la diffusion des xyleénes dans les
zéolithes hiérarchiques. Néanmoins, une perte significative de la para-sélectivit¢ dans les
zéolites BaX hiérarchiques est observée par rapport aux zéolites BaX conventionnelles. L'étude
de la diffusion en phase gazeuse a permis d'identifier des barrieres de surface, qui sont absentes
en phase liquide. Cela peut indiquer qu’a forte concentration , le passage des molécules a travers
la surface est moins perturbé. Ceci renforce l'intérét d’utiliser les zéolithes hiérarchiques pour

la séparation des xylénes qui est opérée en phase liquide.
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Introduction

This study concerns the use of hierarchical zeolites for xylene separation. Among the
different xylene isomers, paraxylene (px) is the most consumed isomer by the petrochemical
industry, which justifies the need for improving this separation process. The efficiency of
xylene separation is controlled by a combination of the adsorbent properties involving the
selectivity, the adsorption capacity and the diffusion time. These properties may vary according
to the type of adsorbent used. Nowadays, the adsorbent employed for xylene separation is the
microporous faujasite zeolite. While these zeolites present interesting xylene-selectivities
resulting from confinement in their micropores, the access through diffusion to such porosity
leaves room for improvement. Thus, in an attempt to improve transport properties in
the xylene separation process, the use of hierarchical faujasite zeolites is investigated in this

thesis.

In addition to micropores, hierarchical zeolites also present meso/macropores (pore
diameter larger than 2nm) that contribute to the reduction of the diffusion pathway length,
hence enhancing access to micropores. The synthesis of hierarchical zeolites
is usually accompanied by a significant increase in their external surface area. So far, the
impact of this large external surface area on the xylene separation process has remained poorly
understood. Therefore, the objective of this thesis is to better understand the role played by each
porosity and surface domain (micro/meso/macropores and external surface)on xylene
adsorption and diffusion in hierarchical zeolites. To do so, the characterization of such materials
and the selection of the most appropriate methods to probe adsorption and diffusion are

essential steps.

In this thesis, two types of faujasite hierarchical zeolites are being considered:
nanoparticle aggregates (NA) and layer-like zeolite (LL). The NA zeolite is formed by the
aggregation of small crystals presenting mesoporosity between them. The LL zeolite is formed
by an array of faujasite zeolite layers, which leads to the formation of inter and intra-layer
mesopores. Both NaX and BaX forms are studied in order to obtain more insights into the effect
of the hierarchization of zeolites for respectively non-selective zeolites (NaX) and px-selective

zeolites (BaX).



In Chapter 1, the NA and LL hierarchical zeolites are described in more detail. In
addition, a review on xylene adsorption and diffusion in faujasite-type zeolites is presented.
The last part of this literature survey is dedicated to the description of techniques to measure

xylene adsorption and diffusion in zeolites.

Furthermore, in Chapter 2, the methodologies of selected techniques for the study of
xylene adsorption and diffusion are described. In this chapter, the methods used to characterize

the zeolitic structures are also presented.

Chapter 3 is dedicated to the results of the different characterization techniques applied
to assess both the quantity and the quality of the external surface and other relevant features for
xylene separation. Among the characterization techniques, N> physisorption and mercury
intrusion porosimetry are used to evaluate the external surface area, microporous volume and
pore size distribution. The analysis of pore accessibility is also evaluated through hysteresis
scanning curves in the context of nitrogen physisorption experiments. The connectivity
between different pore domains is investigated through 'H 2D exchange spectroscopy ('H
EXSY) NMR, using px as a probe molecule. The meso/macropores array is investigated by
means of scanning/transmission electron microscopy and electron tomography. The chemistry
of the surface is also investigated. As silanol groups are present in the adsorbent (particularly
at the external surface), infrared spectroscopy (IR) and nuclear magnetic resonance (NMR)
techniques are used to probe the presence of such silanol groups at the external surface area

of the hierarchical zeolites.

The hierarchical and conventional zeolites are also examined in terms of xylene
adsorption and diffusion. For this purpose, in Chapter 4, xylene adsorption isotherms are
evaluated for the gas phase by means of thermogravimetry and co-adsorption measurements

are performed using liquid phase batch experiments.

The diffusion characterization is presented in Chapter 5. Diffusion, like adsorption, is
analyzed through batch experiments in liquid phase and through thermogravimetry in the gas
phase. The evaluation of the diffusion allows the observation of possible differences between
behaviors in the gas phase and in the liquid phase, i.e. in partially saturated and in fully saturated
media. Diffusion was further investigated by means of pulsed field gradient nuclear magnetic
resonance (PFG NMR): this technique, which is capable of measuring very small displacements

of the adsorbed molecules, allows an accurate determination of the intracrystalline diffusion

10



coefficient. In addition, the variation of the diffusion time is interpreted to identify the presence

of diffusion barriers.

Finally, in Chapter 6, a theoretical study is carried out. The molecular simulation using
the Monte Carlo method in the Grand Canonical ensemble is used to further study the effects
of surface adsorption on px-selectivity in NaX and BaX zeolites. Two simulation studies were
performed: xylene adsorption in bulk-crystal phase NaX and BaX zeolites (only considering
microporous phase) and xylene adsorption in NaX and BaX zeolites through a model

considering both the external surface and the microporous phase.
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1. Bibliography

This literature survey is divided in two main parts: 1.1. xylene separation using zeolites
- this part introduces the importance of xylene separation and the advantages of using
hierarchical zeolites and 1.2. xylene adsorption and diffusion - this part presents the main

models and techniques for the measurement of xylene adsorption and diffusion in zeolites.

1.1. Xylene separation using zeolites

In this section, the importance of paraxylene (px) separation will be briefly introduced.
px 1s usually found in a mixture of Cg isomers, which includes metaxylene (mx) and orthoxylene
(ox). These isomers differ from each other by the position of the methyl groups attached to the
benzene ring. px posseses methyl groups at positions (1,4); ox (1,2) and mx (1,3). After
introducing xylene, a description of the zeolites - more specifically faujasite-type zeolites,
which are the adsorbents used in xylene separation - will be carried out. The xylene-selectivity
and description of px and mx adsorption in BaX and NaX zeolites will be discussed. In the last
part of this section, the motivation to use hierarchical zeolites will be presented as well as a

brief survey on the types of hierarchical zeolites used in this thesis.

1.1.1 Importance of paraxylene (px)

The separation of compounds in the chemical industry is one of the first steps for the
production of high-value-added supplies for our society. The optimization of a given process
can therefore lead to a significant reduction of production costs. Among important materials
involved in our day-to-day needs, we can emphasize the importance of polyethylene
terephthalate resins (also known as PET) and textile fibers, used in many processes such as
production of bottles, plastic packaging and clothes. px is the precursor molecule behind the
production of those materials - the oxidation of px generates the terephthalic acid, which yields

the polyethylene terephthalate by condensation with ethylene glycol'.

px is found in a mixture of Cg aromatic isomers that comprises other xylene molecules
and ethylbenzene. These isomers are mainly obtained from catalytic reforming units (96%)
followed by steam cracking (4%). The percentage of px in the mixture is about 20% only.

However, the consumption of xylene is mainly centered on px - around 80% of the isomers are
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finally consumed as px. These numbers show that it is indeed important to perform efficient

paraxylene separation and further xylene isomerization'.

px separation cannot be done through conventional distillation, since xylene isomers
present very similar boiling points. Separation is therefore achieved through adsorption in a
faujasite-type zeolite using a simulated moving bed (SMB) process. In what follows, a brief
description of zeolites (especially the faujasite zeolite) and its application to xylene separation

will be presented.

1.1.2 Zeolites

Zeolites are defined as crystalline porous materials whose porous structure is formed by
tetrahedra of silicon and aluminium linked by oxygen atoms®. However, a modern definition of
zeolites, by the [International Mineralogical Association, describes them as crystalline
structures formed by the union of tetrahedra composed by a central cation and oxygen atoms in
the vertices®. The silicon tetrahedra composing the zeolite structures are electrically neutral but,
when Si (IV) atoms are substituted by atoms such as aluminium Al (III), the structure becomes
negatively charged. According to Lowenstein's rule, two or more aluminium tetrahedra cannot
be connected directly*. The negative charge generated by the aluminium tetrahedron must be
compensated by a cation. These cations are not fixed in specific positions and they can move
along the lattice structure. These cations can also be replaced by other cations, therefore leading
to the ion exchange property of zeolites®. Ion exchange may cause some modifications in the
properties of zeolites such as their stability, selectivity, adsorption and catalytic activity.
Therefore, it is possible to adjust the properties of zeolites for a specific application by using

this ion exchange property®.

The crystalline structure of zeolites is made up of internal voids such as pores, channels
and cavities. This feature confers to these materials a large specific area, which is responsible
for the adsorption capacity of zeolites. The length of the rings and cavities of zeolitic structure

1s the main factor that determines the sizes of the molecules that can be adsorbed.
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1.1.2.1 Faujasite-type zeolite

The zeolites X and Y possess the same structure which is representative of faujasite.
The main difference between these two zeolites is related to their Si/Al ratio. The denomination
is as follows: zeolite X for a Si/Al ratio between 1 and 1.5 and Si/Al ratio > 1.5 for zeolite Y.
The faujasite-type zeolite is based on primary building units (PBU’s) (TO4) where the “T”
central atom represents a Si*" or AI** which is surrounded by four O%". These primary units can
be linked to form the secondary building units which are linked again to form cages or channels.
In faujasite zeolites, a combination of six 4-membered-rings and eight 6-membered-rings
secondary units leads to the formation of the sodalite cage’. This polyhedron is composed by
fourteen faces, which delimit an empty inner space of a diameter of 0.64 nm. The 6-membered-
rings in the sodalite cage form the B-cage, which has an access diameter of 0.22 nm. Another
secondary building unit (SBU) found in faujasite-type zeolite structure is the hexagonal prism

(D6R), which is formed by two parallel 6-rings (S6R) linked by six oxygen bonds?.

In the faujasite framework, four B-cages of sodalite are linked with four nearest sodalite
cages through four D6R units. The process of faujasite formation, starting with the appearance
of the primary building units, is represented in Figure 1. The sodalite cages are linked together
to create the a-cages (also referred to as supercages). These supercages have an internal
diameter of 1.3 nm, which is accessible through windows with a diameter of 0.74 nm composed
by 12-membered-rings®. Figure 1 shows the three different sites that countercations occupy in
faujasite. Sites I and I" are located at the D6R faces linking the sodalite cages. Sites II and II'
are located at the open hexagonal (S6R) faces. Finally, sites IIl and III” are located at the surface
of the supercage. A more detailed description about cation distributions can be found in Table

I.
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Figure 1. Construction of the faujasite structure from the primary building units (TO4). The array of
sodalites creates a supercage with a 12-membered-rings window. The faujasite structure on the right
presents the position of countercations and of nonequivalent oxygen atoms (1-4). (Adapted from Refs.
7,9).

Table 1. Relation between nature, number and localization of cationic sites per unit cell in a faujasite
zeolite. From Ref. °.

Cations/

Site unit cell Cavity Definition
Site | 16 Hexagonal In the hexagonal prism. When in the center of the prism,
prism octahedral coordination with neighbouring oxygen atoms.

Site I' 32 Sodalite cage In the sodalite cage, close to the hexagonal window.

Site II' 32 (B cage) In the sodalite cage, close to the hexagonal window to the
supercage.

Site 11 32 Supercage In the center of the hexagonal window between the sodalite
cage and the supercage.

Site IT* 32 In the supercage, close to the hexagonal window to the
sodalite cage. Generally considered as site II.

Site 111 48 In the supercage, close to square windows between two other
square windows.

Site II' 96 or 192 In the supercage, close to square windows between two other

square windows or inside the supercage wall.
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1.1.2.2 Xylene selectivity in faujasite-type zeolite

The capacity of zeolites to adsorb molecules is related to their internal void space
composed by channels and pores. Adsorption is a phenomenon very important to the chemical
industry in general. It permits the separation of components of a mixture, being a useful
alternative when distillation is not possible (for example in the case of xylene separation). For
efficient separation, the adsorbent must be selective towards one component of the mixture with

respect to the other. The selectivity ap is defined as:!°

XA.YB
XYy

ap

(Eq 1)

where X4 and X3 represent the molar fractions of compounds A and B in the adsorbed phase
while Y4 and Y3 represent the molar fractions in the fluid phase. When the selectivity factor is
~1, there is no preferential adsorption between the two components of the mixture. However,
when the selectivity factor value is smaller or larger than 1, there is preferential adsorption. As
will be discussed in this thesis, favored adsorption is originated from both entropic and

enthalpic effects.

Figure 2 shows the px/mx selectivity as a function of the loading for BaX and NaX
zeolites. At low loadings, both faujasite zeolites do not exhibit favorable selectivity towards
any of the isomers. This is explained by the fact that, in the low loading region of the adsorption
isotherm, the selectivity is governed by the interactions between the aromatic ring of xylenes
and the cations (enthalpic adsorption). However, close to saturation, the BaX zeolite presents
an increased px-selectivity. In the latter case, the dominant effect is related to the number of
adsorption configurations available for each type of isomers. i.e. a better accommodation of the
adsorbed molecules inside the o cages - the affinity is then driven by entropy. In contrast, the

NaX zeolite presents a non-selective behavior independent of the loading.
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Figure 2. px-selectivity in BaX (blue) and NaX (red) zeolites as a function of the loading in the o cages.
The selectivity was measured at 150°C for a 50%:50% px/mx mixture (Adapted from Ref. ).

After total filling of the a cages, adsorption only takes place at the external surface of
the zeolite. The selectivity of the external surface should present an enthalpic character
governed by the interaction between the adsorbate and the groups present at the external surface
of the zeolite (such as the interaction with silanol groups). The external surface selectivity of
faujasite Y zeolites was previously investigated by Bellat et al.'? In this study, the mx molecule
was found to be preferentially adsorbed at the external surface compared to px. The external
surface of zeolites presents indeed a polar structure owing to the presence of silanol groups'>!4,
anionic charges and cations that generate local electrostatic fields. In turn, these electrostatic

fields interact with molecular dipoles and, thus, contribute to the preferential adsorption of polar

molecules'’.

The adsorption capacity in faujasite is frequently given in terms of the number of
adsorbed molecules/a cage. Depending on the loading of these cages, it is possible to find
different configurations for the adsorbed isomers. For the zeolite BaX, calorimetry and neutron
diffraction studies by Mellot et al. (1995)'® suggest the following behavior for mx and px
location inside the a cages (Figure 3 and Figure 4)
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Figure 3. Positioning of the mx molecules within the a cages in the BaX faujasite according to the
loading of the a cages. First and second mx are located in position B. When the third molecule is
adsorbed in position A, reorientation of the first and second mx in position B’ occurs. (Adapted from

Ref. 19).

Upon loading of the first two molecules, the differential enthalpy of adsorption for px
and mx are close because the adsorption of both isomers occurs within the o cage next to the
cation in site II. Only a difference with respect to the position of the isomers is observed. In the
case of mx, the molecules (0-2 molecules/a cage) are adsorbed in position B (Figure 3) whereas
for px the position A is adopted (Figure 4(a)). Adsorption of the third mx molecule leads to a
slight decrease in the enthalpy of adsorption. In addition, adsorption of the third mx molecule
(adsorbed in position A) requires a rearrangement of previously adsorbed molecules to
minimize adsorbate-adsorbate repulsion (Figure 3). However, upon the adsorption of the third
px molecule, a significant drop in the enthalpy of adsorption is observed. This suggests the
appearance of a new — less energetic — adsorption site for px. The location of this site was later
described by Lachet et al.'” and Pichon'® as being located in the center of the dodecagonal
window at a non-cationic site (whose stabilization occurs by electrostatic interactions between

the xylene molecule and the oxygen in the framework'?) (Figure 4 (b-c)).

The study by Descours about the co-adsorption of px and mx through IR spectroscopy

allowed a better understanding of the selective character of BaX zeolites. At high loadings, a
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strong rearrangement of the mx molecules is necessary which does not seem to affect the

adsorption and configuration of px molecule?.
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Figure 4. Positioning of the px molecules within the o cages according to the loading of the a cages.
The first and second px are adsorbed in position according to Mellot et al.'® (a). The third px molecule
is adsorbed in the center of the dodecagonal window at a non-cationic site: front view (b) and side view
(©)¥. (Adapted from Refs. '%1).

In contrast to the BaX zeolite, the NaX zeolite is not selective towards a specific isomer.
With this zeolite, two adsorption sites energetically equivalent for px or mx were identified
experimentally?>?!. The site SIII (occupied by Na") is the first being occupied at low loadings,
independently of the xylene isomer. In order to allow the adsorption of the second xylene
molecule, the first one must be redistributed in a position a little farther from the cation. This
second site is classified as non-cationic and is located between sites SII and SIII. A third site
was later found using molecular simulation by Lachet et al.!” and identified as a window site

(Figure 5)7.
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Figure 5. Positioning of mx molecules adsorbed in NaX zeolite according to the loading of the a cages
[(1), (2) and (3)]. The adsorption of the first mx molecule takes place at site III (1). However, upon
adsorption of the second mux in site 111, the first mx molecule is relocated to site 1I/I1I (2). The third mx
molecule is then adsorbed in a window site (3). (Adapted from Refs. '72°).

1.1.2.3 Improving adsorptive and diffusion performance of zeolites

As discussed earlier, zeolites have a fascinating structure composed by channels and
cavities accessible to a wide range of molecules. Zeolites also exhibit several important
properties such as a large specific surface area, microporosity, shape selectivity, hydrothermal
stability, acidity and others. These properties are responsible for an extensive variety of zeolite
applications such as in catalysis and separation. Nevertheless, the performance of zeolites can
be hampered by some obstacles related to accessibility features. In conventional zeolites, the
diffusion is a slow process as it occurs in micropores (diffusion is of the order of 10°!°> m?/s for
xylenes in faujasite). Bulky molecules (or molecules near the range of micropore openings) are
commonly limited by steric hindrance and, hence, exhibit very slow intracrystalline diffusion.
Based on these limitations, some strategies have been developed to increase accessibility in
zeolites. These strategies comprise a variety of synthesis methodologies capable to generate a
secondary porosity in zeolitic materials (in most cases mesoporosity). These strategies lead to

the formation of hierarchical zeolites?>.
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The presence of this secondary porosity in hierarchical zeolites also leads to increased
external surface areas and, hence, an increase in the number of active sites without or with less
steric hindrance. These zeolites are therefore of special interest for catalytic applications. In
addition, the new meso/macro pores provide new paths, facilitating access to the interior of the
zeolite - i.e. decreasing the pathlength of intracrystalline diffusion’??. Instead of diffusing
through a large microporous crystal, the adsorbate molecules may also make use of facilitated
access routes (meso/macropores) in order to fill the entire microporous space, making therefore
the overall diffusion faster. Accordingly, in most cases, it is expected that hierarchical zeolites
present improved catalytic and adsorption properties when compared with conventional ones.
Therefore, understanding the synergistic effect of meso/macropores and micropores in such
materials, along with the role played by the external surface during adsorption and transport, is

of great interest.

1.1.2.4 Hierarchical zeolites

The term hierarchical zeolite refers to zeolitic materials, i.e. microporous materials,
which present a secondary porosity (macroporous and/or mesoporous). The characteristics of
the secondary porosity such as pore size and pore connectivity are governed by the synthesis
route. Reviews regarding the different synthesis approaches are already available in the
literature?>?* 26, A brief explanation about the different routes leading to hierarchical zeolites

studied in this thesis will be presented in what follows.

Nanoparticle aggregates (NA) - In several applications, the use of nanoparticles is seen as the
solution to reduce diffusion problems since the pathlength is reduced. However, it is important
to note that the handling of nanoparticles is not simple, especially during the filtration step.
Therefore, the agglomeration of nanoparticles appears as an interesting alternative to improve
the manipulation of this type of material. Nanoparticles aggregates are obtained by the
aggregation of nanozeolite crystals and are characterized by the presence of intercrystalline
macro and/or mesoporosity. In the literature, some works related to the synthesis of faujasite
nanocrystal aggregates, where the aggregation of such crystals occurs during the synthesis, have
been reported”’. Valtchev et al.?® have detailed the process of obtaining aggregated nanozeolites
at ambient temperature. In this work, the formation mechanism of the nanozeolites was studied
and two main steps were reported: (1) the chemical evolution of the gel with the induction step

from the first nuclei and (2) the formation of aggregates and crystal growth-crystallization.
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Another method allowing the agglomeration of faujasite zeolite crystals is described in the US
patent 2012/022758S1320%°. In this case, small crystals form aggregates of about 1 um and
some porosity is present between such crystals (although the mesopore volume remains low).
The synthesis in this case is performed with an ageing step at room temperature (16 h) and

subsequent static crystallization at 98°C.

In the structure of the nanoparticle aggregates it is common to observe a porous core
with denser edges. Thanks to the approach mentioned above, for the nanoparticles aggregates
synthesized at ambient temperature’®, a better understanding of the origin of a more porous
center can be reached. The presence of such porous heart in the nanoparticulate aggregates can
be linked to the characteristics of the different synthesis steps. The nuclei formed during the
induction step are first aggregated and some pores are then created between such nuclei. Then,
the crystalline growth surrounding the aggregates takes place, which gives rise to larger

microporous phase around the porous center®.

Layer-like zeolite — The synthesis of faujasite-type layer-like zeolite (or nanosheets assembly)

was reported by Inayat et al.*°

in 2012. This approach is based on a one-step synthesis consisting
in the addition of an organosilane surfactant known as TPHAC (3-(trimethoxydilyl) propyl
hexadecyl dimethyl ammonium chloride) to the synthesis gel. This simple method allows one
to obtain a hierarchical material without evidence of amorphous phase and presenting
interconnected micro, meso and macroporosities. The material structure consists of a layer-like
faujasite arranged in a house of card structure forming a ball shape (Figure 6 (a)). These balls
present a larger size when compared with conventional X zeolite crystals'®>!. However, other
similarities such as the triangular face observed for the faujasite crystals can be identified in the
hierarchical material. The triangular face, as well as the 4-fold symmetry of the cuboctahedron,

was identified as a general trend for cubic crystals. The arrangement of faujasite nanosheets

was attributed to the disposition of four {111} planes arranged with angles 70.5° and 109.5°
(Figure 6 (b))*!.
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Figure 6. (a) SEM images showing ball-shaped faujasite nanosheet assemblies (3-fold and 4-fold
symmetry); (b) Proposed model of interpenetrated plates demonstrating 3-fold and 4-fold symmetry; (c)
Mechanism of formation of a faujasite nanosheet assembly. (4ddapted from Ref. *").

A possible explanation for the formation of the faujasite nanosheet morphology relies
on the occurrence of EMT zeolite islands located at the plate edges. The zeolite EMT presents
a hexagonal morphology whose structure is analogous to zeolite faujasite. It is formed by the
connection between faujasite sheets through 6-membered rings, forming two types of
supercavities®’. The presence of EMT seems to favor anisotropic growth. As illustrated in
Figure 6 (c), the presence of EMT facilitates the growth of faujasite sheets in directions forming
an angle of about 70.5° with respect to a preformed faujasite sheet. Further growth of such
sheets will produce interpenetration and the formation of the structure described in Figure 6 (b).
According to the mechanism proposed, after a long synthesis time, the void in the structure in
Figure 6 (b) is filled by the nanosheets and the material reaches the final configuration as
observed using scanning electron microscopy (SEM) (Figure 6 (a))’!. The resulting material
therefore exhibits micro and mesoporosity inside the nanosheets, and their array creates an
external macroporosity between them. These micro, meso and macro domains are connected.
Therefore, considering the arrangement of pores in this hierarchical material, two different
routes can be proposed regarding the access to the microporous region: (a) flow passing through
macro-, meso-, and micropores and (b) direct access from macropores to micropores.
Accordingly, it is expected that some diffusion-limited applications should be improved

through the use of this hierarchical material.
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Later, in 2015, Inayat et al.>* have shown that the addition of inorganic salts was also
able to direct structural modifications during the synthesis of faujasite zeolite (therefore creating
a hierarchical zeolite with a layer-like morphology). The influence of salts such as zinc nitrate
and lithium carbonate was studied during the synthesis of nanosheet assembly: both favor the
formation of EMT which, as already discussed, is responsible for the formation of the layer-
like morphology of the faujasite. The substitution of TPHAC by the inorganic salts generates a
similar type of material presenting an interlayer porosity (although intracrystalline
mesoporosity was not found in the materials obtained using inorganic salts). The effect of the
lithium salt was found to induce the crystallization of a larger amount of EMT and, also, to lead
to a final structure which seems to be more open than that obtained using zinc nitrate. In turn,
the use of zinc nitrate leads to a material similar to the conventional faujasite zeolite in terms
of textural properties (large micropore volume/low mesopore volume). This can be explained
by the formation of an internal compact core constituted by microporous faujasite zeolite. In
conclusion, analyzing the use of the two described inorganic salts, the material synthesized in
presence of lithium carbonate presents a larger amount of mesopores probably due to a larger
amount of EMT phase. On the other hand, comparing the textural properties of the materials
obtained using the synthesis with TPHAC and lithium salt, it is observed that, even if the
mesopore size is similar (around 7 nm), the mesopore volume is almost twice larger when the
organic directing agent is used. Although the presence of intracrystalline mesopores was not
evidenced and the mesoporosity is lower, the material synthesized by a non-organic route still
presents interesting characteristics due to the porosity between the nanosheets. This is expected
to facilitate the access of molecules to the microporous domains. Moreover, it is of fundamental
importance to consider that, through this organic-free methodology, the risks to the environment
and production costs are reduced. Indeed, organic directing agents are a source of
environmental contamination and the presence of such agents in the synthesis generally
involves a costly additional step (calcination) to eliminate this organic content after the

synthesis of the zeolite.
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1.2. Xylene adsorption and diffusion -
fundamentals

In this section, some aspects about the adsorption thermodynamics will be presented —
driving forces, models for adsorption isotherms and calculation of enthalpy of adsorption. Then,
the diffusion mechanisms in porous media will be discussed. Finally, in the last part of this
section, some works on xylene adsorption and diffusion will be presented as well as the main

methods used in the literature for gas phase and liquid phase measurements.

1.2.1 Thermodynamics of adsorption

Adsorption is a spontaneous process at constant temperature and pressure which means
that the corresponding Gibbs free energy (AG) is negative. Adsorption results in a decrease in
the entropy since the molecules that were before in the bulk gas or liquid phase lose a certain
degree of freedom when adsorbed on a solid surface (therefore, AS is negative upon adsorption).
Considering the Gibbs free energy expression in (Eq 2), it is possible to deduce that the
adsorption process is exothermic so that the enthalpy of adsorption should present a negative

value to ensure the negative sign of AG (representative of a spontaneous process).

AG = AH — TAS (Eq2)

1.2.1.1 General aspects about adsorption in porous solids

An adsorption system is composed of the adsorbent, a fluid phase and an interfacial
layer separating the two first. The adsorbent is a porous solid or a solid with a large specific
surface area while the fluid phase is a gas or liquid. The fluid molecules are called adsorptive.
The adsorption is defined by IUPAC as “the phenomena in which the adsorptive is brought into
contact with the surface of a solid (adsorbent), contributing to the enrichment of one or more

9934

components (adsorbate) in this interfacial layer>". When the molecules of the fluid penetrate

the surface layer into the structure of the bulk solid, the term absorption is used. The term

sorption is also used as a general manner to refer to both adsorption and absorption®*%
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Porous solids are extensively used as adsorbents in adsorption processes. Figure 7 shows
a possible representation of a crystal containing a variety of pore types®. At the external surface,
it is possible to observe roughness (R) (different from pores by being wider than deep). There
are some pores accessible to the exterior (open pores - B, T or I) and others closed (C). In the
case of open pores, the access to the exterior can occur through only a single entry, as in the
case of blind pores (B), or through both sides of the crystal surface where the pore is open
(through T pores). It is also important to note that blind pores do not present interconnectivity
(I). The characteristics of these varieties of pores are very important as they govern the

adsorption and transport properties of a porous adsorbent.

B

Figure 7. Porous material showing various types of pores. The letters indicate the type/name of the
pores classified by Rouquerol et al.*’, where (C) denotes closed pores, (B) blind pores, (T) through pores,
(I) refers to interconnectivities between pores and (R) surface roughness. (Adapted from Ref. *°).

There are also distinct interactions between the adsorbate and the adsorbent.
Physisorption occurs through less specific and weaker intermolecular forces than chemisorption
(only the latter involves a chemical bond between the adsorbate and adsorbent)!®. These main
differences lead to distinct features between both processes. Physisorption presents low
enthalpy of adsorption, consists in a non-activated reversible process and involves both
monolayer or multilayer formation. In contrast, chemisorption shows a larger enthalpy of
adsorption, consists of an activated and irreversible process, and involves only monolayer
formation'”. This thesis involves xylene separation which occurs through physisorption so that

all further discussion in this chapter will be focused on it.
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1.2.1.2 Henry’s law

At low coverage, it is expected that the molecules adsorbed in the adsorption sites of a
uniform surface do not interact with each other. Thus, the equilibrium between fluid phase and
adsorbed phase is assumed to be linear and the adsorbed amount ¢ is dependent on

concentration ¢ or pressure P. This is commonly described using Henry’s law!*:

q=Kc or q=K'P (Eq 3)

where ¢ and c are expressed in moles/volume unit.

1.2.1.3 Langmuir adsorption isotherm

The Langmuir model'*** assumes that all adsorption sites are energetically equivalent
and that there is no interaction between molecules adsorbed in neighboring sites. Moreover, it
is assumed that the solid surface is composed of ¢* equivalent sites available to adsorption (only
one molecule can be adsorbed per site)!’. The amount of occupied sites relative to the total

amount of sites can be expressed as surface coverage (0):

0=q/q° (Eq 4)
The fraction of unoccupied sites is (1 - 0), which, along with the pressure P, defines the
adsorption rate: K, P(1 - 6). The desorption rate in turn is 6K,;. The equilibrium condition is
obtained by writing that the adsorption and desorption rates are equal:

K,P(1—8) = 0K, (Eq 5)

where K, and K, are the adsorption and desorption rate constants, respectively. Rearranging
this equation and considering the adsorption equilibrium constant b= K,/ K4, the Langmuir

model can be expressed as:

6 =q/q° =bP/(1+ bP) (Eq 6)
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At low coverage, 0 in the Langmuir model reduces to Henry’s law. However, at high loadings,
once all the available sites are almost filled by the adsorbate, 6—1. The Langmuir model can

also be represented in its linear form’’:

(Eq7)

The parameters ¢° and b can be obtained by the slope/interception of s Versus p.

1.2.1.4 Dubinin-Radushkevich adsorption isotherm

The Dubinin-Radushkevich (DR)*% model is often used to describe adsorption in
microporous materials such as carbons and zeolites. This equation correlates the adsorption

affinity 4 (Polanyi theory) and the fractional filling of the micropores (W/Wy):

0 =W /W, = exp[(A/E)?] (Eq 8)

where £ is the characteristic energy of the fluid-solid system that can be expressed as E = BEo.
B is a scaling factor and E) is the characteristic energy for a standard system (adsorbate + solid).
By defining the Polanyi adsorption potential as A = -RT In (Psa/P), where Py is the saturation

pressure at the temperature 7, (Eq 8) can be rewritten as:
W /Wy = exp{—[RT In(Psq:/P)]*/ (BE,)*} (Eq9)

T\ 2

By using [D =B ( ﬁ) ], (Eq 9) can be expressed in its linear form as:

logW = log W, - D[log(Psq¢/P)]? (Eq 10)

where B= 2.303 R?Eo.

The DR isotherm does not reduce to Henry’s law at low pressures. For that reason, some
failures are expected in the low pressure region. By plotting [T log (Ps./P)] % versus log W, it is
possible to identify a linear region where the DR model can be applied. The D value can be
obtained from the slope of the curve while W) is the intercept with the y axis. The fit can also
present more than one linear range, making possible to calculate different values for D and W)

for the same system>¢-3%,
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1.2.1.5 Differential enthalpy of adsorption

Differential enthalpy of adsorption is the amount of energy released to the surrounding
after the transfer of a molecule from the bulk phase to an adsorbed position!®*. For pure-

component adsorption, considering an ideal gas, the differential enthalpy Ah,4s is defined as:

din(P) a1l

Ahads =R l

where R is the ideal gas constant while 7" and P are the pressure and temperature when the
loading corresponds to n adsorbed molecules. Investigating the energy characteristics of
adsorption may bring new insights to the understanding of the observed changes in the

adsorption of different molecules*.

1.2.2 Diffusion in porous materials

1.2.2.1 Fundamental laws of diffusion

The degree of molecular motion can be characterized using the diffusivity which can be
described using the self-coefficient D,;. The latter relates the molecular flow J and the

concentration gradient VC according to Fick’s first law*!*#

] =-D,VC (Eq 12)
This equation has a negative sign indicating that the flow occurs from the high
concentration to the low concentration regions. Fick's second law for diffusion represents the
correlation between variation in concentration in the porous medium as a function of time (mass

conservation):

ac
= =Ds¥C (Eq 13)

Later, Einstein proposed a correlation between diffusion and the random motion of
particles observed earlier by Brown (Brownian motion). Einstein showed that the mean square
displacement of particles moving according to a random motion is a linear function of time ¢

and self-diffusivity Ds:

(r?(t)) = 6Dst (Eq 14)
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1.2.2.2 Transport and self-diffusion

The transport diffusivity D; is a variable related to the mass transfer rate which is
induced by a potential gradient as a driven force!%*!. The transport diffusivity consists in a net
particle transport and can be derived from Fick’s second law (Eq 13). It is important to highlight
that transport diffusivity is a non-equilibrium process with a gradient in the overall particle
concentration. Diffusion in porous materials can also be measured under equilibrium conditions
following the diffusion of labelled molecules. In this specific case, we are referring to self-
diffusion Dy which is defined in (Eq 12). In this case, mass transfer is related to the random
motion of molecules and it can be determined from the mean square displacements of a large
number of molecules. Self-Diffusion in micropores materials will be addressed in the following

section.

1.2.2.3 Diffusion mechanisms

Diffusion in porous media can occur through different mechanisms depending on the
pore size. The three mechanisms of gas diffusion in zeolites are presented in Figure 8:
Configurational, Knudsen and Molecular diffusion. In the case of diffusion in the liquid phase,
the mechanisms are the same except for the Knudsen diffusion which only applies to the gas

phase.

Molecular
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. Molecular

10 16w Intra-Crystalline
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Figure 8. Effect of pore diameter on diffusivity. Intracrystalline diffusion is observed in gas and liquid
phase for pore diameters below 1 nm. In gas phase, Knudsen diffusion is observed in the range of
mesopores and molecular diffusion in macropores. For diffusion in liquid phase, only molecular
diffusion is observed for both meso and macropores. (Adapted from Ref. *°).
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Diffusion in Micropores - Micropore or configurational diffusion is characterized by the
motion of molecules through pores of molecular dimensions (such as micropores). As a result,
there is a significant interaction between diffusing molecules and porous structure compared
with other diffusion mechanisms. In this case, the diffusion process is also affected by steric
hindrance usually involved in such small pores. It is also important to note that this is an
activated process where the molecules move through "jumps" between the adsorption sites. The
self-diffusion coefficient that describes the diffusion of a molecule adsorbed in micropores at
equilibrium conditions can be described according to Arrhenius’ equation:

—E,
Dg = D,exp (R_Ta> (Eq 15)

where Dg is the self-diffusion coefficient, D, is the pre-exponential factor, £, is the activation

energy, R is the ideal gas constant and 7 is the temperature.

Diffusion in meso-macropores - Knudsen diffusion is a mechanism where transport resistance
is due to collisions of molecules with the pore walls. In mesopores, the interaction of adsorbate
molecules with the pore wall is smaller compared with that observed in the case of
configurational diffusion. However, the collisions of molecules with the walls are frequent in
gaseous phase, for which the pore diameter is smaller than the mean free path of molecules.

The Knudsen diffusion coefficient can be expressed as:

1
2 (8RT\2
D, =—7r(— (Eq 16)
§ " (ﬂM )

where 7 is the mean pore radius, R is ideal gas constant, 7 is the temperature and M is the
molecular weight of the diffusing molecules. In the liquid phase, the Knudsen diffusion is
negligible since the molecule mean free path is much smaller than the pore size. Therefore, in
the case of liquid phase, the diffusion regime in mesopores corresponds to molecular diffusion

as described below.

Molecular diffusion is predominant in macroporous materials or in mesoporous
materials when the liquid phase is involved, i.e. when the pore diameter is large compared to
the mean free path of the molecules (collisions between molecules in the fluid phase are more
frequent than collision with pore walls). As the system mostly behaves as if there were no pore

walls, it is assumed that there are only collisions between fluid phase molecules!'?.
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The pore diffusivity D, is defined as:

D =2m (Eq 17)

where D,, is the bulk molecular diffusivity and T > 1 is the tortuosity. The tortuosity is the
factor which accounts for the deviations in the trajectory of diffusing molecules caused by the

pore walls. For a gas binary mixture, D,, is given by Chapman-Eskog equation:

2

0.0015877 (Mi1 + Miz)

(Eq 18)
Po2,0 (kiT)

D,, =

where M represents the molecular weight, P is the pressure (atm), gy, is the collision diameter

(A). 2 is a function of (é) where € is the fluid-fluid energy, & is Boltzmann’s constant and 7
is the temperature. The molecular diffusivity D,, in the liquid phase can be estimated using the

Wilke-Chang equation:

7.4 x107°T/agy Mgy (Eq 19)
- USVVO'G

m

where T is the absolute temperature, « is the association coefficient, M is the molecular weight,

n is the viscosity, and V' is the molar volume at the normal boiling point.

In addition to the mechanisms described above, there is another contribution to diffusion
in macropores: surface diffusion. In this case, diffusion occurs in a similar way to
configurational diffusion but the molecule is attracted by the potential field imposed by the pore
walls. A flux of molecules is observed through the layer formed by the adsorbed phase at the
macropore surface. Despite the mobility of the adsorbed layer being lower than in the fluid
phase, if the thickness of the layer is large, the contribution of surface diffusion to overall
diffusion can be non-negligible. The contribution of surface diffusion to the overall diffusivity

in meso and macropores is dependent on the product K D¢

1-¢
D = D, + KDgyf <E—”> (Eq 20)
p
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where g, represents the porosity (microporous volume), K is the Henry constant, D, denotes
the contributions from Knudsen, molecular diffusion and also Poiseuille flow (if significant)

and Ds,ris the surface diffusivity.

1.2.2.4  External resistance to mass transfer

External fluid film — An external resistance to mass transfer can take place due to the
hydrodynamic conditions controlling the fluid film around the particles. The hydrodynamic
conditions control the thickness of the layer, which governs the diffusion surrounding the
boundary pellet particle*!. The external resistance is expressed in terms of a mass transfer

coefficient (kf):

J = ke(c—cs) (Eq21)

where c is the concentration in the fluid phase and c; is the concentration of the fluid film at
equilibrium with the adsorbed phase at the surface of the crystal. The representation of an
adsorbent pellet, its external mass transfer and internal resistance are represented in Figure 9
(a). The amount of adsorbed molecules in the fluid phase is small compared to the adsorbed
amount inside the adsorbent particle. Therefore, the concentration in the fluid film can be
described by a linear regime, where the time to reach equilibrium is much smaller than in the

interior of the particle (Figure 9 (b)).

Resistance at the external surface of the particles - In addition to the internal diffusional
resistance described in the previous section, another contribution can arise due to external
resistance in the particles. There is a resistance at the external surface of the particles that is
frequently reported in the literature. The origin of this surface resistance is still debated but it
was identified by some authors as partial blockage of pores at the surface*, distortion of the
crystal structure at the surface** or even the presence of an impermeable layer composing the
surface®. The surface resistance is not a phenomenon with a clear origin which means that,
depending on the zeolitic material and used synthesis route, the origin of the surface resistance

varies.
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Figure 9. (a) Ideal adsorbent pellet showing the external resistance to mass transfer and internal
diffusional resistance; (b) concentration profile of sorbate under the influence of an external fluid film
and internal diffusion control. (4dapted from Ref. '°).
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The expression for mass transfer resistance at the external surface is quite similar to
mass transfer resistance in the external fluid film. However, in the case of the external surface,
the mass transfer coefficient in the fluid phase is replaced by the surface permeability

coefficient ag*!:

J=as(q —q) (Eq22)
where oy is the surface permeability for the film adsorbed at the surface, g* represents the
adsorbed phase concentration at the crystal surface and ¢ is the concentration of adsorbed
molecules within the particle. In the case of zeolites, the fluid film resistance must be negligible
since the intraparticle resistance is usually slower than diffusion in the external fluid film.

However, surface resistance can lead to a rate controlling transport in the case of zeolites*!.

Model for indirect adsorption - when the adsorbate interacts with the surface of the adsorbent
crystals, the adsorption mechanism should be represented by indirect adsorption: the molecules
are first adsorbed at the surface of the crystals and, after this first adsorption step, the molecules
diffuse in an adsorbed state in direction to the pore entrances and finally penetrate in the
structure of the particles. It is important to note that, according to this model, the larger the
concentration of adsorbed molecules at the surface, the faster the diffusion. Hence, the diffusive
properties should be significantly affected by the temperature and concentration of the fluid

phase*®. Regardless of the specific origin of surface resistance, it is clear that such resistance is
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aresult of a set of phenomena that hinder the penetration of molecules into the structure. Among
these impediment sources, a strong interaction between the chemical groups at the crystal
surface and the adsorbate molecules can lead to significant retention times. This causes
limitations in the penetration of molecules into the pores. In order to get more insights about
this indirect adsorption, surface characterization of the materials must be performed and
compared with the results for diffusion. In so doing, it will be possible to identify if there is a

direct relationship between these two phenomena.

1.3. Xylene adsorption and diffusion -
measurements

1.3.1 Gas phase approach

For the study of xylene adsorption and diffusion in zeolites, several works used thermal
analysis such as thermogravimetry to obtain adsorption isotherms and calorimetry to obtain
adsorption enthalpies. Thermogravimetry can also be used to obtain uptake curves and define
apparent diffusion coefficients. More recently, the PFG NMR technique - which allows probing
microporous diffusion and surface barriers - was also applied for the determination of diffusion
coefficients in hierarchical zeolites. Throughout this section, some works on these issues will

be discussed.

1.3.1.1 Thermogravimetric and calorimetric measurements

A large number of studies on the adsorption and diffusion of xylenes in the gas phase
have been done using thermogravimetry*’-33. By using a thermobalance and applying specific
conditions of temperature and pressure, the mass adsorbed in a zeolite can be measured as a
function of time and at equilibrium. In this analysis, the adsorption of xylenes can be done at
different conditions, therefore allowing the study of adsorption isotherms and isobars.
Information on the enthalpy of adsorption can also be obtained using this technique (See Section

1.2.1.5).

Bellat et al. studied the adsorption of xylenes at the outer surface of Y-type zeolites'?.

In this work, adsorption isotherms of px and mx were obtained at 25°C. To differentiate
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adsorption at the external surface (m.,) and in the micropores (m,,), a linear model correlating

the mass adsorbed with the thickness ¢ of a xylene film adsorbed at the surface of a reference

material (alumina) was used:

m= my + Mey (Eq 23)

m = m, + pSt (Eq 24)

where p is the liquid density of xylene at 25°C and S is the external surface of the zeolite. The
results showed that the adsorption of xylene in the micropores is about 3.5 molecules/a cage
and that the adsorption of mx at the surface prevails in comparison to px. This suggests that the

external surface of the zeolites is selective to the most polar isomer (mx).

Xylene co-adsorption was further analyzed by means of thermogravimetry in a BaX
zeolite. However, this time, a more complex system with the gas outlet coupled to a
chromatograph!!' was used. As can be seen in Figure 10 (a), the adsorbed amount of px is slightly
larger than for mx. Using this analysis, the selectivities as a function of the loading could be
obtained. At low loadings, the BaX zeolite was not selective for any of the xylene isomers.
However, above 2 molecules/a cage, the px-selectivity increases abruptly (Figure 10 (b)). In
these analyses, it was also observed that some of the pre-adsorbed water in the zeolite is
replaced by xylene molecules when the adsorbed amount of xylene exceeds 2 molecules/a cage.
It is also interesting to note that the presence of pre-adsorbed water increases the selectivity up
to a factor 2 at high loadings. For optimum px-selectivity in BaX zeolites, the amount of water

was estimated to be around 6%'%.

The adsorption of pure px and mx and of a px/mx equimolar mixture was further studied
in the BaX zeolite by means of differential calorimetry'!. As seen in Figure 11, the enthalpies
of adsorption are mainly constant with a cage loading and, once filling is complete, the heat of
adsorption decreases rapidly towards the enthalpy of vaporization of the pure xylenes. The data
for the pure xylenes are very similar, except for a decrease of the mx enthalpy of adsorption at
loadings larger than 2.3 molecules/a cage (near the point where the adsorption starts being
selective to px). The behavior of the enthalpy of adsorption for the xylene mixture is similar to
that for pure xylenes, except for the range between 1.6 - 2.8 molecules/a cage - which present

larger adsorption enthalpies in the case of the mixture®”.
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Figure 10. (a) Co-adsorption isotherms of xylenes in partially hydrated BaX zeolite at 150°C. (b)
Comparison of the selectivities between anhydrous and partially hydrated BaX zeolite at 150°C. The
curves were obtained for a 50%:50% px/mx mixture. (Adapted from Ref. '").
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Figure 11. Differential enthalpy of adsorption for px, mx and 50%:50% px/mx mixture in a BaX zeolite
at 150°C. (Adapted from Ref. ).

1.3.1.2

Thermogravimetry and uptake curves

The thermogravimetric analysis can be used to measure diffusion through uptake curves.

For this, the gain in mass of a sample submitted to a partial pressure of a specific adsorbate is

measured as a function of time. In the case of a microporous zeolite exposed to a sorbate
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concentration, and considering a spherical shape for the zeolite crystals, Fick’s law can be
written as follows in a system where the diffusivity is constant:

aq 0%q 20q
E—DC <ﬁ+;a (Eq25)

It is important to note that the system is considered isothermal, or at least that the heat transfer
is assumed to be fast, so that it does not impact the adsorption rate. If the adsorption in the

system is not significant enough to cause large changes in the concentration of the fluid phase

around the particles, the curve can be described in terms of fractional uptake as:

me 6 1 n?m?D,t
T2y e - (Eq 26)

Moo w2 Lan? r2
n=1

where m,; is the mass adsorbed at a given time ¢, m, is the mass adsorbed under equilibrium,

1. is the crystal radius and D, is the intracrystalline diffusivity.

It is also possible to simplify (Eq 26) in the short and long-time regimes. For a mass

fraction % greater than 70%, the expression above is simplified to the long-time model where

only the first term is significant for the description of the uptake curve:

m, 6 m2D,t
m_oo= 1—;exp - 2 (Eq 27)

By using the linear form of this long-time equation with an intercept at /n (%), the slope of the
straight line provides the apparent diffusion coefficient. For mass fractions lower than 30%,

another simple model, called short-time model, can be applied:

1/2

2_; _ % (_ E) (Eq 28)

In this case, the linear plot of % as a function of v/t passing through the origin (0,0) provides
a slope from which the diffusion coefficient can also be obtained.

The diffusion of xylenes has already been studied through gravimetric measurements in
faujasite-type zeolites>*. In this study, the zeolite crystals were quite large - 100 pm NaX and

250 wm natural faujasite. The diffusivity values determined for both zeolites were similar,

around 6x10'* m?/s at 170°C. Through the use of such large crystals, the elimination of
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problems such as heat and mass transfer issues and the negligible effect of surface barriers, the
diffusion measured by this technique is expected to be consistent with self-diffusion
measurements by NMR>°. However, measurements by NMR for the px molecule indicated
diffusivity of about 5x1071% m?/s at 120°C for NaX zeolites. The analysis of uptake curves has
also been used for the assessment of diffusion in hierarchical zeolites (for a hierarchical ZSM-
5/2,2 dimethylbenzene system)>. Special attention in this work was paid to investigating
surface resistance in hierarchical zeolites since this class of zeolites present a large external

surface area.

The technique of measuring diffusion through thermogravimetry is a macroscale
technique able to measure apparent diffusion (which includes surface resistance). The overall

time for apparent diffusion was established from a linear correlation between intracrystalline

diffusivity and surface permeability as***%:
2 2
TC TC TC
W Dapp  De ' 3a (Eq29)

where Dy, and D, are, respectively, the apparent and intracrystalline diffusion coefficient. a;
is the surface permeability. By using the correlation in (Eq 29), Gueudré et al. were able to
analyze both types of resistance by treating the zeolites with HCI and HF acids to eliminate
surface resistance. The surface barrier was successfully identified. In addition, it was found to
present a negligible effect on the diffusion of 2,2 dimethylbenzene in hierarchical ZSM-5
zeolite®®. The use of acids is an interesting solution to evaluate surface resistance. However,
special care should be taken with the textural characterization of these materials after the

treatment since dealumination and generation of mesopores can occur.

As could be observed for some examples, the analysis of uptake curves measured by
thermogravimetry allows obtaining valid information about diffusion in zeolites. However,
special attention should be paid to the experimental conditions so that heat transfer and
extracrystalline resistance to mass transfer can be reduced. One way to verify that the system is
free of mass and heat transfer effects is to vary the adsorbent mass and check whether the
different uptake curves overlap'®*. Another way to evaluate if the system can be considered
isothermal (free of heat effects) is to observe whether the intersection of the curve corresponds
to that described by (Eq 28). The effects of heat transfer on the diffusivity can be reduced by

decreasing the concentration step of the uptake measurement!.
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1.3.1.3 Pulsed field gradient nuclear magnetic resonance (PFG NMR)

The layer-like faujasite zeolite was the first hierarchical zeolite characterized by PFG
NMR in the literature®’. The diffusivity of hexane molecule was obtained by means of a
correlation between the intensity of the NMR signal (S) with another term accounting for the
diffusivity (D), duration (8) and amplitude (g) of gradient pulse and gyromagnetic ratio of the

nuclei (y):

S(yég,t)

5 = exp(~y*8°g°Dt) (Eq 30)
0

By plotting the data according to (Eq 30), two characteristic decays were identified (Figure 12).
A fast decay assigned to molecules diffusing between different particles and a slower decay
representative of diffusion in an individual crystal. By increasing the observation time, it is
possible to observe a larger contribution in the first part of the graph, evidencing a greater
number of molecules diffusing between different crystals. When dealing with the second range
of the graph, i.e. for molecules diffusing inside the same crystal, no significant difference was
found for the zeolite diffusivity upon changing the observation time. Moreover, for the second
decay in the case of the hierarchical material, a larger diffusivity compared to that for the
conventional NaX was observed. According to the authors, the faster diffusivity for the
hierarchical zeolite leads to molecular displacements that exceed the thickness of the

nanosheets>’.
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Figure 12. PFG NMR curves for cyclohexane in conventional NaX (triangles) and layer-like NaX
zeolite (squares) for different observation times (blue and purple - 5ms; red and orange - 160ms) at
25°C. Diffusivities are presented for each type of zeolite and for different diffusion times. (Adapted
From Ref. °").
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Recently, Guenneau and coworkers® provided evidence for the interconnectivity
between the microporous and mesoporous domains in a hierarchical zeolite (which was
synthesized by pseudomorphic transformation of a faujasite zeolite). The resulting faujasite-
type hierarchical zeolite was found to present similar mesopores to those of MCM-41. By using
PFG NMR, the effective diffusivity was determined for mesoporous faujasite, parental
materials (MCM-41 and zeolite faujasite) and a physical mixture of MCM-41 and zeolite
faujasite (with the same amount of micro/meso as in mesoporous faujasite). The results showed
that diffusivity for the mechanical mixture present two diffusion regimes, each of them being
very close to that observed for the parental MCM-41 and microporous faujasite. On the other
hand, diffusivity for mesoporous faujasite was intermediate between those for pure
microporous and mesoporous materials. The presence of such intermediate diffusivity in
mesoporous faujasite is an evidence of physical connectivity between the two domains (micro
and meso). In this way, PFG NMR was shown to be effective in proving the existence of
interconnectivity in mesoporous zeolites and also distinguishing between a true hierarchical

porous material and a simple mixture.

1.3.2 Liquid phase approach

1.3.2.1 Xylene selectivity and diffusion in faujasite

The composition of liquid mixtures can be readily determined using chromatography.
The change in the composition of a solution in the presence of a zeolite may, in turn, be useful
in determining key properties for the separation of xylenes (such as diffusion and selectivity).
The diffusion is related to the access of a given molecule to the micropores of the zeolite where
it is adsorbed. The diffusion is therefore directly related to the time it takes for the molecules to
be adsorbed in the micropores. Furthermore, the efficiency of the xylene separation process is
defined by the product between adsorption capacity and selectivity divided by the effective

diffusion time.

The study of diffusion in liquid phase corresponds, in fact, to a measurement of counter-
diffusion. The use of a solvent is usually needed so that the variations in the liquid phase
concentration can be observed with accuracy along the experiment. Considering a zeolite pre-

saturated with a solvent, the counter-diffusion consists in the release of the solvent and
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adsorption of the adsorbate. Some studies indicate that the critical diameter of molecules used
as a solvent may lead to very large differences in estimating the counter-diffusion coefficient™.
By comparing the counter-diffusion in NaY systems of molecules with different critical
diameters (with cyclohexane as solvent), Moore and Katzer have identified that the counter-
diffusion coefficient is correlated with the critical diameter of the largest molecule in the
counter-diffusion system (Figure 13). The diffusion coefficient decreases by four orders of
magnitude as the critical molecular diameter increases from 0.675 to 0.92 nm. Furthermore,
studies performed by Ruthven suggest that the use of a linear paraffin with respect to a cyclic
hydrocarbon as solvent leads to a larger counter-diffusion coefficient**®. When using a
saturated NaX zeolite in n-hexane, the benzene counter-diffusion coefficient obtained was
similar to that of unilateral gas phase diffusion for benzene (direct diffusion measurement when

no counter-diffusing molecule is used)®’.
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Figure 13. Correlation between the critical diameter of molecules and their counter-diffusion
coefficients in cyclohexane-saturated NaY at 25°C. (Adapted from Ref. *).

1.3.2.2 Adsorption kinetics in batch experiments

One of the simplest ways to probe the diffusion of a given adsorbate is to measure the

kinetics of adsorption through batch experiments. In a closed system, the adsorbent is placed in
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contact with a solvent and then exposed to a given concentration of the adsorbate. Due to the
changes in the liquid phase composition, it is possible to determine the amount of molecules
adsorbed in the system as a function of time. This method is simple to apply but the diffusion
properties can only be measured in systems where the diffusion is sufficiently slow. It has been
suggested that the maximum diffusion coefficient that can be observed in crystals around 1 um
is of the order of 107'® m#/s%%. In the literature, there are studies carried out in closed batch
systems to determine the diffusion of xylenes in faujasite-type zeolites. Moore and Katzer>
identified the px and mx counter-diffusion coefficients for 1.1 pm NaY zeolite : respectively, D
~ 10 m?/s and D ~ 10"'8 m?/s (the temperature of the test was 25°C and the solvent employed
was cyclohexane). Later, Minceva and Rodrigues®® obtained a micropore counter-diffusion
coefficients for a Ba faujasite-type zeolite in a pellet shape (it is not specified in the study if X
or Y zeolite was used) of 8x107'” m?/s and 1.5x10'¥ m?/s for px and ox, respectively. The tests

were realized at 25°C and the solvent used was isooctane.

In order to obtain uptake curves in liquid phase batch experiments, the adsorbed amount
as a function of time is calculated from the difference in adsorbate concentration in the liquid
phase. In this case, since concentrations change in liquid phase occur, a correction to (Eq 26)

must be applied as proposed by Crank®:

—D.pit
S ee ()
m_w:1_6z 9 (Eq 31)
-+ (1 -a)p2
where p,is given by the non-zero roots of
no 1 Eq 32
3+ G=)p? (Eq32)

and A corresponds to the change in the concentration of the fluid phase by taking into account
the initial concentration of the adsorbate C, and the concentration of adsorbate at

equilibrium Cy,:

A= (CO - Coo) (Eq 33)

Co

43



1.3.2.3 Breakthrough curves

Breakthrough experiments allow the characterization of the adsorbent in terms of
selectivity and diffusion. These experiments are based on the principle of liquid phase
chromatography and are widely used to test adsorbents for xylene separation®®®>-¢7_ In this type
of experiments, a column is filled with an adsorbent that is initially saturated with a solvent.
Subsequently, the feed mixture is injected in the column and the concentration of adsorbed
solvent starts to decrease while the adsorbed feed concentration increases (Figure 14 (a)). This
occurs because the molecules present in the feed are replacing the solvent molecules in the
adsorbent. This process continues until the feed concentration is reached at the outlet of the
column. During desorption, the opposite behavior is observed - the desorbent displaces the feed

molecules previously adsorbed (Figure 14 (b)).
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Figure 14. Breakthrough curve where the concentration of the solvent (yellow circles) decreases while
concentration of xylene isomers in the adsorbent (green and orange circles) is enhanced (a) and reverse
breakthrough curve showing opposite behavior (b). (Adapted from Ref. ).

It is possible to distinguish between the volume retained in the column and the volume
collected at the output. The volume retained in the column corresponds to the microporous

volume ¥, and the non-selective volume V,; expressed as:
Vas = Videad + [/;7 + Vb (Eq 34)

where Vieaa 1s the dead volume, V), is the macroporous and mesoporous volume and V) is the
interparticle volume. V), and ¥} are determined by the introduction of a tracer in the feed - the
tracer is a molecule that can access the same sites as the adsorbate but it is not strongly adsorbed
in the micropores (measurement with the tracer therefore provides the non-selective volume).

The selective volume V), can then be calculated using the following equation:
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I/ﬂ = Vinput — Voutput — Vs (Eq 395)

Therefore, the selectivity of a specific adsorbate (e.g. px) with respect to another adsorbate (i)
can be expressed in terms of adsorbed amount in the selective volume (V) relative to the
volume ratio (x) of molecules in the fluid phase mixture:

Vidp—x/%p—x

L it Eq 36
Op=x/i Vi /x; (Fa30)

The height equivalent to a theoretical plate (HETP) is a useful tool to describe mass
transfer in adsorption columns. The HETP is defined as the distance in the column over which
the fluid change from one state (fully saturated with solvent) to the other (fully saturated with
feed). The HETP is expressed using moment analysis. Through the first and second moments,
u and o, we can evaluate the adsorption equilibrium constant and the overall mass transfer
resistance, respectively. The HETP as a function of first and second moments is defined as:

2

HETP =L =2 ( e)1[1+ € ]_2 (Eq 37)
Tt Tz k|l T e d

By plotting HETP versus the interstitial velocity v, the slope of the curve provides the overall
mass transfer resistance & In turn, the mass transfer resistance is expressed as a series of

resistance existing around and inside the pellet adsorbent (Eq 38). The first term is related to
the hydrodynamic film around the particles. The second term is due to the resistance in extruded
particles arising from the presence of the macropores. The third term corresponds to the

micropore resistance:

1 R RZ r?
— =Ly P 4
kK ~ 3k;  15€,D, 15KD,

(Eq 38)

where the first term can be lumped with the second term, since it accounts only for a small
contribution to the total of the first and second terms®®. Macropore diffusional resistance can be
accessed through the tracer analysis. Then, the resistance in micropores is estimated by

subtracting the macropore contributions from the global resistance:

1 1 1 D
(1) ire = ) asmnare ™ ) X ()] (B 39
kK micro kK adsorbate kK tracer Dadsorbate
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1.3.2.4 Zero length column

The zero length column (ZLC) method was initially designed to measure intracrystalline
gas phase diffusion®®. The basis of the method consists in exposing the adsorbent to a given
adsorbate concentration until equilibrium is reached. Thereafter, an inert gas is used to purge
the system and promote desorption of the adsorbate. A sufficiently high gas flow is used so that
the concentration at the surface of the adsorbent is zero. The concentration of adsorbate in the
effluent is measured in the outlet stream so that the desorption rate can be obtained. As many
applications occur in the liquid phase, the ZLC method was later adapted’. Benzene desorption
measurements were then performed by purging with liquid hexane in an X zeolite”’!. The ZLC
method has been widely used since its invention for micro and mesoporous materials but
especially in gas phase applications’> ">, The ZLC method has also been used in the study of
the diffusion in hierarchical zeolites’®”’. However, no selectivity measurement can be made
with this method. In the ZLC method, the solution model of the desorption curve is similar to

that proposed by Crank®:

o 2Dt
M, . 6L%exp(— E_Z)

— Eq 40
Mo~ T LB LG - D) (s

where L is defined as:
L= (1) (Purge Flow rate) R? Eadl
\3 Crystal Vol KD (Eq41)

At very high purge flow rates, the concentration surrounding the particle is maintained close to

zero, L—o0, B,—nm and the desorption curve is given by:

C 2% n?m?Dt

I _ Eq 42

eI Elexp( 72 ) (Eq 42)
n=

At longer times, where only the first term is taken into account, the solution becomes:

c 2\ 7Dt
_m(?) - Eq 43
l"(q,) l”(L) R? (Eq43)

As aresult, D/R? and L can be determined respectively from the slope and intercept of a plot

of C/C, versus t.

46



2. Materials and methods

This chapter presents the hierarchical and conventional zeolites used throughout this

thesis. Then, the techniques used to characterize these materials in terms of surface quantity

and quality are presented. The last part of this chapter is devoted to describing the methods used

to study xylene adsorption and diffusion within nanoporous media. Both gas phase

thermogravimetry techniques and batch liquid experiments will be used for adsorption and

diffusion measurements. In addition, the diffusion will also be studied by the means of pulsed-

field nuclear magnetic resonance (PFG-NMR). The methods are summarized in Figure 15.

Description of
hierarchical

zeolites

Xylene
Adsorption

e Zeolite Characterization

v

> » XRD; XRF;Microscopy; Textural
Characterization; NMR; and IR

Xylene
Diffusion

Liquid batch experiments = px-selectivity/capacity
Ambient temperature
NaX - BaX

\ 4

Thermogravimetry = Adsorption isotherms
(100°C/150°C/175°C)
BaX

\ 4

Liquid batch experiments = counter-diffusion
Ambient temperature
BaX

v

v

Thermogravimetry = diffusion - px uptake curves
100°C
BaX

PFG NMR = px diffusion
Ambient temperature
NaX

Figure 15. Summary of methods applied in the characterization and application of conventional and

hierarchical zeolites.
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2.1. Zeolites

Along this thesis, the diffusion and adsorption of xylenes in hierarchical and
conventional type X zeolites will be studied. Hierarchical zeolites with two structure types are
considered: nanoparticles aggregates (NA) and layer-like zeolite (LL) (Figure 16). The
synthesis of the NA hierarchical zeolites was performed according to a patent (filing in progress
at IFPEN). This synthesis methodology allowed us to obtain three zeolites with different
external surface areas and mesoporous volumes. The LL zeolite was obtained from the
Materials Engineering department at IFPEN. The synthesis methodology is also part of an

IFPEN patent filing in progress. A conventional NaX zeolite was also considered in this study

as a reference. This zeolite is a commercial NaX Siliporite GSPC obtained from Ceca-Arkema.

e
£

(a)

40 nm
1.5 um

Figure 16. Representation of NA (a) and LL (b) hierarchical zeolites. The zeolite NA is formed by the
aggregation of small crystals presenting mesoporosity between them. The zeolite LL is formed by an
array of faujasite zeolite layers, which leads to the formation of inter- and intra-layer mesopores.

For the application of hierarchical zeolites to xylene separation, the BaX zeolite is used
in industry. Therefore, the ion exchange step is necessary, as the starting material contains Na*
as cations. The exchange was carried out in batches where the apparatus consists in a balloon
coupled to a condenser. The Barium chloride (BaCl,) solution used has a concentration of about
0.25mol.L"!; the barium quantity corresponds to 800% of the required stoichiometric amount
for a complete exchange. The procedure was performed at 80°C’® for a period of 16 h and a
stirring speed of 350 rpm. Once the exchange period is over, the solution is spontaneously
cooled down and filtered under vacuum. Then, the solid is washed four times with 500 cm?

permuted water. After filtration, the filtrate is left at room temperature for about 1.5 days in
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order to evaporate the excess of water which may generate steam and cause damage to the
material (when placed directly in the oven). Thereafter, the solid is taken to the oven and dried

overnight at 100°C.

2.2.  Characterization techniques

The most appropriate techniques selected for the characterization of conventional and
hierarchical zeolites will be presented in this section. The characterization proposed here
includes the determination of both the quantity and quality of the external surface in the
different zeolites. The first part, devoted to characterization techniques for surface area
assessment, comprises textural and morphological analysis as well as fundamental analysis
such as X-ray diffraction (XRD). In the second part, the surface quality in terms of OH groups
is investigated by means of Infrared (IR) and NMR spectroscopies.

2.2.1 Surface area

2.2.1.1 X-ray diffraction

The principle of X-ray diffraction technique is based on the incidence of X-rays through
a crystal. The crystal diffracts the beam at a 20 angle which is measured by a detector. The
diffraction condition is observed when the Bragg law is verified: A = 2dsin 6 where A is the
wavelength of the incident radiation and d is the distance between two atomic diffraction planes.
The X-ray diffraction patterns are considered as the fingerprint of a given material since each
crystal with a given symmetry has a unique and specific diffraction pattern”. It is therefore
possible to identify the type of zeolite in a sample by comparing the obtained diffraction pattern
to those available in the literature. The XRD analyses in this thesis were carried out on a
diffractometer Bruker AXS D4 Endeavor at IFPEN. The X-ray source is an anticathode with
copper-Ka radiation (A = 1.5418 A). The data are collected using a "Sol-XE" energy dispersive

detector.
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2.2.1.2 X-ray fluorescence

In the fluorescence analysis, the electrons in the sample are excited to a more energetic
level through an incident radiation. Afterwards, these electrons return to their initial energy
state and emit X-rays which are characteristic of this transition energy. The wavelength of the
emitted radiation and its intensity are characteristic of the type of element and its concentration
in the sample, respectively. The quantification of the cationic exchange Na—>Ba in the zolites
was done by X-ray fluorescence using Axios equipment from Panalytical. Prior to analysis, the

zeolites were treated at 550°C for 4h.

2.2.1.3 N: adsorption

The adsorption of gases such as N> and Ar at low temperature is frequently used to
determine the textural properties of zeolites and other types of porous materials. From the
adsorption isotherms, the textural characteristics of zeolites can be obtained such as their
microporous volume, meso/macroporous volume, and specific surface area. The pore size can
also be assessed through N> adsorption at 77 K. In the literature, there are some widely used
physical models for the interpretation of gas sorption isotherms such as the #-plot method for
the micropore volume and external surface characterization and the BJH method for the
mesopore size distribution. The analyses were performed on a Micrometrics ASAP 2420. The
NaX samples were pre-treated at 350°C for 6h under vacuum and BaX zeolites at 250°C for

12h under vacuum.

22.14 Mercury intrusion

Mercury intrusion is a technique widely used to probe macropores. This technique
consists in applying a controlled mercury pressure to the porous solid while recording the
intruded volume!'’. The pore diameter D can be deduced from these data using the Washburn-
Laplace equation:

_ —4ycos 6

2 5 (Eq 44)

where P. is the capillary pressure, 6 is the contact angle (~140°) and y is the gas/liquid surface
tension. The mercury intrusion analyses in this thesis were performed using a [V Autopore from
Micromeritics. The pre-treatment was carried out at 250°C for 2h in a ventilated oven followed

by 30 min in the desiccator.
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2.2.1.5 Electron microscopy and tomography

The tomography techniques are widely used for the morphological characterization of
zeolites. Advanced techniques such as electron tomography also permit the description of pore
topology, which is particularly useful in understanding hierarchical zeolitic structures. In this
work, scanning and transmission electron microscopies of both the external and internal
surfaces of the zeolites will be evaluated. In addition, tomography analysis will be performed
for one of the samples. The experimental conditions employed for each technique are described

below.

2.2.1.6 Scanning electron microscopy

The scanning electron microscopy (SEM) acquisitions were performed in a low vacuum
mode on a Nova Nano Sem equipment. The samples are first dispersed in ethanol. Then, a drop
of this mixture is directly deposited on the sample holder. For the SEM-internal texture
determination, the samples are impregnated with epoxy resin and, then, subjected to ionic

polishing (5 kV for about 5 hours).

2.2.1.7 Transmission electron microscopy

The transmission electron microscopy (TEM) - internal texture was observed on a JEM
2100F equipment. The sample preparation consists in the impregnation of the zeolite crystals
in an epoxy resin which is then cut with a diamond blade. The lamina cuts have a thickness
around 70 nm. These nanometric slices are then transferred to a copper grid covered with a

holey carbon membrane.

2.2.1.8 Electron tomography

The initial preparation consists in the immersion of the zeolite powder in ethanol. The
goal of this first step is to disperse the crystals and favor a better visualization during the
analysis. A drop of the suspension containing the zeolite crystals is deposited on a copper grid
covered with a holey carbon membrane. A Snm gold colloidal suspension is then deposited on
the grid. Analyses were performed on a JEOL 2100F operated at 200 kV, which is equipped
with a tomography holder. The angle amplitude was varied between -70° and +70° with an

angular step of 1.5°.
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2.2.1.9 'H 2D exchange spectroscopy nuclear magnetic resonance

A 'H 2D EXSY NMR experiment correlates the frequencies of 'H spins during the
evolution (t;) and detection (t2) periods®’. The pulse sequence used in such experiments is
described as follows: n/2 — t; — /2 — tm — /2 — t2 where t1 corresponds to the evolution time, tm
to the mixing time and t» to the detection period. The chemical displacement of the proton
depends on the confinement of the probe molecule in the pore where the proton is adsorbed, i.e.
it varies with the pore size. In order to visualize proton exchanges in different media, the mixing
time must be varied. Changes in NMR frequencies during the mixing time are recognized as
leading to a cross-peak. Protons that do not change frequency lead to a diagonal-peak. Thus, a

cross-peak indicates an exchange between two porous media (Figure 17).

Fa

Fy

Figure 17. Schematic 2D map for spins (X and Z) in exchange. X/Z and Z/X indicate the presence of
cross-peaks. (Adapted from Ref. )

Prior to NMR analysis, the samples were thermally activated under vacuum at 200°C
for 6h in order to remove physisorbed water. Adsorption of a specific amount of xylene
molecules (3 molecules/a cage), used as probe molecule, was carried out in a tent under argon
atmosphere with the aid of a microsyringe. The transfer into the NMR rotor was done in a
glovebox. '"H 2D EXSY NMR experiments were recorded on a Bruker Avance 700
spectrometer operating at 700.03 Hz. The mixing time was varied from 0.5 to 300 ms. A 90°
pulse (ca. 10 ps) was used. 8 scans, with a recycle delay of 1s, were recorded. The chemical
shifts are referenced to that of adamantane (6 = 1.85 ppm, SR =32.51 Hz). The 2D experiments
were performed under magic angle spinning (MAS) conditions with a spinning rotation of 10

kHz.
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2.2.2 Surface chemistry

2221 Fourier-transform infrared spectroscopy

Through infrared spectroscopy, one can identify the composition of groups in a given
sample by means of the frequency of the stretching vibration'®. In the case of zeolites, for
example, infrared spectroscopy allows the characterization of OH groups'®. These groups lead
to peaks appearing at wavenumbers between 3200 and 4000 cm™'. The characterization of the
OH groups is of great importance for the study proposed in this thesis since it is expected to be
a key parameter in the surface effects on adsorption and diffusion of xylenes. The bands
indicating the presence of OH groups in faujasite zeolite, especially at the outer surface, are
described in the literature and the corresponding IR frequencies are presented in Chapter 3. The
Fourier-transform infrared spectroscopy (FTIR) analyses were performed on a Nexus
spectrometer with samples undergoing a pre-treatment at 400°C under vacuum for 10h in the
case of NaX zeolites and at 250°C under vacuum for 10h in the case of BaX zeolites. The

spectra were normalized by the sample mass.

2.2.2.2 Nuclear magnetic resonance

The nuclear magnetic resonance (NMR) technique allows studying the environment of
nuclei that present an angular momentum®!. In the case of zeolites, the main isotopes analyzed
by means of NMR are 'H, 2°Si, 2’Al and !7O. Such analysis allows the identification of silanol
groups®? as well as the observation of Al atoms in different environments (tetrahedral or
octahedral-extra framework). In the case of zeolites containing Si and Al, 2°Si NMR is able to
identify the environment of each Si in the structure. In practice, each signal in the *’Si NMR
spectrum corresponds to a specific number of Al bound to the Si tetrahedron®!. In this study the
samples were analyzed by magic angle spinning MAS 2°Si NMR on an Avance 400
spectrometer from Bruker. The sequence High-power 'H decoupling (HPDEC) was used. The
rotation velocity of the samples was set to 7 kHz. The relaxation time was 20 s and the
acquisition time of about 0.034 s. In the case of "H NMR analyses, the samples were activated
at 450°C/10h under vacuum and then analyzed by 'H proton MAS NMR, in a 4 mm MQMAS
probe in a Bruker Avance 400 spectrometer (9.4 T). The 'H MAS NMR spectra are obtained
using the spin echo sequence at a speed of 12 kHz. This sequence consists in applying a pulse
of m/2 (4.75 us) followed by a m (9.5 ps) pulse at 53 kHz. NMR spectra were normalized by

sample mass and number of scans.
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2.3. Xylene adsorption and diffusion

In this section, the investigation methods for xylene adsorption and diffusion in
conventional and hierarchical zeolites will be described. Initially, the procedures performed in
the gas phase using a thermobalance and pulsed field gradient NMR are described. In the second

part of this section, the methods used in liquid phase batch experiments are presented.

2.3.1 Thermogravimetric analyses

The thermogravimetric analysis was used to measure the diffusion and adsorption of
xylenes in conventional and hierarchical zeolites in a partially saturated medium (gas phase).
The apparatus used for this analysis and the methodology used for diffusion and isothermal

adsorption measurements are presented below.

2.3.1.1 Apparatus

The thermogravimetric analyses are performed in a thermobalance (SETARAM B 24).
A simplified scheme of the thermobalance is represented in Figure 18 (a). It is composed of two
symmetrical ovens, each one containing a sample holder: the reference side which contain glass
beads used as a reference and the sample side which contains the sample. The unit is also
equipped with three lines of gas. The first line goes directly to the top (T) of the balance to
protect the electronic components. The second line goes to the reference side (RS) while the
third line is connected to the sample side (SS). The latter comes from a saturator where nitrogen
gas 1s saturated with xylene (Figure 18 (b)). In this type of balance the flow of the reference

side has to balance the flow on the side of the sample. 100 sccm’ were then used at each side.

In the saturator, the temperature of the sealed xylene container (Figure 18 (b)) is defined
by a heating collar and controlled by a thermocouple in contact with liquid xylene. When the
system is at equilibrium, the partial pressure of px in the carrier gas is considered to be equal to
the vapor pressure of px at the measured temperature. The saturator is also equipped with a set
of dilution lines that allow mixing the nitrogen gas charged with xylene with more nitrogen gas
(indicated by arrows in Figure 18 (b)), being then able to work with different xylene partial

pressures. In this way, the variation of the xylene concentration is instantaneous which allows

*scem - standard cubic centimeters per minute — T = 0°C/ P =1 atm
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the study of diffusion and adsorption of xylenes. The system is also equipped with a flowmeter
that regulates the gas flow after dilution; this system therefore allows a variation of the xylene

partial pressure without changing the total flow that reaches the thermobalance.

Figure 18. Representation of the thermobalance showing its two parallel ovens and the gas inlet streams
(N2 gas line on the reference side and saturator line on the sample side) (a) and gas saturator showing
the xylene container (b). The arrows indicate the two dilution stages in the system (b). The flow diagram
of the saturator is shown in Annex 1.

2.3.1.2 Desorption of samples

Before carrying out the experiments for diffusion or isotherms measurements, the
samples are evacuated at 200°C for 6 h under N> flow. To avoid possible degradation of the
zeolite structure, a slow temperature ramp to a first dwell at 100°C is carried out, as indicated
in the scheme below (Figure 19). After desorption step, the temperature is adjusted to the test

temperature.
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200°C

175°C

150°C
100°C

Figure 19. Heat treatment scheme for sample desorption prior to measurements (left side of dashed
line). Temperature of xylene adsorption (right side of dashed line).

2.3.1.3 Diffusion experiments

The diffusion experiments were performed at 100°C. For the diffusion measurements,
an increase in the xylene partial pressure is generated and the response in terms of mass uptake

as a function of time is monitored. Based on the uptake rate, the apparent overall diffusion

coefficient can be determined according to the diffusion model presented in Chapter 1:
me . 61 2D, t
m_oo_l_ﬁ Fexp - 2 (Eq 45)
n=1

where % is the fractional filling, D, is the intracrystalline diffusivity, 7, is the crystal radius
(oo}

and ¢ is the time.
Diffusion measurements were performed starting from an empty zeolite. The uptake
curves are measured at 0.03 mbar of px after degassing the sample according to the conditions

described in Figure 19. All diffusion tests were performed at 100°C.

23.14 Adsorption isotherms

Prior to the adsorption measurements, the samples are degassed as described in Figure
19. The adsorption isotherms are measured by varying the xylene pressure inside the
thermobalance. After each pressure change, the system is kept under the same conditions until
equilibrium is reached. The construction of the adsorption isotherm is done by determining the
correlation between the partial pressure of xylene and the mass measured in the thermobalance
under equilibrium conditions for the same xylene partial pressure. The pure px and ox isotherms
were measured at temperatures of 100°C, 150°C and 175°C. The conditions of the tests

performed are shown in Table 2.
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Table 2. Experimental conditions for the adsorption isotherms measurements, where px and ox are the
adsorbate molecules.

P (mbar) T(°C)
px 0.03/0.11/0.60/ 1.16/ 2.17/ 3.14/ 4.49/ 5.81 and 15.7 100, 150 and 175
ox 0.02/0.08/0.45/0.87/ 1.63/2.36/ 3.37/4.37 and 11.8 100, 150 and 175

2.3.2 Pulsed field gradient NMR

By means of pulsed field gradient NMR (PFG-NMR) techniques one can measure the
self diffusivity (Ds) of molecules. The distance traveled by the molecule during PFG NMR
analysis is limited by the observation time (diffusion time). The use of field gradients makes it
possible to spatially mark the molecules and observe their displacement. The measurement of
the NMR diffusion coefficients is based on the fact that the attenuation of the NMR signal (total
magnetic moment) depends on the relaxation mechanisms and on the displacements of the spins
probed during the time of the experiment. In practice, the PFG-NMR experiment is based on a
specific sequence of gradient pulses (Figure 20)83 84: A radio frequency (7/2) is used to turn the
spins to the transverse plane, perpendicular to the (z) direction or the direction of the extern
magnetic field. A first pulsed field gradient G, for a duration d, promotes a spin phase shift
(information coding): the spins are "marked" according to their position along the z axis by an
associated value B,. The system then evolves during a given time ¢ (diffusion time) and a new
pulsed field gradient with the same intensity and duration of the first gradient is applied. If the
molecules do not move between the gradient pulses, the total magnetization remains unchanged.
On the contrary, if the molecules diffuse, the total magnetization at the end of the experiment

is smaller than the initial magnetization. This attenuation is related to the diffusion coefficient

(Ds).

RF RF
G

wv: G T
/2 /\
| I: : >I 7 |\/\_ Echo signal

Figure 20. Basic example of sequence for PFG NMR experience showing the location of pulses of radio
frequency and gradients field. The diffusion time ¢ between the two gradient fields is also represented.
(Adapted from Ref. %)
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Prior to PFG NMR analysis, the NaX samples were desorbed at 350°C/10h under
vacuum. Adsorption of a specific amount of xylene molecules (3 molecules/a cage) was carried
out in a glove box with the aid of a microsyringe. In this work, polarity gradient stimulated echo

NMR (PGSTE) sequence was chosen, since it is more adapted to confined media.

2.3.3 Liquid batch experiments at ambient temperature

This section describes the methods used to characterize the counter-diffusion and
selectivity in conventional and hierarchical zeolites. The batch method has been selected since
it can be used with small amount of zeolite, under the form of crystal powder. Moreover, it can
provide information on both the selectivity and diffusion properties of confined molecules. On
the other hand, zero length column (ZLC) can only provide diffusion information. Breakthrough
experiments provide information on both the selectivity and diffusion properties, but it requires
a large amount of zeolitic material due to important dead volume in the experimental set-up.
Furthermore, in order to avoid preferential path inside the column, the zeolites must be shaped
with a binder under the form of a pellet or extrudate. The use of shaped zeolites makes the
system more complex including a macroporous resistance inside the pellets, which leads to
additional dispersion of the curve and more complex estimation of the diffusion resistance

within the zeolite.

In this thesis, the adsorption and diffusion of xylenes in X zeolite was observed through
batch experiments in the liquid phase in a closed system without humidity interferences. An
amount of zeolite powder is suspended in liquid normal-decane (nC10) and at time ¢ = 0 the
xylene is introduced into the system. In the case of tests performed on NaX zeolite, sampling is
done at equilibrium only (24 h) in order to check the selectivity. For tests on BaX zeolite, the
method consists in performing sampling at different time intervals in order to follow the kinetics
of xylene adsorption. The change of xylene concentration in the liquid phase allows determining
the amount of xylene adsorbed in the zeolite. Thus, to ensure a precise determination of the
xylene concentration, a solvent was used. The use of a solvent allows working with a low
adsorbate/adsorbent ratio and, therefore, to observe larger step changes in the xylene
concentration in the liquid phase. In the same time, the use of a solvent decreases the heat

released during xylene adsorption. The solvent selected for this study was nC10 because it is
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weakly adsorbed in the zeolite cages compared to xylenes. Therefore, it is not expected to

interfere with xylene adsorption for xylene concentrations over 10 wt % 2,

2.33.1 Preliminary tests on NaX zeolite

Although zeolite NaX is usually not preferred in xylene separation, preliminary tests
were carried out with this zeolite in order to observe the effect of surface selectivity. The
motivation in using NaX zeolite is because it does not need an ion exchange step. In addition,
NaX zeolite is not expected to be selective for any of the isomers, which results in selectivities
close to one. This point should make it easier to identify a possible effect on total selectivity
arising from the external surface area. The experimental tests on the NaX zeolite were carried
out at saturation for the conventional zeolite and for the hierarchical zeolites of the NA type-

structure.

Experimental Procedure

The xylene adsorption tests in NaX zeolite were performed by using the apparatus
described in Figure 21. The experimental procedure is performed according to three main steps
- (A) pretreatment of zeolites and hydrocarbons; (B) Introduction of zeolite, solvent, xylenes

and subsequent sampling; (C) Sample analysis.

Figure 21. Description of the materials/equipment used for the xylene adsorption tests in NaX zeolites.
(a) 30 cc glass vial; (b) Crimp Seal with a rubber septa; (c) Syringe filter; and (d) Magnetic stirring plate.

59



A. Pretreatment of zeolites and hydrocarbons

Prior to testing the zeolites are degassed. The heat treatment consists of a slow ramp
(2°C/min) up to 100°C and a subsequent dwell at 100°C for 3h. This step allows the largest
amount of water to be removed from the material at low temperatures in order to avoid possible
degradation of the zeolite. Next, a new heating ramp (2°C/min) is carried out up to 350°C. The
zeolites are then left at 350°C for 6 h to remove further adsorbed water residues. The whole

procedure is done under N> flow (20 NL/h).

The hydrocarbons are also dried prior to testing. They are left in contact with a 3A
zeolite, under stirring and at room temperature, until the amount of water is less than 15 ppm.

The amount of water is measured using a Karl-Fischer titration.

B. Introduction of zeolite, solvent, xylenes and subsequent sampling

After the activation steps, the zeolites are recovered in glass bottles previously filled
with argon and transferred to a tent also filled with argon to avoid contact with humidity. The
zeolites are then weighed (around 1 g) into the glass flasks, previously containing magnetic
stirring bars. Thereafter, a fixed volume of nC10 is added into the flask (already containing the
zeolite powder) with the aid of an automatic pipette and the mass of nC10 is measured (around
7.3 g). The flask in then crimped, transferred out of the tent, and placed on a magnetic stirring
plate. The system is stirred for at least 30 minutes and, then, the xylene mixture (50%:50%
px/ox or 50%:50% px/mx) is injected with the aid of a syringe. The mass of xylene is measured
by the difference between the mass of the syringe filled by the xylene and the mass of the empty
syringe after the injection (~ 0.73 g).

A sampling is then made after 24 h with the aid of a syringe. At this point, the system is
expected to reach equilibrium. During sampling, the stirring is interrupted for about 12 seconds
before the liquid suction. In this way the zeolite powder is decanted at the bottom of the flask
and only liquid is collected. Subsequently, the aliquots collected are filtered and transferred into
crimped vials. The filtration is done using a 200 um syringe-coupled filter, used once per
sample. This step is required in order to avoid the presence of zeolite crystals eventually

suspended in the solution (not visible).
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C. Sample analysis

The samples are then analyzed by gas phase chromatography. In order to obtain more
accurate analysis, each sampling aliquot was used to fill two vials to be analyzed by

chromatography.

2.3.3.2 Adsorption and diffusion on a BaX zeolite

Two types of studies were carried out for BaX conventional and hierarchical zeolites:

1.Study of counter diffusion of a xylene mixture (50%:50% px/ox or 50%:50%
px/mx) in a zeolite previously saturated with nC10. This type of experiment allows observing
the competition between the diffusion and adsorption of different isomers at various loadings.
With this experiment, it is possible to obtain information on the impact of the presence of other
isomers in px diffusion. In addition, the px-selectivity can be determined throughout all the

experiments and at the equilibrium point.

2.Study of counter diffusion of pure px in a zeolite previously saturated with nC10
and subsequent study of the selectivity after ox addition. In this case, the counter-diffusion of
pure px can be observed. Moreover, the subsequent addition of ox allows observing the impact

of px pre-adsorption on the selectivity.

Experimental Procedure

The xylene adsorption tests in BaX zeolite were performed by using the apparatus
described in Figure 22. Like in the tests performed on NaX zeolites, the experimental procedure
is performed in three main steps - (A) pretreatment of zeolites and hydrocarbons; (B)
Introduction of zeolite, solvent, xylenes and subsequent sampling; (C) Sample analysis.
Sections (A) and (C) are essentially the same as those for NaX zeolite, the only consideration
is the maximum outgassing temperature in section (A). Here, the BaX zeolites are outgassed at
200°C instead of 350°C for the NaX zeolite. A lower temperature is applied in the case of BaX
zeolite since its structure is more fragile. Step B is described in what follows for the tests in the

BaX zeolite.
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Figure 22. Description of the materials/equipment used for the xylene adsorption tests in BaX zeolites.
(a) 50 cc glass Ballon; (b) Rubber stopper; (c) Syringe filter; and (d) Magnetic stirring plate.

A. Introduction of zeolite, solvent, xylenes and subsequent sampling;

After the activation steps, like for NaX zeolites, the zeolites are recovered in glass
bottles previously filled with argon and transferred to a tent also filled with argon to avoid
contact with humidity. The zeolites are then weighed (around 2.5 g) into the glass balloon
(50cc). Thereafter, a fixed volume of #nC10 measured with the aid of an automatic pipette is
added into the balloon (already containing the zeolite powder) and the mass of nCI10 is

measured (~25 g).

The balloon is then covered with a sealed rubber stopper, transferred out of the tent, and
placed under a magnetic stirring plate. The balloon containing the mixture is stirred for at least
30 minutes and, then, around 2.5 g of xylene (xylene mixture - Study 1 or pure px- Study 2) is
injected with the aid of a syringe. The mass of xylene is measured by the difference between

the mass of the syringe filled with xylene and the mass of the empty syringe after the injection.

At the time xylene is added, the timer is triggered and sampling is done at certain time
intervals. Sampling is done using a syringe and the mass of each aliquot is measured from the
difference between the empty syringe and the syringe containing the liquid after sampling.
During sampling, the stirring is interrupted for about 12 seconds. In this way the zeolite powder
is decanted at the bottom of the balloon and only liquid is collected. After sampling the stirring
is immediately restarted. Subsequently, the aliquots collected are filtered and transferred into
crimped vials. The filtration is done using a 200 um syringe-coupled filter, used once per
sample. This step is required in order to avoid the presence of zeolite crystals eventually
suspended in the solution (not visible).
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For Study 1 - In general, the analyses were performed at time intervals between 5 min
and 24 h. For the conventional zeolite, the sampling is done by intervals of 20 min until 3h, and
then a last sampling is made at 24 h. In the case of hierarchical zeolites, the sampling is more
frequent (on average, every 5 min) until the first hour, then a sampling is done at 3 h and another

at 24 h.

For Study 2 - The same sampling scheme done for study 1 up to 3 h is performed.
However, after the first three hours, about 2.5 g of ox is added to the system and a sampling is

done after 24 h.

2333 Method to estimate the amount of xylene adsorbed in the zeolite

The method used to estimate the adsorbed xylene mass consists of estimating the mass
of nC10 adsorbed from a hypothesis considering the amount of #C10 adsorbed in the zeolite
with respect to the microporous volume of the zeolite. In the literature this ratio was already
estimated for a nparafin in faujasite zeolite. About 85% of the microporous volume defined by
nitrogen sorption is occupied by the #C10 molecules®. Then, the remaining adsorbed mass of

nC10 during xylene adsorption can be estimated as:

. mpg m(rg)(O)x
mggs® = (0.85 V0 ducro) — da >+ da > -dnc1o (Eq 46)
px (m)(0)x
: px (m)(o)x :
where d denotes the density and m;, and m;; are, respectively, the mass of px and mx or

ox adsorbed.

The mass of the solution is obtained from the following relation:

(m?C10 B mgg.:sl‘-o (Eq 47)

Mo =
° CnClO

where m?“1? is the amount of #C10 introduced into the system and Cy¢q is the concentration

of nC10 in the solution. m?’§1° is the estimated mass of nC10 that remains adsorbed in the

zeolite even after the xylene adsorption.

Then, the quantities of px and mx or ox in solution are estimated as follows:
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m?:l = Cpxmsol (Eq 48)
mgz;)(o)x = C(m)(o)x Myor (Eq 49)

The amount of xylene adsorbed is then calculated by taking into account the total
amount of xylene introduced into the system, the mass of sampling and the amount of xylene

still present in the solution:

px __
ads ~—

pXx

m (mi — Msampling -Cpx) - m?j{ (Eq 50)

m)(o)x _ (m)(o)x
Maas - (mi

— Msampling - C(m)(o)x) - mg;nl)(O)x (Eq 51)

Then, the adsorbed mass of xylene is expressed in terms of molecules/a cage:

(mxyl MMzeo) micro
_ ads MMxyl standard (Eq 52)
nmolecule/a cage — 8 Myeo ' Vmicro

. N,

where MM, and MM,.,; are respectively the molar mass of the zeolite unit cell and xylene

Vs rq corresponds to the

molecule. The “8” represents the number of a cages per unit cell.
micropore volume of an ideal crystallized X zeolite, while V,(,’z‘i"o is the micropore volume

measured by N> sorption for the tested zeolite.

64



3. Characterization of conventional and

hierarchical X-type zeolites

The surface characterization of the different hierarchical zeolites as well as conventional
zeolite (conv.) considered in this work will be presented and discussed in this chapter. The
results will be first presented for NaX zeolites followed by those for BaX zeolites. At the end
of the chapter, a short conclusion synthesizing the main characteristics of these zeolites will be

given.

3.1. NalX zeolite

3.1.1 Surface area

Regardless of the interplay between adsorption/diffusion phenomena in the different
porosity domains, the external surface area characterizing the different samples is expected to
be one of the main descriptors related to the global separation performance of the hierarchical
zeolites. As a consequence, different techniques have been employed to quantify the amount of
external surface. The techniques employed also allow investigating the characteristics of the
different types of porosity in terms of volume and pore size distribution. A morphological
characterization was also performed in order to characterize the crystals shape and pores

arrangement.

3.1.1.1 X-Ray diffraction and fluorescence

X-ray diffraction is a very important tool for the characterization of zeolites. In
particular, this technique allows probing the zeolitic phase(s) present in a given sample. Figure
23 shows the X-ray diffractograms for the different hierarchical zeolites and for the
conventional NaX zeolite considered in this work. The data for the hierarchical zeolites
correspond well to those for the X zeolite structure since the same XRD pattern is observed for
all materials. As expected, the zeolite LL also exhibits some EMT phase, as identified from a
shoulder seen at low diffraction angles (marked with an asterisk)’!. In addition, a small

contamination of zeolite P can be observed for the sample LL. The arrows in Figure 23 identify
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the most intense peaks of phase P. EMT phase is also present in sample NA-3. An estimation
of the amount of NaX phase in zeolites NA-3 and LL was made based on the diffraction pattern
for zeolite NA-2. The sum of the amplitudes of the first four diffraction peaks for the NA-2
zeolite was used as a reference value for NaX zeolite. This value was compared to those for the
NA-3 and LL zeolites to determine their degree of crystallinity. The results indicate NaX phase
crystallization of at least 75% in NA-3 and 90% in LL. It is important to note that this result is
only indicative of NaX phase crystallization since NA-2 zeolite was not synthesized under the

same conditions as NA-3 and LL zeolites
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Figure 23. XRD patterns of the conventional NaX zeolite (black line) and NaX hierarchical zeolites:
NA-1 (red), NA-2 (purple), NA-3 (blue) and LL (green). The arrows indicate the peaks corresponding
to zeolite P.

We also see from the comparison between Figure 23 and Table 3 that there is an effect
of the crystallite size on the intensity of the peaks, which makes the comparison above even
more uncertain.

Following this reasoning, it should also be noted that the conventional zeolite present
some sharp intense peaks while the hierarchical zeolites display broader peaks. This behavior
is associated to the fact that hierarchical zeolites present smaller crystallite sizes®. Indeed, the
XRD data also allow obtaining information such as the crystallite size based on the width of

the peaks.
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The Scherrer equation correlates the peak width at half height with the crystallite size*:

kA

Ciiy = ———— Eq 53
size = B(20)cos (Eq 33)

where k£ = 0.9 is the shape factor for spherical particles, A is the X-ray wavelength, B(26) is the
peak width at half height and @ is the diffraction angle.

The crystallites sizes determined according to the Scherrer equation are presented in
Table 3. The size of the hierarchical crystallites is significantly smaller than that of the
conventional zeolite. In addition, the size of the crystallites decreases from NA-1 to NA-3 while
LL zeolite presents crystallite size similar to NA-3. It is interesting to note that the size of the
crystallites does not necessarily correspond to the size of the crystals due mainly to structure
defects and aggregation. A proof of this is that the conventional NaX zeolite has well-defined
crystals of diameter around 1.5 um as observed by microscopy (Figure 24) while the size of
crystallites is about 0.18 pm. The Si/Al ratio was measured by means of X-ray fluorescence

(Table 3). As can be seen, the composition of these zeolites indicates a fairly low silicon content.

Table 3. Crystallite size measured according to the Sherrer equation.

Zeolite Crystallite Size (nm) Si/Al
Conv. 180 1.14
NA-1 70 1.09
NA-2 50 1.08
NA-3 30 1.13

LL 30 1.10
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Figure 24. TEM - diamond cutting image for conventional NaX zeolite. The zeolite has the form of
well-crystallized crystals of about 1.5 um size. The crystals are damaged upon cutting.

3.1.1.2 Microscopy techniques and tomography

These techniques allow one to directly observe the morphology and topology of a given
material. Electron tomography is used to observe the structure of the porous system. Recently,
such data allowed to reconstruct a 3D multiscale model, which was used to investigate transport
and diffusion features in different domains®’. In turn, SEM and TEM were satisfactorily
employed to study the morphology and the mesopores array in a hierarchical faujasite-type
zeolite®®. These techniques also provide supplementary information about the pore size, the
presence of distinct phases®!, as well as the presence of other elements such as cracks and

amorphous materials.

In this work, the morphology of the zeolites was explored using microscopy techniques
such as SEM, TEM and Electron Tomography. These techniques allowed confirming the
presence of meso/macropores as well as their size and arrangement. The crystal size could not
be determined for any of the hierarchical zeolites, since they are aggregated or in the form of a
house of cards such as in LL zeolite. This makes it impossible to determine boundaries for the
crystals. Regarding the NA-type hierarchical zeolites, the size of the NA-1 aggregates was
estimated from the measurement of at least 100 units, as observed in the histogram in Figure
25. Aggregates mainly around 0.8 and 1.5 um were found. On the other hand, the size of NA-
2 and NA-3 aggregates could not be measured, although visually NA-2 and NA-3 have smaller
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crystals than NA-1 (as can be observed in SEM images in Figure 26). For the zeolite LL, the
zeolites layers are grouped forming particles with spherical shape (Figure 27). The size of such
particles is also described through a histogram in Figure 25. The size of the particles was found

to be mainly between 1.6 and 3.8 pm.
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Figure 25. Histogram showing the non normalized size distribution for the NA-1 aggregates (fop, red)
and for the LL zeolite particle size (bottom, green). Surface scanning electron microscopy (SEM) images
are also shown for each sample on the right side of the corresponding histogram.

The morphology of zeolites can be observed in Figure 26 (1% column) by SEM images.
The NA samples exhibit an aggregated particle morphology with most particles having no well-
defined shape (even though some of them have a plate-like shape). The particles forming these
aggregates appear larger and thicker for NA-1 than for the other NA zeolites. In the case of NA-
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1, the particles are aggregated into a sphere-like aggregates. Domain boundaries in the
aggregates become less and less identified from NA-1 to NA-3. The LL zeolite is made up of
large spherical particles which consist of a house of cards structure of zeolite layers. Regarding
the SEM pictures made on cross polished sections (magnification - 2 um) (Figure 26), it is
possible to classify the NA materials in two main groups. A group with lower external surface
area, represented by NA-1, presents larger dense microporous domains per agglomerate. Some
meso and macropores appear to be radially distributed within the agglomerates. It is also
possible to observe the presence of larger macropores (D ~100-150 nm), which appear to be
located in the center of the aggregates. On the other hand, the group with larger external surfaces
area, comprising NA-2 and NA-3, has a smaller apparent mean size of crystals/agglomerates
and less regular boundaries compared to NA-1. Nevertheless, some large macropores are also
present in the center of the agglomerates. Furthermore, we can identify several
meso/macropores. In the case of the NA zeolites, the TEM pictures on cross-polished section
suggests the presence of channels connecting these macropores with the external surface. In
addition, as will be discussed hereafter, the N> sorption isotherm for NA zeolites does not

provide evidence that these macropores exhibit constrictions.

Figure 27 also shows SEM and TEM images for the LL zeolite. In this case, it can be
noted the presence of macropores, connected to the exterior of the structure, formed by the
arrangement of zeolite layers. These pores/entries can be seen in more detail in Figure 27. The
internal structure of the zeolite was also observed through SEM analysis on cross- polished
section (Figure 26). The entries do not look as deep as they appear to be in SEM images (Figure
27 (a)). Moreover, the crystals appear to have dense edges with macropores located at the heart
of the particles - which can reach up to 0.5 um in length. Crystal slices were also observed
through TEM. In this case, more details such as the presence of small mesopores can be
observed. In an attempt to identify the connectivity of macropores, a TEM image was made
with a magnification allowing us to visualize the whole diameter of a sphere shape, created by
the array of the zeolites layers (Figure 26 - third column). However, connections between the
outside of the particle and the internal macropores could not be visualized - the shadows
appearing in the picture are rather cutting defects during sample preparation. In addition, the
N> adsorption isotherm shape indicates cavitation (as will be detailed later) — which is consistent

with macropores being surrounded by a microporous matrix.
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Figure 26. SEM images of the hierarchical zeolites (first column); images of the inner texture of the
crystals obtained by SEM-ionic polishing (middle column) and TEM - diamond cutting (third column).
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Figure 27. (a) SEM image for the LL zeolite showing the arrangement of the layers and the external
pores formed between them; (b) TEM - diamond cutting image for the LL zeolite showing some
mesopore size measures.

To get more insights into the topology of the crystals/aggregates, an electron
tomography study was performed®®. NA-1 sample was chosen to be analyzed through electron
tomography because it presents the best analysis conditions - aggregates do not have a large
size and are well dispersed. Tomography cannot be performed on highly agglomerated samples,
since individual crystal viewing cannot be done. Moreover, the analysis of large crystals results
in a low resolution tomography®®. The other samples did not meet the required conditions to be
analyzed. NA-2 and NA-3 samples are highly agglomerated and difficult to disperse while LL
shows large crystal size. The purpose of the tomography experiments conducted in this thesis
is the analysis of the whole topology of the aggregate. The series of images obtained using the
3D tomography reconstruction provides information about the porosity of the agglomerate at
different depths. As can be seen in Figure 28, the images confirm that the aggregate edges are
dense and made up of micropores. At a depth of 140 nm and deeper, a large porosity in the
aggregate is noticed, indicating that these aggregates have a high porous heart. Such
meso/macropores appear to be highly accessible from the outer surface along the entire depth

where they appear (140-350 nm), as indicated by the arrows in some pictures.
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Figure 28. Images obtained from electron tomography reconstruction for NA-1 hierarchical zeolites.
Each slice has a 0.8 nm thickness and the images were obtained at different depths: (a) 60 nm, (b) 140
nm, (¢) 230 nm, (d) 280 nm, (¢) 350 nm and (f) 400 nm.

3.1.1.3 Textural characterization

Adsorption isotherms and capillary hysteresis analysis — The N> adsorption isotherms are
expressed in terms of relative pressure (x axis) versus adsorbed amount (y axis). These
adsorptions isotherms were classified by IUPAC® in six different types according to their
shape. Each adsorption isotherm type is related to the adsorption phenomena relevant to a
specific class of materials. Figure 29 shows the classification of some types of adsorption
isotherms according to TUPAC®": Type I adsorption isotherm is representative of microporous
solids having relatively small external surface area. A large amount of adsorbed volume
corresponding to the filling of micropores is observed at low relative pressures. In type IV, the
adsorption isotherm is characterized by the presence of a hysteresis loop which is associated to
capillary condensation taking place in mesopores. The regime before the hysteresis corresponds

to monolayer-multilayer adsorption.
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Figure 29. Adsorption isotherms and hysteresis shapes as defined by IUPAC. (4ddapted from Ref. *’).

As can be seen in Figure 29, some adsorption isotherms present a hysteresis loop which
is caused by capillary condensation. Capillary condensation is the gas/liquid phase transition
that occurs in mesopores larger than a critical diameter of about 4 nm when the adsorbate is N2>
at 77 K. The shapes of the hysteresis loop (Figure 29) are also used to characterize the presence
of some specific pore structures’*>?*. For example, type H1 is representative of materials with
uniform and ordered pores®'**%_ In contrast, in the case of type H2 hysteresis, materials do not
exhibit a well-defined distribution of pore sizes and shapes; it is usually associated to large

pores accessible by narrow necks’*"’ .

The observation of the adsorption isotherm shapes and hysteresis loops is also important
for the characterization of the arrangement of the pores in hierarchical zeolites. If the adsorption
isotherm for a hierarchical zeolite corresponds to the superimposition of the parental adsorption

isotherms>%°8

, 1t can be assumed that the mesopores are accessible from the outer surface
(Figure 30 (a)). On the other hand, the mesopores access from the outer surface can be limited
due to the connected pores/pores entries of smaller diameters (Figure 30 (b) and (c)). When the
diameter of the small pores connected to the larger mesopores is less than the critical diameter
of 4 nm (~0.42 P/Py), pore desorption occurs through cavitation (Figure 30 (c)). Cavitation is
the phenomenon in which desorption of a large pore occurs through the spontaneous nucleation

of a gas bubble that forms in the pore®®. Desorption occurs while neighboring smaller pores are
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still filled, so that the desorption pressure is not related to the diameter of the smaller pores
(0.42 P/Py - N; cavitation pressure at 77 K). An extreme case of the presence of cavitation may
be represented by mesopores surrounded by a microporous matrix, although cavitation may
also exist when small mesopores (< 4 nm) are the means of access to large pores. Another
possible scenario is when the access to large mesopores occurs through smaller mesopores, but
this time the latter have a diameter larger than the critical cavitation diameter (D >4 nm - N> at
77 K). In this case, desorption occurs through pore blocking and the hysteresis closing pressure
is larger than the cavitation pressure (Figure 30 (b)). In the case of pore blocking, the diameter

of the smaller pores can then be deduced from the pressure at which the hysteresis closes®”!%.

(a) Occluded Pores

v

cm’/g

P/F,
| d"‘\ (b) Constricted Pores
e e — %
L 3
1]
t i P/P,
(c) Open Pores
Micropores o
G- B
8 ?
P
s o e @
"
P/Py

Figure 30. Adsorption isotherm shapes for hierarchical zeolite and the correlation with mesopores array:
(a) mesopores accessible to the external surface, (b) mesopores constricted by necks, and (c) mesopores
isolated by a microporous matrix. The shaded area shown for occluded pores indicate the state of
surrounding micropores during desorption. When a critical partial pressure in the case of occluded pores

is reached, the mesopores desorbs while the surrounding micropores remain filled. (Adapted from Ref.
100
).

In this thesis, the N> adsorption isotherms at 77K were measured for the different
zeolites (Figure 31). These adsorption isotherms can be classified as a combination of types I
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and IV according to the IUPAC classification. We recall that Type I is characteristic of
microporous materials, with strong adsorption in the micropores at low relative pressures. The
second part of these adsorption isotherms is similar to type IV, as capillary condensation occurs
at higher relative pressures in the mesopores. This phenomenon is supported by the presence of
capillary hysteresis loops. The shape of the adsorption isotherms shown in Figure 31
demonstrates the hierarchical nature of these zeolites, as they are representative of materials

with both micro and meso/macropores.
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Figure 31. N, sorption isotherms at 77 K for the conventional NaX zeolite (black line) and NaX
hierarchical zeolites: LL (green), NA-1 (red), NA-2 (purple) and NA-3 (blue) (a); (b-¢) are enlargements
showing the hysteresis with more detail.

The classification of the hysteresis loops and desorption mechanisms in Figure 31 is not
evident in the case of NA hierarchical zeolites. Indeed, the hysteresis loops present neither a
parallel adsorption and desorption branches nor an abrupt closure behavior. These adsorption
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isotherms rather suggest a combination of different phenomena occurring upon desorption as a
result of their complex pore structure. More details will be obtained through the analysis of
hysteresis scanning curves presented hereafter. In the case of the Layer-like type (LL), through
a simple analysis of the hysteresis, it can be said that desorption occurs predominantly through
cavitation. However, other analyses such as mercury intrusion and microscopy will allow us to
confirm or invalidate this hypothesis. Throughout this chapter, different information elements

will be collected and combined to elucidate the pore arrangement in these materials.

Textural parameters - The t-plot method is frequently used to determine the
microporous/mesoporous volume of porous solids as well as their external surface area. This
method consists in plotting the adsorbed volume of N2 N,4"(P) as a function of ¢(P), where ¢(P)
— Naas"(P)/poSex is the average thickness of an adsorbed film on a reference solid having the
same surface chemistry. po is the density of the liquid N2, and Sex is the external surface area of
the standard material (reference). Different ~-methods are described in the literature for the
interpretation of #-plot in different material types. These models generally employ a ¢-curve as
a reference (similar to the adsorbent being analyzed). For example, the Harkins-Jura #-plot
equation, which is frequently employed to analyze zeolitic materials, is based on the adsorption
of N> on a nonporous alumina'®!. The z-plot method is also used to determine the microporous
and total pore volume!'®!. The determination of the micropore volume consists in tracing a linear
trend based on the linear correspondence between the adsorbed volume and the thickness of an
adsorbed layer on a nonporous surface. In general, this correspondence is made for a thickness
layer between 0.35 and 0.5 nm. The micropore volume is determined from the Y-axis intercept

of the extrapolated line.

Despite the importance of the 7-plot and the ease in applying such method, some studies
in the literature have reported that the #-plot method may underestimate the micropore volume
and overestimate the external surface area'®*!%, As an alternative to the conventional #-plot, it
was decided to apply an original model, herein denominated direct identification. This model
is proposed based on a previous work by Remy and Poncelet in 1995'%. This model describes
the adsorption in porous materials by combining the contributions for adsorption in the
micropores and at the external surface. This model promotes an accurate identification of the
textural parameters and seems to be very promising in the characterization of hierarchical

zeolites, considering that such materials present an increased external surface area.
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For the direct identification, the two mechanisms occurring upon nitrogen adsorption

up to a relative pressure about 0.42 are taken into account:

1. Micropore filling (Vynicro) is determined according to the Dubinin equation'™ as the

predominant mechanism at low relative pressure (P/Py);

RT P
Vinicro = Voe(_Tm(P_o)) (Eq 54)

where Vj is the total micropore volume, R1is the universal constant of gases, 7'is the temperature

and E'is a characteristic energy for a standard adsorbate/solid system.

2. Adsorption at the external surface area which prevails at higher relative pressures.
The corresponding adsorbed volume is given by the product of the external surface area Sex

and the thickness 7 at a given partial pressure).

Veoxe = 0.001S,,,t (Eq 55)

where Sext is the external surface area (m?/g), tis the thickness of the statistical layer adsorbed
on the external surface in nm — according to the Harkins — Jura model. 0.001 is the conversion
factor in order to obtain Vsexrin cm?/g.
The total adsorbed volume is given the sum of both contributions:
RT, (P\\?
V = Vhicro + Vsext = Voe(_Fln(%)) + 0.001S,,:t (Eq 56)
Finally, by the least squares method, the parameters of the Dubinin equation as well as

the external surface area can be determined.

The textural parameters obtained using the direct identification method for the
conventional and hierarchical zeolites NA and LL are given in Table 4. Note that, although the
adsorption isotherms were given in STP (cm?/g) in Figure 31, the textural parameters in Table
4 are given in cm>/g. The mesoporous volume, also presented in Table 4, was obtained by the
difference between the total adsorbed volume (obtained at relative pressures P/Py close to 1)
and the microporous volume. In order to compare the results from different methods, the
micropore volume and external surface area were determined through the direct identification,
Dubinin-Radushkevich (VD) and #-plot for different adsorbed film thicknesses. Figure 32
shows the graphical representation of the experimental data and the different models: #-plot
regressed at different thicknesses and direct identification. It can be seen that the direct

identification leads to the best correspondence with the experimental data. Another interesting
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point is that the #-plot for larger thicknesses (0.45 - 0.6/0.7 nm) better fits the experimental

curve compared to the conventional #-plot (thickness 0.35 - 0.5 nm).
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Figure 32. N, adsorption isotherm at 77 K for the NA-1 hierarchical zeolite (circles), the direct
identification model (black line), and #-plot at different thicknesses: 0.35-0.50 nm (red line), 0.45-0.60
(green) and 0.45-0.7 (yellow line).

The results in Table 4 suggest that the Dubinin volume overestimates the micropore
volume. Moreover, the larger the external surface area, the larger the overestimation.
Concerning the #-plot in the commonly considered thickness range (t; = 0.35 - 0.5 nm), the
micropore contribution is underestimated while the external surface area is clearly
overestimated. However, considering larger adsorbed film thicknesses (¢ and ¢;), more realistic
micropore volume and external surface area are found (close to those obtained by the direct
identification method). Therefore, it is confirmed that the adsorbed film thickness influences
the determination of both the micropore volume and the external surface area as already

indicated in the literature'®.
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Table 4. Textural properties for the conventional and hierarchical zeolites obtained by different
methods: Direct identification (D;), Dubinin (Vp) and #-plot for different adsorbed film thicknesses (¢,=
0.35-0.5 nm; £,=0.45-0.6nm; #;=0.45-0.7nm).

Zeolite Vmicro (€C/g) Sext (M?/g) Vimeso
D Vo 1 t 5 DI 1 1 t3 (cc/g)

Conv.NaX 034 034 032 033 034 - 25 3 - -
NA-1 028 0.30 027 0.28 028 38 58 39 37 0.12
NA-2 027 030 026 027 027 64 84 66 66 0.16
NA-3 027 031 026 027 027 83 103 83 79 0.18
LL 029 0.31 028 029 029 45 70 48 43 0.05

Finally, the accuracy of the direct identification method must be highlighted, especially
for a refined determination of the textural parameters as in the case of hierarchical zeolites. As
can be seen in Table 4, a range of external surface areas between 40 and 80 m?/g is found by
the different samples. In the case of the microporous volume, the conventional zeolite presents
the largest micropore volume followed by the Layer-like hierarchical zeolite. Concerning the

NA hierarchical zeolites, an almost constant value close to 0.27cc/g is observed.

Pore size distribution and pore accessibility - The pore size distribution (PSD) is often
evaluated independently through two different techniques: Probe gases (e.g. N, Ar) is used for
mesopore analysis while mercury intrusion is used for measuring macropores. Recently, Kenvin
et al'% proposed the combination of these two techniques in order to obtain a consolidated pore

size distribution.

In this work, the pore size distribution (PSD) was evaluated through a unified approach
as well. For the construction of the consolidated pore size distribution, the model used here
takes into account both the N2 sorption according to the BJH model (1) and mercury intrusion

by means of the Washburn-Laplace equation (2).

1. The BJH model'® is used to calculate the pore size distribution in mesoporous
materials. The method is based on the application of the Kelvin equation, through which it is
possible to relate the adsorbed/desorbed volume to the pore radius (7). The pores are
considering as cylindrical and the mesopore radius is equal to the Kelvin radius minus the

thickness of the adsorbed monolayer (r;,, = 1, — t).
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Kelvin equation:

P B (ZyMcose) (Eq 57)

RTTk
where, y is the liquid surface tension, M is molar volume of the adsorbate, 6 is contact angle

between the solid and the condensed liquid and Pi is the relative pressure of the adsorbate.
0

2. Mercury intrusion is a technique widely used to probe meso/macropores. The
capillary pressure (Pc) is related to the pore diameter (D) through the Washburn-Laplace

equation:

—4y|cos 6|
B D

Pc (Eq 58)

where v is the liquid surface tension of mercury and 6 is the contact angle of the mercury
meniscus. For most oxides, such as SiO> and Al,Os, the contact angle 6 is estimated as 140°1%7.

This technique is suitable to determine the pore diameter from 4-10 nm up to microns.

The BJH model allows one to calculate the pore size distribution based on the Kelvin
equation. The latter equation assumes the existence of a condensed liquid meniscus. The
condition that best meets this requirement is the use of the desorption branch for the BJH
calculation. However, for disordered materials, the desorption branch rather describes narrower
diameters (small pore entries). The limitation in obtaining pore size distribution derived from
the desorption curve is related to the tensile strength effect (TSE)'®. This physical
phenomenon, which occurs during the sorption of gases, becomes more pronounce as the
diameter of the pore decreases. TSE in the adsorbed phase occurs due to the instability of a
hemispherical meniscus during desorption - which, in turn, is caused by the increase in the
chemical potential of the confined fluid'%. TSE effects can be seen during the desorption of
large pores connected to small pores — large pores will desorb at lower pressures in comparison
to a large pore freely accessible. The desorption pressure of a large pore in a network
corresponds to the desorption pressure of the smallest connected pore. The impacts of the TSE
may be even more pronounced in the case of cavitation where forced desorption of the pores at
a critical relative pressure is observed ~ 0.42 for N> at 77 K (dtse ~ 3.8 nm). In this case, the
appearance of an artificial peak in the pore size distribution is observed at diameters close to 4

nm.
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Therefore, before determining the unified pore size distribution, the desorption and
adsorption curves will be evaluated according to the BJH method (Figure 33). For the NA
hierarchical zeolites, both the adsorption/desorption branches lead to a similar distribution of
pore diameters, except by the presence of a peak around 4nm in the case of desorption branch
for NA-1 and NA-2. The non-appearance of this peak in the adsorption branch leads us to

identify it as an artificial peak that does not corresponds to a real pore diameter for these

zeolites!?.
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Figure 33. BJH pore size distribution calculated from the adsorption (solid lines) and desorption
branches (dotted lines): NA-1 (red), NA-2 (purple), NA-3 (blue) and LL (green).

As can be seeing in Figure 33, there is a shift of the pore size distribution, from NA-1

to NA-3, to a smaller mean diameter as well as a smaller distribution width. Sample NA-3 has
an important amount of narrower pores, since, from the adsorption pore size distribution, a large

mesopore volume about 4 nm is visible. For the LL-type structure, the pore size distribution is
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significantly different between the BJH adsorption and desorption data. While the BJH
adsorption curve exhibits a wider pore size distribution, in the BJH desorption all volume
appears concentrated in pore diameters around 3.8 - 4 nm. In this case, it is clear that TSE

effects are interfering in the pore size distribution.

Based on the results above, the BJH was applied to the desorption branch for the NA
samples but to the adsorption branch for the LL zeolite. As already said, the desorption curve
is usually preferred for pore size distribution analysis since the kelvin equation takes into
account the presence of a hemispherical meniscus. However, as discussed in the case of zeolite
LL, the desorption curve does not seem to be representative of the actual pore size distribution
(Figure 33). Therefore, the adsorption curve was chosen to be applied in the unified method for

this particular sample.

The unified PSD curves are shown in Figure 34 for the hierarchical zeolites: NA and
LL. It is interesting to note some overlap between the mercury intrusion and BJH PSD?,
therefore indicating that both techniques provide the same information about mesopore
diameters. However, in some ranges such as in the small mesopore range (< 4 nm), the pores
cannot be probed by means of mercury intrusion. In contrast, mercury intrusion is the only
technique able to explore macropore domains. In order to obtain the consolidated PSD in Figure
34, the N> sorption and mercury intrusion data were combined according to the following

relation: If PVNZ(Dx) > PVHg(Dx), PVyni = PVNZ(DX), otherwise PVy,; = PVHQ(Dx)’ where D, is

a given pore diameter and PV is the corresponding pore volume.

For the mesopore range (the zone of intersection between the two techniques -
porosimetry and N> sorption) a criterion should be established in order to define which value is
the most correct. If the volume corresponding to a mesopore diameter, measured through
intrusion, is lower than that obtained by N> sorption, this measure should not be accurate. This
must indicate that mercury access is hindered. Such behavior is evident for pore diameters
smaller than 4 nm, where mercury cannot enter. On the other hand, if mercury is able to probe
a volume larger than N in relatively small mesopores, it should be the closest to the correct

volume. For macropores, it is already clear that mercury intrusion is the most reliable answer.

* The BJH and intrusion PSD analysis curves were obtained respectively by means of Microactive and Autopore softwares
from Micromeritics.
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This is why we have always chosen to use the largest volume value (either from N> sorption or

from mercury intrusion) for the characterization of a given pore diameter.

The consolidated pore size distribution for the NA zeolites in Figure 34 reveals the
presence of two populations of pores for the NA samples: Mesopores (between 3.5 - 30 nm) -
which can be identified as those between the crystals within the same crystal agglomerate; and
macropores (greater than 50 nm) — mostly present between the agglomerates. It is also known
that part of these macropores is located in the center of the agglomerates, as observed through
SEM on cross-polished section (Figure 27). However, it is not possible to separate the
macropores within the aggregates from those which appear between the aggregates. In the case
of LL zeolite, some macropores have also been identified in the particle centers by means of
microscopy (Figure 27). However, such macropores are not observed here, probably because

smaller connected pores (possibly micropores) hinders the access to mercury.
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Figure 34. Consolidated pore size distribution for the NaX hierarchical zeolites: NA-1 (red), NA-2
(purple), NA-3 (blue) and LL (green). Dotted lines correspond to BJH (N, desorption data for NA
zeolites and adsorption for LL). Dashed lines correspond to mercury intrusion. The solid line represented
by the unified distribution was slightly shifted upwards to ensure a better visualization. The inset shows
the mercury intrusion (dashed contour line) and N> desorption volumes (solid color column) for pore
diameters between 4 and 50 nm.

Concerning the pore sizes observed in Figure 34 the characteristic mesopore diameter
for the NA-hierarchical zeolites decreases from NA-1 (12nm) to NA-3 (5nm). The same is true
for the macropores. This behavior is related to the decrease of the crystal size - small crystals

as in NA-3 tend to lead to smaller pores. In contrast, the Layer-like zeolite presents a different
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structure from the NA series, a smaller mesopore volume, and external surface area.
Nevertheless, this zeolite presents mesopores with diameters comprised between those of the

hierarchical zeolites NA.

The insert of Figure 34 highlights another advantage arising from the comparison
between nitrogen sorption and mercury intrusion. By comparing these two techniques, valuable
information regarding the accessibility of the mesopores can be obtained!!®!!!. It is known that
mercury cannot access pores with diameters below 4 nm. Thus, if we compare the mesopore
volume of pore diameters between 4 and 50 nm obtained by N> sorption and mercury intrusion,
it is possible to identify if these mesopores are accessible from the crystal surface or if they are

constricted such as through micropores or small mesopores.

For the NA series, the volumes obtained using both techniques are quite close. Mercury
intrusion volumes for pore diameters between 4-50 nm correspond to 87%, 78% and 87% of
the N> desorption volumes for NA-1, NA-2 and NA-3 respectively. These values indicate that
most pores are accessible from the exterior of the crystal and that a small percentage is subject

to constrictions.

Another feature concerning the NA zeolite series is that all materials have very similar
pore volumes between 4 and 50 nanometers. The volume of these mesopores observed by
nitrogen sorption is around 0.1cc/g (Table 5): the volume difference for the hierarchical zeolites
in the range of pores 4 < D < 50 nm is limited to 2-10%. However, when the comparison is
made for pores with diameters smaller than 4 nm, more significant differences are observed
especially between NA-1 and the other zeolites. For small mesopores with diameters below 4

nm, the volume difference can reach a value around 200% when comparing NA-1 and NA-3.

Table 5. Volume difference for the NA hierarchical zeolites based on the BJH desorption branch. Each
value in the table represents the volume increment for the zeolites in the rows with respect to the zeolites
in the columns.

V meso<4nm Vmeso (4<d<50 nm)
Increment (%) Increment (%)
NA-2 NA-3 NA-2 NA-3
NA-1 84 211 NA-1 7 10
NA-2 69 NA-2 2
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This information is important when understanding the performance of these zeolites in
a given application. If the small mesopores represent a limiting factor to px diffusion, NA-2 and
NA-3 zeolites would perform worse than NA-1. However, if the presence of such small
mesopores are not a limiting factor and if only the presence of mesopores between 4 and 50 nm
are important, the performance of all hierarchical zeolites in this group should be similar.
Another possible scenario, where the size of small mesopores is not a limiting factor and the
most important characteristic is the total volume of mesopores, would lead to a better

performance of NA-2 and NA-3 zeolites.

Hpysteresis Scanning curves - The scanning curves consist of repeating several
adsorption/desorption cycles within the limits of the capillary hysteresis. Initially, the total
adsorption and desorption curves are measured to draw the hysteresis limits. These data are
referred to as the boundary adsorption isotherm (black curve in Figure 35). Then, several cycles
of partial adsorption curves are measured at various relative pressure ranges within the
hysteresis. The idea is that, during the adsorption scans, only a part of the porous network
(whose pore size is associated with a given relative pressure) is partially filled, so that
desorption mechanisms can be identified for different populations of pores. This provides

information on connectivity of such domains.
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Figure 35. Different types of scanning curves observed for materials with independent pores - reach the
boundary isotherm above its closure point; and typical scanning curves for connected pores - meet the
boundary adsorption isotherm only at its closure point. (Adapted from Refs.!!%113:114),

86



For the interpretation of the curves and the characterization of the pores, some theories
regarding the origin of the capillary hystereses must be considered. For example, in the case of
independent pores, the origin of the hysteresis is related to the fact that adsorption is not at
thermodynamic equilibrium while desorption is at equilibrium!''>. Meanwhile, for
interconnected pores, the existence of a capillary hysteresis is related to the fact that the
desorption of a pore is controlled by the state of its neighboring pores (such as when pore
blocking occurs)!'!®. The shape of the scanning curves therefore allows identifying the type of
desorption mechanism at play (Figure 35). In the case of independent pores, the desorption scan
is not affected by the partial filling of the pore network®’. In this case, scanning curves are
meeting the boundary isotherm above its closure point, such as those described in Figure
3512113 On the other hand, taking as an example a pore freely accessible to the external surface,
it would empty before a pore presenting constrictions (non — independent pore). In the latter
case, pores can only desorb after the smaller pores are emptied. In this way, a large pore
presenting constrictions will have its desorption pressure conditioned to the state of the small
neighboring pores - a typical pore blocking example. A representation of such connected pores

can be seen in Figure 35!,

As already mentioned, these scanning curves are obtained by partially filling and
emptying the pores of the material. In this work, for the NA hierarchical zeolites, three scans
were made by starting desorption from relative pressures of 0.7, 0.8 and 0.9 P/Py. For the LL
hierarchical zeolites, the scans were made from 0.6, 0.8 and 0.9 P/Py. In all cases, a main
complete adsorption isotherm — boundary isotherm - was measured up to the relative pressure
of P/Pp= 1. The maximum relative pressure for a given scan will be representative of the largest
diameter of saturated pores''®. The scanning curves are presented in Figure 36 for the different

hierarchical zeolites.

As shown in Figure 36, converging scanning curves are observed for the NA hierarchical
zeolites. In the case of NA-1, the converging curve indicating the presence of constricted pores
starts at P/Pp= 0.9 (maximum diameter calculated by the BJH model is around 15 nm).
However, the other scanning curves (P/Pp= 0.7 and 0.8) that are representative of pores with
diameters up to 8.8 nm are reversible, which indicates the absence of pore blocking or cavitation
effects. Therefore, one can assume that pores smaller than8.8 nm are independent and accessible
from the outer surface. On the other hand, the gap between pores above 8.8 nm (exact diameter
not known) to a diameter which may be equal or greater than 15 nm desorbs through pore
blocking. A better resolution concerning the pore structure, constricted or not, would be
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established from the measurement of scanning curves at smaller relative pressures intervals. In
the case of the hierarchical zeolites NA-2 and NA-3, mesopores of intermediate diameters (NA-
2 (8.8 nm) and NA-3 (9.9 nm)) seem to be constricted, since converging-type desorption scans

starting at 0.8 P/Py are observed.
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Figure 36. Desorption scanning curves (dashed lines) and adsorption/desorption complete adsorption
isotherm (solid lines) for the NA hierarchical zeolites: NA-1 (red), NA-2 (purple) and NA-3 (blue); and
for the LL zeolite (green).
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For the NaX-LL zeolite, all descending scanning curves, including the boundary
adsorption isotherm, close abruptly at the cavitation pressure. This shows that the mesopores in
the NaX-LL zeolite are isolated from the external surface of the particles through small pores

(i.e. smaller than the critical diameter D¢ ~ 3.8 nm for cavitation for N at 77 K) 7717,

3.1.2 Surface chemistry

Once the external surface area is characterized, it is important to assess its nature. In
what follows, IR and NMR results will be presented in order to get insights into the chemical

features of the external surface of the different samples.

3.1.2.1 Nuclear magnetic resonance (NMR)

Figure 37 shows the 2’Si NMR spectra of conventional and hierarchical zeolites. Each
of the five peaks presented in the spectra corresponds to the number of aluminum tetrahedra-
bonded to a central silicon tetrahedron. The Si atom is characterised by five different
environments, denoted as Si(nAl) with n = 0, 1, 2, 3 and 4 (Figure 37)!'%. The Si(2Al) and
Si(1Al) bands may include the contributions of surface/defect silanol groups such as Si(OH):
and Si(OH)!'*!2%, respectively. Moreover, the band Si(4Al) is representative of silicon groups

present in the bulk-crystal.

An estimate of the amount of bulk Si atoms with respect to Si atoms that are more likely
to be present at the surface can be obtained from the ratio between the sum of the
amplitudes of Si(4Al) and Si(3Al) peaks and the sum of those of the Si(2Al) and Si(1Al)
peaks. The following ratios were found for the different zeolites: conventional (5.8), NA-1
(5.9), NA-2 (4.1), NA-3 (4.0) and LL (4.5). As can be seen from Figure 37, the zeolite NA-1
and the conventional zeolite has a larger bulk-crystal contribution. This result was expected
since they are made of bigger crystals. Concerning the hierarchical zeolites NA-2, NA-3 and
LL, the results in Figure 37 suggests that the LL zeolite has the same amount of crystal
terminations and eventually silanol groups relative to bulk-crystal species as NA zeolites with
greater external surface areas. However, this correlation remains qualitative and only allows

distinguishing crystals with important characteristics differences.
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Figure 37. ’Si NMR spectra of conventional (black) and hierarchical zeolites - NA-1 (red), NA-
2(purple), NA-3 (blue) and LL (green). Each peak in the spectra corresponds to a number n of alumina
tetrahedrally-bonded to a central silicon Si(nAl) tetrahedron.

The '"H NMR can provide us with more detailed information on the OH groups present
in the zeolites. The '"H NMR spectra in Figure 38 shows the three major contributions of OH
groups (from the left to the right)®>: OH located in the supercages, SiOH at external surface or
defects and OH interacting with cations in the supercages/external surface. The presence of
SiOH groups at external surface or defects, with respect to the other OH groups, is the major
contribution in the hierarchical zeolites. Furhtermore, the contribution of this peak is farther
larger in the case of hierarchical zeolites when compared to the conventional zeolite. The
spectra were deconvoluted and the areas of each peak, obtained (Annex 2). This is, in general,
logical, since the hierarchical zeolites present larger external surface area. However, as shown
in Figure 38 (b), by calculating the relative peak area for each of the contributions of OH groups,
it is not possible to observe a relation between the amount of SiOH and the external surface of
the hierarchical zeolites. Instead, we observe a nearly constant contribution of SiOH to the NA-
type zeolites and a much larger contribution to the LL zeolite. In turn, the amount of OH groups
in the supercavities is much higher in conventional zeolites, when compared to the hierarchical
zeolites. In this case, the contribution of this peak in the hierarchical zeolites appears to decrease
with the increase of the external surface area in NA zeolites and this is especially small in the
case of LL zeolite. This may be an indication that the supercavities are incomplete at the surface
level. In addition, the structure type LL seems to affect even more these supercavities. Finally,
the presence of OH interacting with cations also increases by increasing the external surface

area of zeolites, suggesting that we should have some of these groups that are certainly located
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at the external surface. The LL zeolite, although having a smaller external surface area than
NA-3 zeolite, exhibits relative amount of OH interacting with cations similar to zeolite NA-3,

which again indicates a particularity of the LL structure.
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Figure 38. (a) 'H NMR spectra for conventional and hierarchical zeolites, Conventional (black) NA-1
(red), NA-2 (purple), NA-3(blue) and LL (green). The areas marked with the dashes in the "H NMR
spectra indicate OH groups at different environment. (b) Relative peak area for the main contributions
in the '"H NMR MAS spectra measured for conventional and hierarchical NaX zeolites. OH located in
the supercages (blue), SIOH at external surface/defects (orange) and OH interacting with cations (green).

3.1.2.2 Fourier-transform infrared spectroscopy (FTIR)

The external and structural hydroxyl groups were already characterized for faujasite
zeolite in the literature by means of IR. A study performed for a mesoporous faujasite zeolite
(obtained by acid treatment) has identified the band around 3730 cm™! as free silanol groups at
the outer surface'?!. The same study showed that, by increasing the temperature, some silanol

groups located in hydroxy nests suffer dehydroxylation forming siloxane. However, those
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silanol groups located at the external surface are not affected by the change in temperature,

since the distance between such groups located at the outer surface is relatively large (which

prevents silanol condensation)'?!"1?2,
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Figure 39. (a) Infrared spectra showing the OH zone for the conventional and hierarchical NaX zeolites;
(b) Correlation between the bands area of the IR spectra (i.e. OH groups amount) and the external surface
area for hierarchical and conventional NaX zeolite. Conventional NaX (black), NA-1 (red), NA-2
(purple), NA-3 (blue) and LL (green).

In order to investigate the chemical nature of the zeolites surface, infrared analyses were
performed in the hydroxyl zone, between 3500 and 4000 cm™ (Figure 39). The band appearing
in the spectra at 3740 cm™ (marked with the dashed line) corresponds to the OH groups located
at the external surface of the crystals'?!. Since this last band indicates the presence of OH groups
in the surface, it is expected that its contribution is larger for hierarchical zeolites with larger
external surface area. Structural OH bands are also identified. A small shoulder at 3720 cm™ is
related to OH groups at defect sites'?. The band appearing around 3700 cm™! results from the
interaction of water molecules with cations and the band at 3650 cm™'is related to OH groups
located at the supercages'?*. The band corresponding to the interaction between water and
cations is especially developed in the conventional zeolites, which may be indicative of
incomplete desorption during pretreatment. A larger presence of OH groups in the supercages
observed for the conventional zeolite is also confirmed by "THNMR (Figure 38). Bands at 3600

cm! are assigned as OH groups attached to extra framework alumina debris (EFAL)!?’.

In an attempt to obtain quantitative information about the amount of OH groups at the
external surface, the band at 3740 cm™ described above was integrated. By plotting the external
surface area of NA zeolites versus the area of the IR bands, it is possible to notice a fairly linear
correlation between both parameters: the amount of OH groups increases proportionally to the

external surface of the zeolites (Figure 39 (b)). From this observation, it can be said that the
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hierarchical zeolites of the NA series present the same density of OH groups at their external
surface. In contrast, the hierarchical zeolite LL does not follow the same linear trend and
exhibits a higher density of OH groups, which suggests that different synthesis routes induce
modifications in terms of surface chemistry. Prior to integration of band 3740 cm’, a

deconvolution of the spectra bands was performed by means of Indigo software (Annex 3).

3.2. BaX zeolite

BaX zeolite is the most widely used zeolite for xylene separation. As a result, ion
exchange for the conventional and hierarchical zeolites considered in this work has been
performed. The exchange rate for each zeolite was evaluated by means of X-ray fluorescence.
In addition, since there is a step subsequent to the ion exchange where the zeolites are subjected
to heat treatment, a new textural characterization was performed with the objective of obtaining
real information on micropore capacity and external surface area after the ionic exchange.
Besides, the characterization of surface quality by IR was also made. The main results will be

briefly presented below.
3.2.1 Surface area

3.2.1.1 X-Ray diffraction and fluorescense

Figure 40 shows the X-ray diffractograms for the zeolites after cation exchange. By
comparison with the diffractogram of the conventional zeolite, it can be seen that the structure
BaX is present in all hierarchical zeolites. It is also noted that the intensity of the peaks
decreases and width increases as the degree of hierarchy of the NA (Na-1 to NA-3) zeolites
increases. For the BaX zeolite, peaks are more intense in the region between 10° and 45° with
respect to the low angle peak around 6°. This behavior is not observed in NaX zeolite and must

126 Despite the presence of EMT (marked

be related to the rearrangement of the cationic sites
with an asterisk), the P phase is not easily identified in the BaX zeolite spectrum (probably due

to sharp BaX peaks in proximity of those of the zeolite P).

93



1750 -

1500 -

1250‘W\-\-—~** I

'1000‘M\A e

750 -

u.)

Intensity (a

500 -

250 -

0 T T T T T T 1
0 10 20 30 40 50 60 70
26[Deg]

Figure 40. X-Ray diffraction of the conventional BaX zeolite (black line) and BaX hierarchical zeolites:
NA-1 (red), NA-2 (purple), NA-3 (blue) and LL (green).

The Na = Ba exchange rate of the zeolites reached values around 80% as presented in
Table 6. For the sake of simplicity, zeolites exchanged with Ba cations will commonly be
referred to as Ba-type zeolites even if the exchange is not complete. In addition, Si/Al ratio was
evaluated for Ba-exchanged zeolites through X-ray fluorescence, but no significant changes

were found with respect to NaX zeolites.

Table 6. Exchange rates and composition of the different zeolites measured by X-ray fluorescence.

Zeolite Exchange Rate (%) Err(+/-) Composition

Conv. 82.6 1.6 Bas7.1Nais6 (Sii023Al89.70384)

NA-1 81.5 1.6 Bas7.4Nai7.0 (Sii00.1Alo1.90334)

NA-2 78.2 1.5 Basg.1Nazo.1 (Sige.7Aler 30384)

NA-3 85.2 1.6 BasgaNais 3 (Siio1.0Alo.10384)
LL 82.4 1.6 BassNaje (Sii2.3Alz9.70384)
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3.2.1.2  Textural characterization

N2 sorption Isotherms - The BaX adsorption isotherms, such as NaX, are composed of types I
and IV adsorption isotherms, therefore indicating the presence of both micro and mesopore.
These adsorption isotherms therefore confirm that the hierarchization of the zeolites was
maintained after the cation exchange. With respect to the hysteresis, a profile similar to the NaX
zeolite hysteresis can be seen, which probably corresponds to desorption through pore blocking

for NA1, NA2 and NA3 zeolites and cavitation for zeolite LL.
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Figure 41. N, sorption isotherms at 77 K for the conventional BaX zeolite (black line) and the BaX
hierarchical zeolites: LL (green), NA-1 (red), NA-2 (purple) and NA-3 (blue) (a); enlargements showing
the hysteresis with more detail are available in (b-e).

Textural Parameters - Table 7 shows the textural parameters of BaX zeolites after cation
exchange. The method used for characterization was the direct identification (Dy), which was
discussed previously. Moreover, theoretical values based on the starting NaX zeolites are also
shown. A drop in the microporous volume can be observed with respect to the expected values.
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This may be an indication of zeolite structure damage during the exchange procedure and the
subsequent heat treatment, which result in loss of crystallinity. As can be seen, the hierarchical
zeolites suffered larger microporous volume drop than the conventional zeolite, which is
explained by their structure being more fragile. Variations between the theoretical values and
those experimentally obtained are also observed for the other textural parameters. An increase
in the external surface area of the conventional and NA-1 zeolites is observed, as well as an

increase in the mesoporous volume of samples NA-3 and LL.

Table 7. Textural parameters calculated according to direct identification model for the Ba-exchanged
zeolites. An estimation considering no damage of zeolites during cation exchange is also presented.

. Vmiero (cC/g) Sext (M?/g) V meso(€C/g)
Zeolite
D] *Vt.p D[ *St DI *Vt—meso

BaX-Conv. 0.25 0.27 11 0 0.01 0.00

Ba-NA-1 0.18 0.22 43 30 0.11 0.10

Ba-NA-2 0.16 0.22 48 51 0.13 0.13

Ba-NA-3 0.16 0.21 68 66 0.18 0.14

Ba-LL 0.18 0.23 38 36 0.08 0.04

*Theoretical values estimated based on the molar mass of the zeolites before and after the cation exchange and also on the
textural data of the NaX zeolites, prior to exchange.

For the zeolite NA series, we still observe an increase in the external surface area and
mesoporous volume from NA-1 through NA-3. Although the outer surfaces of NA-1 and NA-
2 are closer after the exchange, the mesoporous volume remains significantly different for these
two zeolites. The zeolite LL continues to present an external surface close to that of the zeolite

NA-1, but its mesoporous volume has increased.

Pore size distribution - Figure 42 shows the consolidated pore size distribution for the BaX
zeolites. As can be seen, the pore size decreases in the order NA-1>NA-2>NA-3 and LL zeolite
has a pore size similar to NA-3 (as in the case of NaX zeolite). The pore diameter measured for
BaX zeolites is similar to that observed for NaX zeolites. A slight variation can be observed for
zeolite NA-1, whose mesopore diameters were centered on 12 nm for NaX while a maximum
of pores at 14 nm is observed for BaX. This effect must be related to the increases of
mesoporous volume and outer surface observed during the textural analysis. Likewise, LL

zeolite shows a significant increase in mesoporous volume.
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As we can see from the comparison between the volumes of Hg porosimetry and N>
sorption, the mesopores appear less accessible than those of NaX. For NA - BaX zeolites, about
60-75% of the N2 volume between 4-50 nm is accessible. In the case of NaX, this accessible
volume was about 80-90% for NA zeolites. The LL zeolite, however, presents full accessibility

to Hg, therefore indicating that the mesopores in this material are accessible by up to 4 nm

entrances.
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Figure 42. Consolidated pore size distribution for the BaX hierarchical zeolites: NA-1 (red), NA-2
(purple), NA-3 (blue) and LL (green). Dotted lines correspond to BJH (N, desorption data for NA
zeolites and adsorption for LL). Dashed lines correspond to mercury intrusion. The solid line represented
by the unified distribution was slightly shifted upwards to ensure a better visualization. The inset shows
the mercury intrusion (dashed contour line) and N> desorption volumes (solid color column) for pore
diameters between 4 and 50 nm.

"H 2D exchange (EXSY) NMR experiments - A study by means of NMR techniques was also
performed in order to evaluate pore connectivity in the hierarchical zeolites (using px as probe
molecule). The aim of this work is to give new insights about the description of the porosity of
zeolites, by highlighting the connectivity between pore domains of different sizes, (which is
characterized by different proton chemical shifts). This is made possible by observing the
transition of proton from one domain to another one. The present study can complete the
description of the textural properties of zeolites and be a link with the study of diffusion

properties®’.
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The "H NMR spectra obtained for each zeolite with previously adsorbed px are shown
in Figure 43. For conventional BaX zeolite, which has a monomodal porous distribution
(microporous), the 'H NMR spectrum shows only one large signal (noted A) characteristic of
this porosity. In contrast, for NA-1 zeolite, one can additionally distinguish a narrow signal
(noted C), which can be attributed to px in the fluid phase. Indeed, in addition to microporosity,
NA-1 also presents some mesoporosity (D, ~14 nm) and some macroporosity, which could
explain the presence of px in fluid phase. For NA-3, the 'H NMR spectrum shows three signals:
A and B are characteristic of the two porosities, respectively, micro and mesoporosity (D, ~5
nm), while C corresponds to px in fluid phase within the macroporosity. As the mesopore
diameter is smaller than in the case of NA-3, px may remain confined in this porosity which

explains the appearance of this signal B.

N

T T .

4 3 2 1 0
ppm

Figure 43. 1D 'H NMR spectrum of px adsorbed in different zeolites: conventional (black), NA-1 (red)
and NA-3 (blue). Spectra are not normalized to their mass; the intensity of spectrum of NA-3 was
multiplied by a factor of 4.

For conventional BaX, the 'H 2D NMR spectrum shows only one signal of px confined
in the porosity. The one-dimensional spectrum is then found on the diagonal of the 2D

spectrum. An example is given in Figure 44 for a mixing time of 200 ms.
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Figure 44. '"H 2D EXSY NMR spectrum of px adsorbed in conventional BaX zeolite for mixing time of
200 ms. The number of contour lines is related to the signal intensity. Signal A correspond to the
presence of px adsorbed in the micropores.

Figure 45 shows the '"H 2D EXSY NMR spectra of px adsorbed in NA-1 zeolites for
different mixing times. The absence of cross peaks at a mixing time of 0.5 ms indicates that no
exchange between px confined in the microporosity (signal A) and px in the fluid phase (signal
C) occurs during this short period. Yet, cross peaks become visible at 50 ms (which corresponds
to the minimum time needed to px diffuse between the microporosity and macroporosity) and
their intensity increases until 200 ms, above which it stays constant and then can eventually

decrease due to relaxation phenomena.
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Figure 45. 'H 2D EXSY NMR spectra of px adsorbed in NA-1 zeolite. The experimental mixing times
are shown above the spectra. At initial times (0.5 ms) two separate signals, A and C, are observed,
indicating no exchange between molecules in the fluid phase and molecules adsorbed in the micropores.
Proton exchange is observed from 50 ms, evidenced by the crossing scans.

'H 2D EXSY NMR spectra of px adsorbed in NA-3 zeolite are shown in Figure 46 for
different mixing times. Even for a short mixing time (0.5 ms), an off-diagonal peak is observed
between A and B signals. For a mixing time of 50 ms, a cross-peak between porosity B and px
in the fluid phase (signal C) is observed. For longer mixing times (200 ms), one can also observe
an off-diagonal peak between porosity A and px in the fluid phase. These results indicate that
the two porous domains A and B are connected and that the px in the fluid phase can migrate
between the two porosities.
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Figure 46. 'H 2D EXSY NMR spectra of px adsorbed on NA-3 zeolite. The experimental mixing times
are shown above the spectra. The presence of crossed signals at all times indicates strong exchange of
px molecules between different pose domains.
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322 Surface chemistry

3.2.2.1 Fourier-transform infrared spectroscopy (FTIR)

The IR analyses allow observing the OH groups in zeolites. The band at 3740 cm™,
marked with a dashed line in Figure 47 (a), was already addressed here as representative of
SiOH groups on the external surface of faujasite zeolites. The band at 3600cm™' is present in
the conventional zeolites and for the hierarchical zeolites. This confirms that the thermal
treatment used during the ion exchange caused a slight amorfization of the structure of
hierarchical zeolites, which may have generated EFAL species. The integral of the band
indicating silanol groups at the external surface was plotted against the external surface area of
the zeolites (Figure 47 (a)). As can be seen, a very similar density of OH groups on the external
surface is observed for all BaX zeolites, in contrast to what has been observed for NaX zeolites
(which present higher OH density for LL zeolite). In the case of conventional BaX zeolite, a
small amount of SiOH groups could be identified due to the discrete enhancement of its external
surface area after ion exchange. The SiOH density at the external surface for conventional BaX
is the same as for hierarchical BaX zeolites. The integral of the bands of the infrared spectra

was made after previous deconvolution of the bands (Annex 4), using Indigo software.
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Figure 47. (a) Infrared spectra showing the OH zone for the conventional (black) and hierarchical BaX
zeolites; (b) Correlation between the bands area of the IR spectra (i.e. OH groups amount) and the
external surface area for hierarchical and conventional BaX zeolite. Conv. BaX (black), NA-1 (red),
NA-2 (purple), NA-3 (blue) and LL (green).
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3.3. Conclusions on characterization

This chapter presented the characterization of the conventional and hierarchical zeolites
studied in this thesis. The characterization is of great importance for the understanding of their
performance for xylene separation. Special attention was given to the characterization of the
external surface of these zeolites and their pore network in order to further observe the impact

of these parameters on xylene diffusion and selectivity.

First, the direct identification model was successfully applied to nitrogen adsorption
isotherm and provided accurate information on the texture of zeolites. Problems linked to the
classical methods such as z-plot and Dubinin equation were also observed and discussed. The
series of NA hierarchical zeolites was found to have an external surface area between 38 and
83m?/g. A similar micropore volume (~0.27cc/g) was observed in the case of these samples.
The conventional NaX zeolite and the Layer-like structure (LL) present higher micropore
volume, 0.34 and 0.30cc/g respectively. The external surface area of LL zeolite is 45m?%/g
(intermediate between the NA samples). The BaX hierarchical zeolites showed a small loss of
microporous volume which should be associated with some degradation during the ion
exchange procedure and its subsequent thermal treatment. Conventional BaX zeolite exhibits
0.25cc/g while the hierarchical zeolites NA-2 and NA-3 (higher external surface area) present
around 0.16cc/g. The BaX-LL and NA-1 zeolites have a microporous volume of 0.18cc/g.

Pore size distribution was analyzed for NaX zeolites through a unified method. In this
method, the meso and macropore size distributions were determined by combining N> sorption
and Hg intrusion. Some attention was paid to the differences found between the applications of
BJH model for adsorption and desorption branches. The results showed that the materials
present mesopore sizes around 3.5 and 30nm. The mesopore size decreases progressively from
NA-1to NA-3, (LL pore sizes are close to those for NA-3). The accessibility of these mesopores
was tested by comparing the nitrogen sorption and mercury intrusion data. Through this
analysis, it can be concluded that the mesopores of zeolite LL appear more accessible than those
of the series NA. NA zeolites also have good accessibility, but a small percentage of the pores
appear to be constricted by bottlenecks below 4 nm. The scanning curves analyses were carried
out and allowed to have information about the range of pore diameters constricted in zeolites
NA. In general, the analysis of pore size distribution for BaX zeolite indicated pores with
diameters similar to those of the NaX zeolites. However, the volume accessible to the mercury

was lower with respect to the NaX zeolites.
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The electron microscopy analysis suggests the appearance of an internal macroporosity
in all samples, which appears to be more accessible in the NA hierarchical zeolites. This
observation can be made thanks to SEM/TEM images and the analysis of the N, adsorption
isotherm. In the case of LL zeolite, the complete N> desorption hysteresis closes at relative
pressures about 0.42 P/Py, which indicates the occurence of cavitation. In addition, the SEM
images obtained in the cross-polished section show that these pores are mainly surrounded by
micropores and, thus, confirm desorption through cavitation mechanism. SEM and TEM
analyses also confirm the presence of mesopores in all materials and, furthermore, some

channels connecting the outer surface and the heart of the aggregates can be observed.

Last but not least, the presence of OH groups at the zeolites surface was investigated by
IR analysis. There is a linear correlation between the amount of OH groups and the external
surface area in the hierarchical zeolites. In addition, LL zeolite appears to exhibit a higher
density of these OH groups at its surface when compared to NA zeolites. Furthermore, the
presence of these groups, which is probably a measure of surface polarity, will be used in order
to better understand the effects on surface selectivity. In the case of BaX zeolite, the OH density

at the external surface was found to be very similar among all zeolites.
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4. Xylene adsorption in conventional and

hierarchical zeolites

As already discussed, the separation of xylenes is done by means of adsorption on a
conventional BaX type zeolite. In order to improve the diffusional properties of the system, the
use of hierarchical zeolites with different external surfaces and different meso/macropore
volumes was proposed in this thesis. However, special attention should be paid to other zeolite
properties with respect to xylene separation - such as adsorption capacity and selectivity. In
order to evaluate such characteristics, thermogravimetry will be used to measure the adsorption
capacities of conventional and hierarchical zeolites and derive isoteric adsorption enthalpies.
These parameters are indicative of the interaction between the different xylene isomers and the
external surface of the zeolites. Next, the results obtained for liquid phase adsorption through
batch experiments will be presented. This will allow accessing information about the selectivity

of xylenes in conventional and hierarchical zeolites.

4.1. Adsorption in partially saturated medium

Adsorption isotherms of pure px and ox were measured in order to evaluate the
adsorption capacity of conventional and hierarchical zeolites. The choice between these two
xylenes was motivated by the polarity difference between them - px is a non-polar molecule
while ox is the most polar molecule among xylene isomers. As pointed out by Bellat et al.!?,
the external surface of a conventional faujasite zeolite should adsorb more polar molecules than
apolar — which means that between px and ox, the surface of a faujasite zeolite would present
greater affinity for the ox molecules. In the case of hierarchical zeolites, such as the zeolites
used in this thesis, it is important to investigate whether the increased external surface area

entails significant adsorption differences between px and ox.

As mentioned in Chapter 2 (2.3.1 Thermogravimetric analyses), the gas adsorption
isotherms were measured using a thermobalance which is connected to a saturator. N gas is
used as the carrying gas through the saturator, where it is enriched with xylene molecules. The
pressure of xylene within the thermobalance can be varied as shown in Chapter 2 (paragraphe

2.3.1.4). For each xylene pressure surrounding the zeolite sample within the thermobalance, the
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zeolite adsorbs a specific amount of xylene. As the xylene pressure increases, the adsorbed
amount at equilibrium in the zeolite increases. So doing, the adsorption isotherms are measured
by varying the pressure of xylene while the temperature is maintained constant.
Thermogravimetry is a widely used technique in studies related to xylene adsorption*’ 3. By
varying the temperature, the number of adsorbed molecules varies as well. The higher the

temperature, the lower the adsorbed amount of xylene.

The adsorption isotherms of pure xylenes in the hierarchical and conventional zeolites
are presented in Figure 48. Significant adsorption can be observed already at low pressures of
xylene. The adsorption of px in conventional BaX zeolite was compared to values reported in
the literature. According to Moise's thesis'!, the adsorption of px at 150°C shows a saturation
equivalent to 3.4 molecules/a cage. Meanwhile, in this work the adsorption of px at 150°C is
about 3.6 molecules/a cage. The difference between the two measurements is probably due to
the error inherent to the differences in the analysis, or to an improved cristallinity of the zeolite
or to possible additional adsorption that would occur at the surface (crystals used here are
relatively small - 1.5 um). In addition, the BaX zeolite studied in this thesis exhibits some small
mesoporosity, due to the cation exchange treatment and the subsequent thermal treatment,

which may also contribute to the increased adsorption.

With respect to the adsorption capacity of the zeolites, the zeolite NA-3 has a larger
adsorption capacity than LL and the conventional zeolite. This enhanced adsorption seems to
be directly associated with the presence of a greater mesoporous volume/external surface area.
Indeed, this is the textural feature that differentiates the NA-3 zeolite from the other zeolites
considered here. Therefore, in the case of NA-3 zeolite, adsorption probably corresponds to the
filling of the micropores (~3.9 molecules/a cage at 100°C which matches adsorption in
conventional zeolite) and to the adsorbed amount in the mesopores/external surface. Therefore,
the amount adsorbed in the mesopores/external surface must correspond to the difference
between the adsorbed amount at saturation and the adsorbed amount corresponding to
micropore filling (~3.9 molecules/a cage). At 175°C — the temperature at which xylene
separation is performed, the excess amount corresponding to adsorption in mesopores/external
surface in NA-3 zeolite is about 0.4 molecules/a cage. LL zeolite exhibits an adsorbed amount
of ox which is close to the adsorbed amount for the conventional zeolite. On the other hand, the
adsorption of px in the LL zeolite is lower than that for the conventional zeolite. Two

explanations are possible for these differences: (1) the mesopore volume of LL zeolite is not
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Figure 48. Adsorption isotherms of pure px and ox in conventional and hierarchical BaX zeolites:
Conventional BaX zeolite (black), LL BaX zeolite (green) and NA-3 BaX zeolite (blue). Filled symbols
indicate the adsorption of px and empty symbols refer to the adsorption of ox. The different temperatures
can be identified by the symbols: squares (100°C), triangles (150°C) and lozenges (175°C).
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large enough to observe significant difference in the total adsorbed volume or (2) the
morphology of the zeolite, made up of layers, exhibits many cavities open towards the exterior.
This may decrease the stability, i.e. energy, of the adsorbed molecules in such cavities. In the
literature, the presence of an adsorption site, referred to as window site, that is observed at high
filling rates, has been identified at the entrance of the supercavities'”?°. The adsorption of

xylene in such a site may not be possible due to lack of stability in the morphology of the zeolite

LL.

Thermodynamic properties such as the isosteric enthalpy of adsorption AH,4s can be
derived from adsorption isotherms measured at different temperatures'?®. The adsorption
isotherms presented in Figure 48 were measured at different temperatures in order to obtain
such enthalpy of adsorption at different loadings for conventional and hierarchical BaX zeolites.
The isosteric adsorption enthalpies are calculated based on the Clausius-Clayperon equation
(Eq 59). This equation states that, for a given loading 8 of adsorbed molecules, the temperature
and pressure provide a measurement of AH,;,. The slope of the curve of /n p versus 1/7,

described by Eq 59, therefore provides the isosteric enthalpy of adsorption (AH;45).

AH,

s~ anopra ),

4.1.1 Modeling of adsorption isotherms

Prior to the calculation of the isosteric adsorption enthalpy, the adsorption isotherms at
different temperatures were compared with each other according to the Polanyi characteristic
curve A = f(W). The adsorbed amount W is a function of the adsorption potential defined as
A = RTInpg,./ p. The characteristic curve was plotted in order to observe the temperature
invariance of the adsorption in conventional and hierarchical zeolites. The Polanyi theory states
that the adsorption potential is the work of adsorption forces which are temperature
independent!?. In other words, Polanyi theory proposes that each adsorbent/adsorbate system
can be represented by a characteristic distribution curve of adsorbed amount, which is

independent of temperature.

108



0.24 -
" (a)
- h
= »
§ D% I“ L g
= 0.22 -
S O A *
~ O
2 A@ O
0.20 . A <>. .
0.E+00 2.E+04 4. E+04 6.E+04
A (J/mol)
0.18 -
(b)
f\
=
B
0.16 -
=
2
0.14‘ T T 1
0.E+00 2.E+04 4. E+04 6.E+04
A (J/mol)
0.30 - (C)
|
x0.28 -
N
o
O
2 o
= | A
N 0.26 A s *
A
iP5 © .
0.24 . . .
0.E+00 2.E+04 4 E+04 6.E+04
A (J/mol)

log w (log cc/g)

log w (log cc/g)

log w (log cc/g)

-0.62

| (d)
y =-8E-09x - 0.63
-0.67 -
y =-1E-08x - 0.66 &
R%2=0.79
-0.72 T T )
0.E+00 2.E+06 4. E+06 6.E+06

(Tlog(psat/p))*

-0.73 -~ (e)
y =-1E-08x - 0.75
R?=0.80
-0.78 ~
y =-1E-08x - 0.78
R2=0.92
-0.83 T T )
0.E+00 2.E+06 4.E+06 6.E+06

(Tlog(psat/p))*

-1.2 - (f)
y = -6E-06x - 1.29
-1.4 1 R2=0.78
L2
1.6 }%D%‘%AD\%
y =-3E-06x - 1.49
R?=0.52

-1.8 T T T T

9.E+03 2.E+04 3.E+04 4.E+04 5.E+04

A (J/mol)

Figure 49. Characteristic adsorption curves of px and ox in conventional and hierarchical zeolites: (a)
conventional, (b) LL and (c) NA-3. Linear plot of Dubinin-Radushkevich equation of px and ox in the
conventional and hierarchical zeolites: (d) conventional and (e) LL. Linear plot of the characteristic
curve equation for nonporous materials of px and ox on the surface of hierarchical NA-3 zeolite (f).
Filled symbols indicate the adsorption of px and empty symbols refer to the adsorption of ox. The
different temperatures can be identified by symbols: squares (100°C), triangles (150°C) and lozenges

(175°C).
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As can be seen in Figure 49 (a), (b) and (c), adsorption for each xylene measured at
different temperatures satisfies the condition given by Polanyi for both conventional and
hierarchical zeolites. This condition is important since it shows that the measures carried out

with the thermobalance are coherent from a thermodynamic point of view.

Later, Polanyi theory was used by Dubinin and Radushkevich to describe adsorption in
microporous materials and also on nonporous surfaces. In both cases, the adsorbed volume
distribution was treated as a Gaussian distribution®®. The well-known Dubinin-Radushkevich

model for adsorption in micropores in its linear form is therefore expressed by the following

relation: logW = log W, — % (T log (%)) 2. By plotting (T log (%)) % as a function of the

logarithm of the adsorbed volume /log W, the parameter % can be obtained from the slope of
the curve. Similarly, the logarithm of micropore volume capacity (W) is obtained from the

intersection with the Y axis. Such information allows tracing new adsorption isotherms at

different temperatures.

The linear plot of the DR equation in Figure 49 (d) and (e) shows a good correspondence
with the experimental data for the conventional and LL BaX zeolites. The DR model was
chosen to describe the adsorption in these zeolites due to the microporous characteristics of
these materials. The zeolite NA-3 could not be accurately represented by the DR equation, due
to adsorption in its mesopores/external surface. Based on the parameters extracted through the
curves in Figure 49 (d) and (e), the model for adsorption of px and ox isotherms in conventional
and LL BaX zeolites can be used satisfactorily (Figure 50). The adsorption model better fits the
conventional zeolite than the LL type zeolite, which is probably due to the mesoporosity present

in LL.

As already mentioned, the zeolite NA-3 is made up of micro and mesopores. As a result,
enhanced adsorption of px and ox molecules in NA-3 zeolite is observed compared to
conventional zeolite. Therefore, the adsorption in the micropores (1) and adsorption in the
mesopores/external surface (i1) were both considered in the adsorption model of xylene in
zeolite NA-3. For this, the contribution of micropores in zeolite NA-3 was considered to be the
same as that in the conventional zeolite. With respect to adsorption in the mesopores/external
surface, this adsorbed volume was assumed to be the difference between the total adsorbed
volume in the zeolite NA-3 at a given pressure and the total adsorbed volume at the same

pressure for the conventional zeolite.
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Figure 50. Comparison between experimental data and model for adsorption isotherms of px and ox on
conventional and hierarchical BaX zeolites: conventional BaX zeolite (black), LL BaX zeolite (green)
and NA-3 BaX zeolite (blue). Filled symbols indicate the adsorption of px and empty symbols refer to
the adsorption of ox. The different temperatures can be identified by symbols: squares (100°C), triangles
(150°C) and lozenges (175°C).
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Once the adsorption volume in the mesopores/external surface was estimated, it was

described by the characteristic curve for nonporous materials proposed by Radushkevich?®
m
2

49 (f) for the different xylene isomers and at different temperatures. These data allow one to

(logW = logW, — — A). These curves, for adsorption in NA-3 zeolites are shown in Figure

obtain the parameters of the equation to modeladsorption isotherms at different temperatures in
the mesopores/external surface. The adsorption isotherms for the NA-3 hierarchical zeolite
could then be expressed as the sum of the model described by the adsorption in the micropores
in the conventional zeolite and by the adsorption model in the mesopores/external surface. The
final model for adsorption on NA-3 zeolite is presented in Figure 50, showing a good agreement

with the experimental data at different temperatures for different xylene isomers.

4.1.2 Isosteric adsorption enthalpies AH 44

Once the adsorption models of px and ox are obtained for the conventional and
hierarchical zeolites, the thermodynamic properties such as enthalpy can be obtained according
to the Clapeyron-Clausius equation (Eq. 59). The isosteric enthalpies of adsorption calculated
for the conventional and hierarchical LL and NA-3 BaX zeolites are shown in Figure 51. In
order to compare the enthalpies of adsorption obtained here with those already available in the
literature, the enthalpies of adsorption for px and mx at 150°C on a conventional BaX zeolite
are also shown in Figure 51 (dark and light orange lines for mx and px, respectively). From the
literature data, we can see that the adsorption enthalpies are constant and larger at low loadings
compared to adsorption heats at high loadings. In addition, the enthalpies of adsorption for both
px and mx are similar from low to intermediate loadings. However, at high loadings, a drop in
the adsorption heats is observed. Moreover, at high loadings, the adsorption enthalpies for px
and mx are different: a more pronounced decrease in the adsorption enthalpy for px is observed
compared to mx, which suggests that, near saturation, px molecule is adsorbed in different, less

energetic adsorption sites!®.

In the case of the zeolites studied here, the adsorption enthalpies were measured at high
loadings from values of about 3.3 molecules/a cage. In Figure 51 (a), it can be observed that
the zeolites with the largest adsorption capacity present an offset in the adsorption enthalpies
towards higher values (NA-3 > Conv. > LL). The same is true for the adsorption enthalpies of
the different isomers. For example, the most obvious case is the adsorption of the zeolite LL

where more ox molecules are adsorbed compared to px, so that a higher adsorption heat is
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observed for the adsorption of ox. This can be interpreted as a stronger adsorption of ox on the

surface of LL zeolite.
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Figure 51. Isosteric enthalpy of adsorption for xylene in zeolite BaX at 150°C represented as a function
of molecules per cage (a) or fractional loading (b). Triangles represent the enthalpy of adsorption
measured for pure px and the squares are the enthalpy of adsorption for pure ox. The black color
represents the conventional BaX zeolite and the green and blue colors correspond to the BaX-LL and
BaX-NA-3 zeolites, respectively. The dark and light orange lines represent the enthalpy of adsorption
for mx and px, respectively. The latter data were obtained from the literature and also correspond to BaX
zeolite adsorption at 150°C'®. The dashed gray line corresponds to the enthalpy of vaporization at the
same temperature.
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It is interesting to observe how the adsorption enthalpies vary according to the
adsorption loading in Figure 51 (b). Almost independent enthalpies of adsorption with respect
to the type of isomer analyzed are observed. Furthermore, for the zeolites analyzed here, the
adsorption enthalpies are more important for the conventional zeolite followed by the zeolite
LL and zeolite NA-3. This seems logical since, at high loadings, a larger contribution of
molecules adsorbed at the external surface of NA-3 zeolite is observed compared to the
conventional zeolite. As surface adsorption is less energetic than adsorption in micropores, this

justifies the smallest values for the adsorption enthalpies of NA-3 zeolite.

4.2. Adsorption in saturated zeolites

In this section, the results of xylene selectivities for conventional and hierarchical
zeolites, obtained from liquid batch experiment, as described in Chapter 3 (2.3.3 Liquid batch
experiments at ambient temperature), will be presented. The selectivity was evaluated for NA
and conventional NaX zeolites so that the effect of an increased external surface on px-
selectivity could be observed. The xylene selectivities for different BaX zeolites were also
measured, which allowed evaluating the effects on selectivity of different structure types (NA,
LL and conventional BaX zeolite). Through this last study, it was also possible to determine
the role of the external surface in the selectivity of a para-selective zeolite (BaX) and to identify

differences with respect to a non-selective zeolite (NaX).

4.2.1 Selectivity with NaX zeolites

From the preliminary tests performed in liquid phase for NaX zeolite, it is possible to
observe that, for both isomer mixtures (px/ox and px/mx), the px-selectivity decreases as the
external surface area of the zeolites increases. In Figure 52, the values in bold show the average
px-selectivity found for the different zeolites. The minimum and maximum selectivity values
obtained in each experiment are also reported. Some results show a lower accuracy, i.e. large
error bars, than that desired in view of the difference of selectivities for the different zeolites -
as is the case of the px/ox selectivity for the conventional zeolite. Nevertheless, we can note a
clear trend in the px-selectivity which decreases for zeolites with larger external surface areas.

In addition, px-selectivity in the presence of mx is greater in comparison to a px/ox mixture.
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Figure 52. px-selectivity at saturation measured in liquid phase for different mixtures: (a) px/ox
(50%:50%) and (b) px/mx (50%:50%). The conventional and hierarchical NaX zeolites correspond to
the different colors: conventional (black) and hierarchical zeolites - NA-1 (red), NA-2 (purple), NA-3
(blue) and LL (green). The tests were performed at room temperature.

In an attempt to identify the external surface selectivity for hierarchical zeolites, three
hypotheses were made: (1) at saturation, a layer of xylenes is adsorbed at the external surface
of the hierarchical zeolite; (2) the selectivity measured for the hierarchical zeolites is an
effective selectivity, corresponding to the combination between the selectivity in the micropores
and external surface selectivity; (3) the selectivity in the microporous phase in hierarchical

zeolites is given by the selectivity in the conventional NaX zeolite.
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The volume of xylene adsorbed at the external surface of the hierarchical zeolites is
given by the product of the external surface area of each zeolite (obtained through N> sorption
measurements - m?/g) and the thickness of the adsorbed film which is assumed to be equal to

the size of the xylene molecule (0.42 nm).

VSUT = 0.001S,,, 0.42 Eq 60

ads

surf .

the factor 0.001 is used in order to obtain the adsorbed volume in the surface V. in cc/g.

ads

To estimate the surface selectivity of the zeolites, the selectivity measured during the
experiment for the hierarchical zeolites was assumed to be an effective selectivity determined
from a correlation between the surface and micropore selectivities and the respective amounts

of xylene adsorbed in each domain (surface or micropores).

In the selectivity tests performed for a mixture of two components, Cpyand C,, are

the concentrations of both isomers in the liquid phase and the selectivity (@tpx/(n)x) 1S given by:

Qpx C(n)x Qpx
a = - Eq 61
pax/(n)x CI(n)x Cpx dtot - 9px .

where qpy and q(,)y are the adsorbed amounts of each isomer. In the case where adsorption at

the external surface takes place, the surface selectivity (agx /(n)x) can be expressed as:

qzx C(n)x qzx C(n)x qzx C(n)x
px/(yx = = = Eq 62

a —
Qe Cpx  Grot—px Cpx O Grot— dpx Cpx

where o is the ratio corresponding to surface adsorption with respect to total adsorption. The

amount of px adsorbed at the external surface (g, ) can be then written as follows:

“Sx/(n)x
S j—
Qpx = Come 0 (Gtot Eq 63

Tox T Wy (nx

o

The selectivity in the microporous phase (@ /)«

) is then given by
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& _ Q;)lx C(n)x _ qzx C(n)x _ qu C(n)x Eq 64
px/mx qéln)x Cox Qtot — qs — CI;x Cpx Gror (1 —0) — qu Cpx

and,
& px
(n)x
Gpx = g deot (1 — 0) Eq 65
(n)x °
C._ T px
px (m)x
The effective selectivity therefore includes the surface and micropore adsorption
contributions:
[ N
. Ipx T Apx
Epx/(m)x = Eq 66

[ s
Atot — Qpx — 9px

which results in an equation for the effective selectivity:

° s
a a
= px/(m)x (1-0)+ = px/(n)x o
(m)x +a (m)x +al
. TG oo Cox o/ Conyx
Upx/()x = Cox Eq 67
S o
1- 7 /x| _ - Xpx/m)x (1-0)
(m)x S (n)x °
2 +a X +a
Cpx px/(n)x Cpx px/(n)x
where @, /(nyy 18 the effective selectivity measured for hierarchical zeolites, a;x /(n)x 18 the
selectivity in micropores (measured for the conventional zeolite) and agx J(n)x 18 the surface

selectivity to be estimated. o corresponds to the percentage of xylene adsorbed at the external
surface of the hierarchical zeolites with respect to the total adsorbed amount. Cy,), and Gy are

the concentration of the respective isomers in the liquid phase.

Table 8 and Table 9 show the estimated px-selectivity at the external surface of
hierarchical zeolites in the presence of ox and mx respectively. It is interesting to note that the
surface selectivity significantly differs between the hierarchical zeolites. However, it represents
only a slight difference in the effective selectivities. This is due to the fact that the effective
selectivity is mainly influenced by the selectivity in the microporous phase since the largest

part of the molecules is adsorbed in the micropores.
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Table 8. px/ox surface selectivities for hierarchical zeolites type NA. Vi and VS4I represent the volume
adsorbed in micropores and at the external surface area, respectively.

Zeolite (Sext - m?/g) Vi (ce/g)  VET(ce/g) o O /ox O fox Uy fox
Conv. NaX (0) 0.27 ; ; 0.73 0.73 ;
NA-1 (38) 0.23 0.016 7% 0.71 0.73 1.40
NA-2 (64) 0.23 0.026 11% 0.70 0.73 1.08
NA-3 (83) 0.21 0.034 16% 0.68 0.73 0.57

Table 9. px/mx surface selectivities for hierarchical zeolites type NA. Vp and VS represent the
volume adsorbed in micropores and at the external surface area, respectively.

Zeolite (Sext - m?/g) Vi (ce/g) Vs f(cc/ Q) c Uy /max a;x Jmax ocf,x Jmx
Conv. NaX (0) 0.28 - - 1.06 1.06 -
NA-1(38) 0.23 0.016 7% 1.03 1.06 2.10
NA-2 (64) 0.23 0.026 11% 1.02 1.06 1.60
NA-3 (83) 0.23 0.034 15% 0.99 1.06 0.85

As shown in Table 8 and Table 9, the px-selectivity at the external surface decreases as
the external surface of the zeolites increases. It is also possible to observe that the px/ox
selectivity at the surface is smaller than the px/mx selectivity. In zeolites with small external
surfaces, the difference between px/ox and px/mx is larger with respect to zeolites with larger

external surfaces.

In order to better understand the origin of the selectivity effect at the surface of the
hierarchical zeolites, surface selectivities were plotted versus the amount of silanol groups
present at the outer surface (Figure 53). The estimation of the amount of silanol groups was
made from the integral of the IR band appearing at 3740 cm™ assigned in the literature to
silanols at the external surface (Chapter 3, in 3.1.2.2 Fourier-transform infrared
spectroscopy (FTIR)). As can be observed, the amount of silanol groups correlates well with
the selectivity data and may, therefore, be the cause of the selectivity variations occurring at the
surface of the hierarchical zeolites. The selectivity at the surface is therefore thought to be
linked to the interaction between the silanol groups and the xylene molecules. However, the
silanol groups cannot explain the small selectivity differences between px/mx and px/ox (since
this difference is also observed for the conventional zeolite, which has an external surface area

close to zero). Nevertheless, when comparing the differences between px/ox and px/mx
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selectivities with respect to the amounts of silanol, it is noticed that the larger the amount of
silanol groups the smaller the difference between both selectivities. This suggests that, for a
larger surface polarity (greater number of OH groups), mx and ox are adsorbed at the surface in

a similar way.
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Figure 53. Correlation between the surface selectivity and the amount of OH groups present at the
external surface. The hierarchical NaX zeolites correspond to the different colors: NA-1 (red), NA-2
(purple) and NA-3 (blue). Circles correspond to px/mx selectivity and squares correspond to px/ox
selectivity.

Since the outer surface of the hierarchical zeolites appears to induce preferential
adsorption of ox, and to a lesser extent of mx, immersion calorimetry experiments were
performed. The immersion calorimetry measures the enthalpy of adsorption released when the
zeolite is brought into contact with a liquid. In fact, the hierarchical zeolite surface presents an
impact on the immersion enthalpies for the different isomers. For hierarchical zeolites, the
immersion enthalpies are larger for zeolites with larger external surface areas (Figure 54). The
decrease in px/mx selectivity as the external surface area of the zeolites increases seems to be
partially explained when comparing the immersion enthalpies for px and mx. The immersion
enthalpies of mx for the hierarchical zeolites are always larger than those for px, which suggests
a large affinity of the external surface of the zeolites with px molecules. However, it does not
explain the fact that NA-1 and NA-2 are still px-selective. When comparing the immersion
enthalpies of px and mx for the conventional zeolite, very similar values are found which is
consistent with the fact that the microporosity of the NaX zeolite is not selective between px or

mx.
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However, the immersion enthalpies do not allow explaining the preferential ox-
selectivity of the zeolites. While for the zeolites NA-1 and NA-2 the immersion enthalpies of
ox are larger than those for px, the magnitude of immersion enthalpies of mx are always larger,
which is in disagreement with the selectivities previously obtained from batch experiment
(px/mx selectivity always larger than px/ox selectivity). Moreover, in the case of the
conventional zeolite, the immersion enthalpy of px is larger than that of ox. This suggests that,

in the case of px/ox, the selectivity is not a purely enthalpic factor in NaX zeolites.
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Figure 54. Immersion enthalpies of px (green), mx (orange) and ox (blue) at room temperature for the
different NaX zeolites (along x axis).

Although the immersion enthalpies explain, in part, the selectivity for the NaX zeolites,
these data should be evaluated with caution. At the end of the analyses, it was observed that the
hierarchical zeolite samples acquired a yellowish coloration, which suggests that a chemical
reaction occurred and that it may have consumed part of the energy released during the
immersion. The absence of yellowish coloration in the conventional zeolite sample indicates
that this reaction is only occurring at the external surface. We believe this reaction results from
the oxidation of aromatic molecules and further condensation of benzenic nuclei that are
deposited at the surface. This kind of reaction occurring at the surface of faujasite zeolites has
already been reported'*°. However, in the case of the zeolites studied here, the origin of the
reactivity is not well understood. Nevertheless, the occurrence of the reaction seems to be linked
to the heating of the system during xylene adsorption, i.e. in the breakthrough column and in
the case of immersion calorimetry, the system is heated during xylene adsorption but this heat

is not instantaneously released.
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The fact that a reaction takes place at the external surface of the hierarchical zeolites is
also supported by results obtained through breakthrough curves (Annex 5). In summary, a
significant drop in the microporous volume is observed after the measurements. In this case,
the microporous volume is evaluated from the adsorption of xylene molecules. Thus, deposition
of coke at the surface during the supposed reaction could block the porosity, therefore
preventing the access and adsorption of xylenes in the micropores. This would result in a

decrease in the microporous volume, as seen in the breakthrough measurement.

4.2.2 Selectivity on BaX zeolites

The adsorption characteristics of xylene isomers for the conventional and hierarchical
zeolites, obtained from liquid batch experiment after a time of 3 h and a time of 24 h, are shown
in Table 10 and Table 11. After 3h, the hierarchical zeolites already present quite significant
xylene adsorption, with an adsorbed amount larger than the adsorbed amount for the
conventional zeolite. Up to this stage, the selectivity in the hierarchical zeolites NA-1 and NA-
2 are similar and, in some cases, even larger than for the conventional zeolite. However, a loss

of selectivity is already observed for zeolite NA-3 (greater external surface) and for zeolite LL.

After 24 h, the xylene adsorption capacity for the NA-type hierarchical zeolites remains
larger than in the case of LL and conventional zeolites (the mean values are 3.13 molecules/a
cage in NA zeolites, 2.77 molecules/a cage for conventional zeolite, and 2.57 molecules/a cage
for LL). It is important to note that the adsorption capacity measured in the liquid phase is
significantly reduced with respect to the adsorption capacity previously measured from the gas
phase (even if the gas phase measurements have been made at higher temperatures). This
difference in adsorption capacities probed from the gas and liquid phases should be understood
as the result of diffusional limitations experienced by the system in the liquid phase at low
temperatures, which prevents the zeolites from reaching the adsorption equilibrium even after
24 h. In addition, in the liquid phase adsorption for the hierarchical zeolites, which contain
macropores, the adsorbed molecules are supposed to be in equilibrium with the bulk liquid
phase. Therefore, the amount adsorbed in the macropores is not taken into account since the
estimation of the adsorbed amounts are made from the analysis of molecules left in the liquid

phase.
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Table 10. Xylene (px + ox) adsorption characteristics for the conventional and hierarchical zeolites after
a time of 3h and 24h at ambient temperature.

px/ox 3h 24h

Sample  zeo (g) Molecule/ *nC10  Selectivity Molecule/  *nC10  Selectivity
(BaX) a Cage (2) (px/ox) o Cage (2) (px/ox)
NA-1 2.53 2.75 0.09 1.75 3.14 0.06 1.89
NA-2 2.54 2.92 0.06 1.87 3.16 0.05 2.35
NA-3 2.54 3.10 0.06 1.49 3.21 0.05 1.62

LL 2.60 2.33 0.12 1.37 2.56 0.10 1.54
Conv. 2.57 1.92 0.20 1.5 2.66 0.13 3.71

* Remaining adsorbed mass of nC10 after xylene adsorption.

Table 11. Xylene (px + mx) adsorption characteristics for the conventional and hierarchical zeolites after
a time of 3h and 24 h at ambient temperature.

px/mx 3h 24h

Sample  zeo (g) Molecule/ *nC10  Selectivity Molecule/  *nC10  Selectivity
(BaX) a Cage (2) (px/mx) o Cage (2) (px/mx)
NA-1 2.58 2.51 0.11 1.61 3.32 0.05 1.79
NA-2 2.59 2.65 0.09 1.85 2.87 0.07 2.17
NA-3 245 2.89 0.07 1.34 3.07 0.06 1.36

LL 2.61 2.41 0.12 1.23 2.57 0.10 1.31
Conv. 2.47 1.85 0.21 1.72 2.87 0.11 2.67

* Remaining adsorbed mass of nC10 after xylene adsorption.

In all cases, px adsorption is favored over mx and ox adsorption. In addition, the px-
selectivity is not the same among the different samples. Highest para-selectivity is obtained for
the conventional zeolite. As can also be seen in Table 10 and Table 11, the adsorbed amounts
and selectivity are quite close when comparing px/ox and px/mx adsorption for the same types
of zeolites, i.e. NA-3 presents 3.21 molecule/a cage and px-selectivity of 1.62 for px/ox
adsorption and 3.07 molecule/a and px-selectivity of 1.36 for px/mx adsorption. The most
different values of selectivity are found for the conventional zeolite which exhibits lower px/mx
selectivity relative to px/ox selectivity. Nevertheless, such a selectivity difference is at the limit
of reproducibility that can be found in this type of analysis. Annex 6 contains a graph showing
two batch analyses under the same temperature and apparatus conditions used to obtain the

results presented here. Several samplings were taken at different time intervals. Most of the
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data indicate a good reproducibility of the method. However, for the last point, a variation in

the adsorbed amount of ox up to 15% can be observed for the 24-hour sampling.

px-selectivity was evaluated for all the sampling intervals and, consequently, for
different loadings (Figure 55). In general, selectivities are roughly similar for conventional and
hierarchical zeolites, except for the last point close to saturation. In the latter case, the selectivity
of the conventional zeolite was found to be larger than the selectivity in hierarchical zeolites.
Likewise, the evaluation of px/ox selectivity from the addition of ox in a zeolite previously
saturated with px (inset Figure 55) indicates a surface effect on selectivity. As the outer surface
is increased in NA-type zeolites, a decrease in selectivity is observed. The selectivities are
generally larger in this case than when xylenes are added at the same time. This may be justified
by the fact that in the case of an initial px adsorption, the system has a preference for not
changing the already adsorbed px molecules in the structure by ox molecules. It should also be
noted that when investigating selectivity on a previously px saturated zeolite, the px-selectivity
of the zeolite LL is the lowest and is even lower than when measuring selectivity through the
conventional method. This observation suggests that the LL morphology does not stabilize px

molecules like the other zeolites.

A possible explanation for the selectivity loss in hierarchical zeolites is the fact that the
increase of the external surface area induces a preferential adsorption of more polar isomers
(mx and ox) compared to px. One of the hypotheses suggests that an increased external surface
area generates more sites for xylene adsorption - directly at the external surface. Such molecules
are adsorbed at the outer surface, the driving force for the selectivity in this region would be
enthalpy (which was expected to be larger for the most polar molecules). However, such a
hypothesis seems questionable since the adsorption enthalpies observed in the previous section
do not appear to be significantly different between px and ox at high loadings (Figure 51). The
other hypothesis concerning the loss in selectivity for hierarchical zeolites is related to entropic
differences between xylene adsorption in conventional and hierarchical zeolites. As already
discussed, it is known that px-selectivity in a conventional BaX zeolite is promoted by the
presence of an adsorption site (window site) at high loadings'”!®!3!_ This site only allows px
adsorption, due to the aligned position of the methyl groups. Thus, px presents a larger number
of possible adsorption configurations in comparison to the other isomers. In other words, px
adsorption is entropically favored. However, the effect that the hierarchization of the zeolitic
structure may have on the stability of adsorption in the window sites (selective to px) is not

known. This site is located in the windows that may be exposed to the exterior at the crystal
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edges. Hierarchical zeolites with large external surface areas display more crystal edges
compared to a conventional zeolite. So far, it is not known whether open window sites at the
outer surface have the same ability to stabilize the adsorption of px molecules as a window site
within the crystal. Considering the significant difference between px-selectivity in conventional
and hierarchical BaX zeolites, the hypothesis relating the loss of selectivity to a destabilization
of the window site seems to be the most coherent. However, we do not ignore the first
hypothesis where surface adsorption may exert some influence on the loss of selectivity, but it

is not able to explain itself all the selectivity changes observed.

8 -
5 - A 7.12
2 ¢
2
8 A 479
S 4 -
4 - 3 A 333
< 2 -
=) A 1387
2 0.89 u
'E 0 T T 1
9
3 3 - 1.00 200  3.00  4.00
% molecule/a cage P
3 [ |
5 °
[ |
m °®
o® ° oof 0
° o 0°® [ Jad r
o © ‘lﬂ” y
lﬁ 4 “ '
1 “ yus
ol
- |
0 . T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

molecule/a cage

Figure 55. px-selectivity at different loadings for conventional (black) and hierarchical zeolites: NA-1
(red), NA-2 (purple), NA-3 (blue) and LL (green). Square symbols represent px/ox selectivities for a
test done in excess of nC10 and subsequent addition of px/ox (50%:50%). Circles represent px/mx
selectivities for a test done in excess of nC10 and subsequent addition of px/mx (50%:50%). The inset
shows the px/ox selectivities for a zeolite pre-saturated with px (fluid phase with excess of nC10) and
subsequent addition of ox. All tests were performed at room temperature.
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4.3. Conclusions on adsorption properties

The adsorption capacity of the hierarchical zeolites was first investigated in gas phase.
The amounts of xylene adsorbed in NA type hierarchical zeolites were found to be larger than
in the conventional zeolite. On the other hand, the zeolite LL exhibits an adsorption capacity
equal or smaller than the conventional zeolite. The adsorption of pure xylene isomers in the
conventional zeolites and NA-3, observed by means of thermogravimetry, as well as the
adsorption heats are very similar for the px and ox isomers. This does not allow us to conclude
about surface selectivity. For zeolite LL, larger adsorption can be observed in the case of ox in
comparison to the adsorption of pure px. This may therefore be an indication of preferential

adsorption of ox at the outer surface.

In order to evaluate xylene selectivites, liquid batch experiments were performed. The
hierarchical zeolites are found to be less selective to px compared to conventional zeolites (for
both Na and Ba type). In the case of the NaX hierarchical zeolites, the low selectivity seems to
be related to the fact that a part of the molecules is adsorbed at the external surface, which
contributes to reducing the effective px-selectivity. In the case of hierarchical zeolites with the
largest external surface area (NA-3), the px-selectivity estimated at the surface is much lower

than the px-selectivity measured in the micropores.

Meanwhile, for BaX zeolites, the px-selectivity loss is more pronounced than in NaX
zeolites, which may indicate other causes besides surface adsorption. The selectivity loss in
BaX zeolites may for instance be related to the decrease in stability of the px-selective window
sites. The decrease in the window site adsorption would therefore be due to the increase of the
outer surface in the hierarchical zeolites. In addition, the larger the surface, the greater the
number of window sites affected, which explains a decrease in the selectivity as the specific
surface of the NA hierarchical zeolites increases. The zeolite LL exhibits a larger px-selectivity
loss compared to NA zeolites, which can be interpreted as coming from the LL-type structure

made up of edges.
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5. Xylene diffusion in conventional and
hierarchical zeolites

The study of diffusion is an important step for the evaluation of hierarchical zeolites and
their applicability to xylene separation. In this chapter, the different hierarchical and
conventional zeolites will be tested with respect to the transport of xylenes. In view of the final
application, the different structure types were tested in their barium form (obtained by ionic
exchange as described in section 2.1). In a first part, we will investigate the transport of xylenes
in the zeolitic structures in the liquid phase, i.e in the saturated medium by means of counter-
diffusion. In a second part, the transport of xylenes in the zeolitic structures is studied in the
gas phase, i.e. in the partially saturated medium using different techniques. This second part
aims at investigating important effects such as the impact of the surface in the diffusion of
xylenes. In the literature, the presence of external surface barriers, which were identified in

hierarchical zeolites, lead to a reduced use of their diffusive efficiency.

5.1.  Counter-diffusion in saturated medium.

In this section, results for xylene counter-diffusion in liquid phase for conventional and
hierarchical zeolites will be presented. The counter-diffusion experiments were performed for
the conventional BaX and for the different BaX hierarchical zeolites (NA/LL). This study
allows observing the influence of the external surface area as well as the influence of an
additional meso/macroporosity network of the different structures types (NA, LL and

conventional BaX zeolite) on xylene diffusion.

5.1.1 Counter-diffusion of px in the presence of mx or ox

The counter-diffusion tests were performed according to the methodology described in
section 2.3.3.2. For that, nC10 is initially mixed with the zeolite for about 30 min. The use of
nC10 as solvent allows observing larger step changes in the xylene concentration in the liquid
phase and reduce heat of adsorption released upon xylene adsorption. Then, the px/ox or px/mx
(50%:50%) mixture is added. After addition of the xylenes, liquid samples are taken at different
time intervals. The uptake curves for the px/ox and px/mx mixtures obtained at ambient

temperature for the different samples are shown in Figure 56 and Figure 57.
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Figure 56. Uptake curves for px and ox in a mixture (50%:50%) at ambient temperature. The type of
zeolite is represented by the different colors: conventional (black) and hierarchical zeolites - NA-1 (red),
NA-2 (purple), NA-3 (blue) and LL (green). The type of adsorbed molecule is represented by the
intensity of the color: dark color - px/ox, intermediate color — pure px and lighter color — pure ox.
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Figure 57. Uptake curves for px and mx in a mixture (50%:50%) at ambient temperature. The type of
zeolite is represented by the different colors: conventional (black) and hierarchical zeolites - NA-1 (red),
NA-2 (purple), NA-3 (blue) and LL (green). The type of adsorbed molecule is represented by the
intensity of the color: dark color - px/mx, intermediate color — pure px and lighter color — pure mx.

The curves resulting from the adsorption of both mixtures show similar trends for each

structure type. It is also interesting to note that the uptake curves for the hierarchical zeolites
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display two distinct regimes. By observing separately the contributions of each isomer, it can
be postulated that the first regime (time range is about 0 - 60 min for NA-1 zeolite and about 0
- 20 min for other hierarchical zeolites in the case of px/ox adsorption) is representative of the
direct access of ox, mx and px molecules all together to the micropores. On the other hand, the
second regime (time range about 60 - 1440 min for NA-1 zeolite and about 20 - 1440 min for
other hierarchical zeolites in the case of px/ox adsorption) seems to correspond to the diffusion

of px to wards its preferential adsorption site.

Indeed, during the second regime, it can be noted that the amount of px continues to
increase while there may be only a slight change of ox or mx adsorbed amount. In the case of
the conventional zeolite, only one regime is observed over the duration of the experiment.
Interestingly this regime is characterized not only by the diffusion of the different molecules,
but also by the preferential adsorption of px (which is observed as early as the first hour). As
previously discussed in Chapter 4 the amount of xylene adsorbed after 24 hours in the
conventional zeolite is low (~ 2.7 molecules/a cage in the case of px/ox adsorption). The reason
is that xylene adsorption on the conventional zeolite is still far from equilibrium, which also
indicates a very slow diffusion, which is expected since the experiment are carried out at
ambient temperature. In a faujasite exchanged with Ba the diffusion coefficient of xylenes at
25°C in liquid phase is about 8x107'” m?/s ®. While in the case of a faujasite exchanged with
Na it is around 1x107'® m?/s at 25°C%, i.e. 2 orders of magnitude compared to BaX, and

increases to 2x107'3 m2/s at 80°C%°,

The counter-diffusion time of px in the presence of mx and ox, with nC10 as a solvent,
was determined from the data presented in Figure 56 and Figure 57. The effective counter-
diffusion time was obtained using the finite system volume model'® considering a non-constant

concentration in the fluid phase:

m, exp <—TCZ
—=1—6Z A (Eq 68)

Moo
TA-nN+A-mpd

where p,, are given by the non-zero roots of

_ 3Pn
tanp, = ————— (Eq 69)

2
3+ (A— 1)pn
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The first one hundred "n" terms of the Eq 68 were taken into account®, Since the crystals

radius is not known, the term D, /1% was replaced by the inverse of the effective counter-

diffusion time constant,1/¢.. The latter is then determined by the least square method.

As already mentioned, in the case of the conventional zeolite, the diffusion process is
so slow at ambient temperature that equilibrium conditions could not be observed even after 24
h. Therefore, the maximum adsorbed amount for the conventional zeolite to be used in the
diffusion model was assumed to be equal to the maximum adsorbed amount on the hierarchical
zeolites ~3.2 molecule/a cage. Then, since we are measuring px diffusion in the presence of ox
or mx, it was necessary to distinguish the amount of adsorbed px from the total adsorption. To
do so, the px/ox and px/mx selectivities of the last points experimentally measured for the
conventional zeolite were taken into account and the px adsorbed amount was estimated. For
instance, in the case of px/ox mixture, the px adsorbed amount was 2.34 molecule/a cage out
of 3.2 molecules/a cage, and the diffusivity of px in the presence of ox measured for the
conventional BaX zeolite at ambient temperature is 1x107'®m?/s, which is close to the values

found in the literature for a Ba-faujasite at same temperature®’.

As can be seen in Figure 58, the finite system volume model from (Eq 68 well describes
the uptake curve for the conventional zeolite and for the zeolite NA-1. Those curves show a
more restricted accessibility for these two samples compared to the other hierarchical zeolites
(in agreement with data in Chapter 3). Concerning the other hierarchical zeolites, it can be
observed that the adsorption of px reaches a condition close to equilibrium at times much shorter
than the conventional zeolite. This indicates that the diffusion is much faster. For the
hierarchical zeolites NA-2, NA-3 and LL, the finite system volume model is not able to fit
accurately the uptake curve. However, we clearly observe a much faster diffusion for these
zeolites. This indicates that addition of new meso/macropores positively impact the access of
the xylene molecules to the micropores. In the case of the conventional zeolite the xylene
molecules must travel through a longer diffusion pathway within the micropores in order to
access all micropore volume. On the other hand, the hierarchical zeolites exhibit those
meso/macroporous network that facilitate access to the micropores, making it faster to fill total

adsorbable volume.

8 p, roots were determined between 1 and 350. No significant changes are observed in the summation for values
greater than 350.
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Figure 58. Normalized uptake curves of the different zeolites for px in a (50%:50%) px/ox mixture and
finite system volume model (dashed lines). nC10 is the solvent being displaced. The zeolite sample is
represented by the different colors: conventional (black) and hierarchical zeolites - NA-1 (red), NA-2
(purple), NA-3 (blue) and LL (green).

Table 12 shows the counter-diffusion times for px in the presence of mx and ox.
Although the coefficients are comparable, they are in general smaller for px in the presence of
mx compared to px in the presence of ox. This difference in px diffusion in the presence of the
different isomers is probably related to the kinetic diameter of these molecules. Indeed the ox
(6.86 A), being larger than mx (6.66 A), generates more resistance to the diffusion of px. The
largest differences between the time constants for px in the different mixtures are observed for
the zeolites with smaller external surface areas and/or meso/macropore volumes. As can be
seen, the time constants also point out to faster counter-diffusion for hierarchical zeolites - a
reduction of the counter-diffusion time around 85% can be observed by comparing the
conventional zeolite and zeolite NA-1 for px in the presence of ox. The reduction in counter-
diffusion times may reach values greater than 95% for NA-3 compared to the conventional
zeolite. However, this last estimation should be considered with caution, since the counter-
diffusion in NA-3 is not ideally described by the model. The absence of a good correlation
between experimental data and the diffusion model for the zeolites mentioned above is thought
to be related to the existence of the two adsorption regimes described earlier in this section. In
the case of the most accessible hierarchical zeolites (NA-2, NA-3 and LL), the first adsorption

regime corresponds to a fast diffusion regime. On the other hand, diffusion during the second
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regime is slower. This should be the explanation by which the first regime cannot be well

represented along with the second regime by means of the finite system volume model.

Table 12. Effective counter-diffusion time constant for the px in the presence of ox and mx for the
different zeolites.

Sample Characteristics Effective Counter-Diffusion Time Constant (h)
Sample (BaX) Sext(m?/g) Vmeso/macro (cc/g) px (px/ox mix) px (px/mx mix)
NA-1 43 0.11 23 17
NA-2 48 0.13 8 6
NA-3 68 0.18 3 5
LL 38 0.08 5 4
Conv. 11 0 146 117

For that reason, the counter-diffusion model was applied again, but this time for each
regime separately (Figure 59). The boundaries between the first and second regimes were
determined with the aid of the uptake curves in Figure 56 and a description is given in Table 13

and Table 14.

The boundaries were determined in terms of molecules/a cage and fractional loading.
In general, the last point of the first regime corresponds to larger loadings for the most
accessible zeolites (NA-1<NA-2<NA-3). The first point of the second regime is assumed to be
equal to the last point in the first regime. As can be seen in Figure 59 (a), the diffusion model
for the first regime shows a good correlation with the experimental points for all zeolites.
Moreover, the increase of the external surface area, as in the case of zeolite NA-3, does not
appear to negatively impact diffusion. This means that diffusion barriers at the external surface
level are not significant or are overcome by the positive effect from the presence of

meso/ macropores.
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Figure 59. Normalized uptake curves of hierarchical zeolites for px in a mixture (50%:50%) and finite
system volume model (dashed lines) for first (a) and second regimes (b). nC10 is the solvent being

displaced. The type of zeolite is represented by the different colors - NA-1 (red), NA-2 (purple), NA-3
(blue) and LL (green).

Furthermore, the diffusion time in the NA-type hierarchical zeolites was found to
decrease as the meso/macroporous volume increases. Thus, NA-3 zeolite has optimal
diffusional properties among NA zeolites. Nevertheless, the LL zeolite, despites its low
meso/macroporous volume compared to other hierarchical zeolites, presents diffusion time
similar to the NA-3 zeolite. This demonstrates that the layered structure of the zeolite is more
accessible than that of nano-aggregate zeolites. Moreover, as observed in Table 13, the end of
the first regime and the beginning of the second regime occur at higher loading for zeolites

presenting optimal accessibility (NA-3 and LL). This observation suggests that the greater the
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accessibility of the zeolite, the greater the number of xylene molecules that are adsorbed during
the fast diffusional regime. As shown in Figure 59 (b), when the concentration in the adsorbed
phase becomes significant, the diffusion of px behaves according to another diffusional regime
(herein designated as second regime). In this case, we are evaluating the p-xylene diffusion at

high loadings, which slow down the diffusion process.

Table 13. Number of molecules per cage and loadings delimiting the boundaries for the first regime in
hierarchical zeolites.

Ist Regime Effective Counter-
. Diffusion Time
Sample Molecule/a. Cage Loading (%)
Constant (h)
(BaX)
px px/ox px px/ox

NA-1 (0-1.29) (0-2.34) (0-175) (0—85) 6
NA-2 (0-1.56) (0-2.73) (0-72) (0-87) 2
NA-3 (0-1.52) (0-2.91) (0-183) (0-91) 0.7

LL (0-1.15) (0-2.19) (0—86) (0-94) 1.4

Table 14. Number of molecules per cage and loadings delimiting the boundaries for the second regime
in hierarchical zeolites.

2nd Regime Effective Counter-
Sample Molecule/a Cage Loading (%) Diffusion Time
Constant (h)
(BaX)
px px/ox px px/ox

NA-1 (1.29-2.00) (2.34-3.14) (75 - 100) (85—100) 44
NA-2 (1.56-2.16) (2.73-3.16) (72 —100) (87 —100) 101
NA-3 (1.52-1.95) (291-3.21) (83 -100) (91 —100) 49

LL (1.15-1.53) (2.19-2.56) (86 —100) (94 - 100) 84

Table 14 shows the counter-diffusion time for the second regime, which confirms a
much slower diffusion compared to the first regime. It is interesting to note that the counter-
diffusion for the second regime is considerably slower for the NA-2 and LL zeolites. This fact
is quite peculiar, since these zeolites do not have the same type of structure. Moreover, they do
not have the same accessibility characteristics either. Taking a look at the surface chemistry
characteristics, we are able to identify that both zeolites have a larger OH density (Figure 60)

which seems to justify the long diffusion times. The difference in OH density among all the
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samples is very subtle, being perceived only in the second order. The density of OH is
designated as the ratio of the integral of the IR band (a.u) (corresponding to OH in the outer
surface area) divided by the external surface area of the zeolites. Thus, the density of OH for
the LL and NA-2 zeolites are estimated as 1.22 (a.u) m™, while for NA-1 and NA-3 this density
is about 1.10 (a.u) m2. The fact that a higher density of OH groups reduces px counter-diffusion
can be explained by a greater interaction with the xylene molecules. Indeed, this causes a slower
surface diffusion and possible hindrance of the access to the internal cavities in the zeolite. It
can also be suggested that the diffusion at high loadings is more related to the quality (surface

chemistry) than to the external surface area.
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Figure 60. Correlation between OH density at the external surface of hierarchical zeolites and counter-
diffusion time constant in the second regime. Squares: NA-1 (red), NA-2 (purple), NA-3 (blue). LL
zeolite is represented by the green triangle.

5.1.2 Comparison with pure px

The uptake curve of counter-diffusion between nC10 and pure px was also determined.
For this analysis, the samples were taken between 5 and 180 min. The uptake curves for pure
px do not appear to show different regimes, in contrast to the px uptake curve in the presence
of other isomers. This may be due to the fact that, at high loadings, the presence of other isomers

can hinder px diffusion. Moreover, the counter-diffusion of px up to 180 min was compared to
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the counter-diffusion of px in the presence of ox and mx for the same period of time. Table 15
presents the effective counter-diffusion time constant for pure px and for px in the presence of
ox and mx. The difference between both time constants is also reported for each zeolite.
Figure 61 shows the uptake curves and the fits against the diffusion model for the different

systems.

Table 15. Counter-diffusion time constant for pure px and for px in a mixture (50%:50%). In both
cases, nC10 is the solvent being displaced. The value of effective counter-diffusion constant in
parentheses represents the difference between the counter-diffusion of px in the presence of a given
isomer and the counter-diffusion of pure px.

Sample Characteristics Effective Counter-Diffusion Time Constant (h)

Sample Sext Vmeso/macro px (pure) px — px/ox mix  px — px/mx mix
(BaX) (m*/g) (cc/g)
Conv. 11 0 11 15 (4) 16 (5)
NA-1 43 0.11 4 14 (10) 6(2)
NA-2 48 0.13 3 52) 3(0)
NA-3 68 0.18 1 2(1) 3(2)

LL 38 0.08 1 3(2) 2(1)

From the data presented in Table 15 and the curves shown in Figure 61, it is seen that,
in general, pure px diffusion is faster than px diffusion in presence of ox and mx. The difference
between the effective counter-diffusion time constant observed for these systems is
significantly larger for zeolites with smaller external surfaces (such as conventional zeolite and
NA-1). This seems to suggest that mx and ox isomers get adsorbed at the external surface, which
causes some delay during the adsorption/diffusion of the px molecules. The hierarchical zeolites
with larger meso/macropore volumes and larger external surfaces are probably less impacted

by the adsorption of mx and ox at the surface because px has better access in these zeolites.
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Figure 61. Normalized uptake curves (symbols) and finite system volume model (dashed lines) for pure
px (diamonds) and for pure px in presence of other isomers - 50%:50% px/ox (squares) and 50%:50%
px/mx (circles). In all cases nC10 is the solvent being displaced. The zeolite type is represented by the
different colors: conventional (black) and hierarchical zeolites - NA-1 (red), NA-2 (purple), NA-3 (blue)
and LL (green).
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5.2. Diffusion in partially saturated medium

As previously explained, the study of diffusion is an important step in the evaluation of
an adsorbent for xylene separation. So far, in this work, the diffusion has been studied in the
liquid phase and at low temperatures. The results indicate a favorable behavior regarding the
use of the hierarchical zeolites. However, with the increase of the external surface, as in the
case of hierarchical zeolites, some novel phenomena such as surface resistance may arise.
Although surface barriers seem negligible based on the results obtained so far, it is a factor that
can hinder the use of a hierarchical zeolite. Thus, in this section, techniques allowing a better
understanding of surface barriers and determination of intercrystalline diffusion in gas phase

will be addressed.

5.2.1 Thermogravimetric technique

Thermogravimetry is a technique that has been widely used for the characterization of
diffusion in porous media. This includes the evaluation of diffusion in hierarchical zeolites,
where it was able to identify the presence of surface barriers®®. The diffusion of xylenes in
zeolite NaX has already been studied by Ruthven in the 80°s>*. In this seminal study, the use of
large crystals of NaX zeolite (250 um) was used and an accurate estimation of intracrystalline
diffusion of about 6 x 10713 m¥s was possible. However, already at this time, Ruthven warned
about the fact that finding favorable conditions for the measurement of diffusion in NaX crystals
of around 1 pum by the thermogravimetric method is quite complicated®®. This is due to
extracrystalline resistances such as heat effects and bed diffusion, which are usually aggravated
upon decreasing the crystal size. The presence of external resistances can be identified by
comparing the uptake curves made for two different sample masses. In the absence of external
effects, the curves for the same sample, but with different mass must overlap. The absence of

thermal effects can also be evaluated by the equation of intracrystalline diffusion (Eq 71). In

general, for fractional fillings greater than 70%, In(1 — er_t) versus t-axis should have a Y-axis
eq

intercept of about In( — 6/m%). Otherwise, thermal effects occur.

The uptake curves obtained from thermogravimetric experiments performed at 100°C
for hierarchical and conventional BaX zeolites are presented in Figure 62. The curves were
obtained from an "empty" zeolite previously desorbed at a temperature of 200°C. Then, the

clean zeolite is brought into contact with a px pressure of 0.03 mbar.
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Figure 62. Normalized uptake curves as a function of time (a) and as a function of square root of time
(b) for conventional and hierarchical BaX zeolites. The BaX zeolite type is represented by the different
colors: conventional (black) and hierarchical zeolites - NA-1 (red), NA-2 (purple), NA-3 (blue) and LL
(green). The error bars for the conventional zeolite represent the measures made for two different zeolite
masses (upper points correspond to m,., =8.5 mg and bottom points m,e, =11 mg)

As shown in Figure 62, the time to reach adsorption equilibrium is different among the
samples. The conventional zeolite exhibits the slowest diffusion time, which was already
expected due to its purely microporous character. The hierarchical zeolites, in all cases, show
improved diffusion time compared to the conventional zeolite. It can also be observed that, in
the NA zeolites, the greater the mesoporous volume, the shorter the time needed to reach
equilibrium. In the case of the LL-type hierarchical zeolite, it presents a diffusion time between
those for the NA-2 and NA-3 zeolites (which is not directly linked to the mesoporous volume,

as it has even lower mesopore volume than the NA-1 zeolite).

The shape of the curve when plotted as a function of the square root of time (Figure 62
(b)) indicates that the limiting diffusional regime is not intracrystalline diffusion, since a linear
relationship is not observed. However, these curves are somewhat different from the sigmoidal
curves presented in the literature for diffusion controlled by surface resistance'*?. Furthermore,
the initial part of the curve in Figure 62 (a) shows a discrete linear evolution with time for all
zeolites, which may also be interpreted as a limitation of the molecule supply during the first

few minutes.

In order to get better insight into possible external transport resistance, different samples
of conventional BaX zeolite were analyzed by varying the mass of the sample (~ 8.5 and 11
mg). As can be seen in Figure 62 (a), the data difference between the two curves is rather small.

In any case, the fact that neither curves overlap indicates that the data difference may be a result
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of heat transfer effects'. However, the difference between the two curves obtained with
conventional BaX upon varying the sample mass is not significant compared to the difference
with the other curves for the hierarchical zeolites. Therefore, the comparison to the other curves
remains valid, since the mass of the hierarchical zeolites used during the analyses (~10 mg) lies

in the range of the masses used for measurements with the conventional zeolite (~ 9 and 11

mg).

All the zeolites were analyzed in terms of microporous (Eq 70) and surface resistance
(Eq 72) diffusion models'*?. The experimental data are compared with both models in Figure
63. As can be seen, none of the models is able to accurately represent the experimental data,
which may be another indication that heat transfer effect occurs (especially at short time).
However, the plots corresponding to the surface resistance model seem more suitable. As an
alternative, the intracrystalline diffusion coefficient was obtained from the diffusion model in
a linear range found between 0.4 and 0.7 fractional loadings, according to the long time
diffusion approach (Eq 71). Although the regime chosen is not commonly used in the literature,
one should mention that the intermediate loading intervals are interesting for the description of
the diffusion coefficients'®. Especially because at the beginning of the curve (low loadings) the

adsorption of xylenes (due to its exothermicity) generates a non-isothermal condition to the

system.
(00}
™1 p Z 1 exp —n*T?Dipirat
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where D;psrq and Dy, are, respectively, the apparent and intracrystalline diffusivity (both in

m?/s). r is the crystal radius in m and « is the surface permeability (m/s).
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Figure 63. Normalized uptake curves (thick line) as a function of time and respective models for
measurement of intracrystalline diffusion (dashed line) and surface resistance (solid line) (a-e). The BaX
zeolite type is represented by the different colors: conventional (black) and hierarchical zeolites - NA-1
(red), NA-2 (purple), NA-3 (blue) and LL (green).
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After obtaining the diffusion and surface permeability coefficients, a comparison
between the hierarchical and conventional zeolites was made. The diffusion time decreases by
30% between the conventional and the hierarchical zeolite NA-3. The NA-2 and LL zeolite
have shown quite similar diffusion properties, while NA-1 zeolite displays about 20% of
diffusional time reduction with respect to the conventional zeolite. The diffusion times are
plotted against the equivalent crystal radius calculated from XRD analysis in Figure 65 (b)

1.2, an estimate of the

(filled symbols). Moreover, as similarly proposed by Tanaka et a
apparent diffusivity based on the diffusivity of a conventional zeolite was performed. To do so,
the intracrystalline diffusion coefficient for the conventional zeolite was calculated from the

slope of the corresponding curve as plotted in Figure 64 and from its crystal radius.
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Figure 64. Diffusion model at long times for all zeolites and for fractional filling between 0.4 and 0.7.
The BaX zeolite type is represented by the different colors: conventional (black) and hierarchical
zeolites - NA-1 (red), NA-2 (purple), NA-3 (blue) and LL (green). The curve slope presented in the
thDintrat)

r2

equations correspond to (

As the crystal size of the hierarchical zeolites could not be obtained due to the high
agglomeration rate, we will use, for comparison purposes only, the radius of the size of the
crystallites calculated by the Scherrer equation (from the XRD measurement as presented in
chapter 3). As the size of the crystallites does not necessarily reflect the size of the crystals but
rather the size of periodic domains without defects, the diffusion coefficients extracted from
this approximation have to be considered with caution. Proof of this is that the intracrystalline

diffusion coefficient found for the conventional zeolite is 2.3x107'"m?/s, considering the real
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crystal radius (0.75 um), while the diffusion coefficient calculated based on the Scherrer
crystallite radius (90 nm) is 3.4x107"° m?s. Nevertheless, the estimation of the diffusion
coefficients from the Scherrer crystallites size is relevant for comparison purposes. Through
this measure a ranking of crystallite sizes is consistent with the characteristics of the hierarchical
zeolites (NA-1<NA-2<NA-3~LL). Therefore, for the estimation of apparent diffusion
coefficients of the hierarchical zeolites (empty symbols in Figure 65 (a)), Eq 73 was used. Dinsrq
was considered as the diffusion coefficient obtained for the conventional zeolite and the surface
permeability was considered as the average of all zeolites. The crystal radius was assumed to

be the respective Scherrer crystallite radius measured for each zeolite.

The graph obtained for the apparent diffusivities (Figure 65 (a)) indicates that the effect
of the surface resistance is the limiting effect in the case of the diffusion in the hierarchical
zeolites. Indeed, using the intracrystalline diffusion of the conventional zeolite to estimate the
apparent diffusions in the hierarchical zeolites has almost no effect in the apparent diffusivities.
The same can be concluded by observing the expected apparent diffusion for the conventional

zeolite if it had surface permeability similar to a hierarchical zeolite.
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Figure 65. (a) Experimental apparent diffusivity (filled symbols) and estimated apparent diffusivities
based on the diffusivity of the conventional zeolite (open symbols); (b) Experimental diffusion times
(filled symbols) and estimated diffusion times based on the diffusivity of the conventional zeolite and
crystallite radius of hierarchical zeolites (open symbols). The BaX zeolite type is represented by the
different colors: conventional (black) and hierarchical zeolites - NA-1 (red), NA-2 (purple), NA-3 (blue)
and LL (green).
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The diffusion time constant for the hierarchical zeolites were estimated based on the
diffusivity of the conventional zeolite. The diffusion time constant was given by the product of
diffusivity for a conventional zeolite and square of the Scherrer crystallite radius of the
respective hierarchical zeolites (empty symbols in Figure 65 (b)). This approach allows to
evaluate the ideal diffusion time constant in the hierarchical zeolites, as a function of their
crystallites radius, if these zeolites had the same intracrystalline diffusion than the conventional

zeolite.

The results above indicate that the theoretical diffusion time should lead to an
improvement of about 97% of the diffusion time. In contrast, only a 30% diffusion increase is
observed according to the experiments, which implies that there is a strong surface resistance
hindering the diffusion time. In the literature, surface resistance was identified in different
works that linked the origin of this effect to: (1) partial blockage of pores on the surface®; (2)
distortion of the crystal structure at the external surface****. Contrary to what is observed in the
gas phase, batch experiments performed in liquid phase have shown a reduction of the diffusion
time in hierarchical zeolite NA-3 by about 95% compared to the conventional BaX (see section
5.1). This suggests that in hierarchical zeolites, liquid phase diffusion is surface barriers free,
as opposed to gas phase diffusion. One can explain this by the larger concentration of molecules
surrounding the particles surface in liquid phase, which yields higher probability for the
molecules to enter then zeolites cavities*®. In contrast, in the gas phase, there are fewer
molecules surrounding the surface and, therefore, when they hit the surface, they have a higher

probability to stick to the surface rather than entering the cavities.

522 Pulsed field gradient nuclear magnetic resonance

(PFG - NMR)

The PFG - NMR is a technique that allows the investigation of microscopic diffusion
pathways. Therefore, this technique is efficient for the determination of intracrystalline
diffusion in small crystals as in the case of hierarchical zeolites. A work using this technique to
determine diffusion coefficients in hierarchical zeolites is already available in the literature 7.
However, as it will be demonstrated below, in order to achieve accurate measurements of
intracrystalline diffusion coefficients in small crystal zeolites, it is necessary to fulfill some

requirements regarding the magnetic field gradient intensities and pulse duration.
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Stimulated echo sequences PGSTE (see section 2.3.2) were performed at ambient
temperature on as synthesized zeolites, i.e. NaX forms, by varying the diffusion time A (10 ms,
50 ms, 100 ms, 150 ms and 200 ms) with a pulsed field gradient intensity G for a duration 6 of
Ims. Figure 66 presents the attenuation curves obtained with conventional NaX zeolite. These

data show the evolution of the attenuation signal ¥ as a function of (y8G)?A’ for the different
diffusion times (A’ = 4A + 67 — %5 is the effective diffusion time, where 7 is the time interval

between two pulses). These data were obtained for a system where the zeolite is loaded with 3
px molecules/a cage. It is possible to observe that each curve presents two linear regimes. The
first decay corresponds to the long-range diffusion (Diong-range) (small (y8G)?A’), which is
associated with the large displacements during the NMR experiment time. The second decay,
obtained for large (y8G)?A’ is associated with intracrystalline diffusion (Diusa), Which
corresponds to small displacements. It is possible to calculate the intracrystalline and long-
range diffusion coefficients using a bi-exponential fitting (Eq 74) to determine Diong-range, Dintra

and /3 (probability of finding molecules out of the crystal).

¥(A',q) = (1-8(A)) exp(~q?A Dinera) +B(A)exp(—a?A Digng—range)  Eq 74

where ‘P(A', q) is the signal attenuation and g = y§G is the intensity of the wave vector.

This model was applied to the data in Figure 66. The results of Dinse and Diong-range are
shown in Table 16. The intracrystalline diffusion values are in good agreement with those
observed for cyclohexane in NaX zeolite at ambient temperature (1.2 x1072m?/s). It is possible
to observe that the contribution of the intracrystalline diffusion differs according to the diffusion
time. Furthermore, the decrease of D;..« observed with the increase of the diffusion time can be
taken as an evidence of the presence of activation barriers to intra-crystal diffusion. This
conclusion can be observed from the evaluation of the displacement Z? (~0.2-0.3 um), obtained
through the values of diffusivity and diffusion time. This displacement is inferior to the size of
the crystals (~ 1.5 um), which justifies the presence of intracrystalline diffusion barriers rather
than surface barriers. However, even though the tests were performed at room temperature,
PFG NMR (NaX) results still indicate a faster diffusivity than those evaluated by
thermogravimetry (BaX at 100°C) (section 5.2.1). The difference is from 4 to 6 orders of
magnitude between BaX and NaX (a 2 order of magnitude was already reported in the case of

liquid phase diffusion): such a huge difference is at least partially explained by the nature of
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the cation (probably related to the ionic radius, 0.95A and 1.35A for Barium and Sodium,

respectively).
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Figure 66. Variation of In'¥ as a function of (y8G)?A’ using the sequence PGSTE with a gradient pulse
duration o of 1 ms and a diffusion time A of: 10 ms (asterisks), 50 ms (circles), 100 ms (triangles), 150
ms (squares) and 200 ms (lozenges). The system is px in conventional NaX zeolite at a loading of 3
molecules/a cage.
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Table 16. Long-range and intracrystalline diffusion coefficients of px in conventional NaX zeolite.

A (ms) Dlon%-range Ergor Di;tra Ergor . 72

(m?/s) (m?/s) (m?/s) (m?/s) (nm)

10 12x1010 62x1012 YOXI0Tagn ssy, 022

px/ Conv. 50 Loxiol eexion  FEIT gac01 ey 024
NaX

) 100 9.0x10°2  20x10m  STXI0 300014 600 027

150 6.6x102  1exlo  OSXI0 pgxion gy 028

200 soxto  2.5x10 MO o ga0t 630 0P

The PGSTE sequence was applied to the system px/LL NaX zeolite with a gradient pulse
duration 6 of 1 ms and varying the diffusion time A from 10 ms to 15 ms (to observe the
intracrystalline diffusion). The purpose of applying different diffusion times is to highlight the
existence of energy barriers on intracrystalline diffusion. However, in contrast to what has been
observed for the conventional NaX zeolite, in this case, we cannot measure the coefficient of

intracrystalline diffusion because the linear trend at the end of the curve could not be observed.

In the case of NA-3 NaX zeolite, another attempt to obtain a signal for intracrystalline
diffusion was done. This time, the measurements were performed by increasing the gradient
pulse duration d to 1.2 ms and for diffusion times A of 5 ms, 15 ms, 50 ms, 100 ms, 150 ms and
200 ms. In Figure 67, it can be noticed that the attenuation of the NMR signal evolves linearly
with (y8G)?A’ (the last experimental points of the curve are irrelevant due to the noise of the
NMR spectrum). Therefore, no signals of intracrystalline diffusion were obtained for times
between 50 - 200 ms. For shorter diffusion times, the NMR signal disappears so that it does not

allow the measurement of the attenuation curves.

Therefore, in conclusion, a very short observation times (A) is needed to measure
diffusion in hierarchical zeolites. This conclusion, although only qualitative, means that the
diffusion pathway in the hierarchical zeolites is strongly reduced compared to the one in the
conventional zeolite. In order to have a quantitative estimate of the intracrystalline diffusion in
hierarchical zeolites, very strong intensity gradients (G) and/or longer gradient pulses (0) are

needed to obtain a signal sufficiently attenuated in the region of small displacements. However,
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the limit of the equipment used for these analyses does not allow to go further in relation to

these parameters.

0.0 3 (a) 0.0 h (b)

Odu,
-0.2 - 10 - gum,
oAN
oA"O
— — Ame
504 - $20 | §am
\Ci/ E/ .0
= — E?A"mobo
o ..‘0
-0.6 - -3.0 - u
3.0 R
-0.8 . . -4.0 . . .
0.0E+00 5.0E+10 1.0E+11 0.E+00 5.E+12 1.E+13 2.E+13
(v8G)*A' (vY8G)A'

Figure 67. Variation of In¥ as a function of (y86)%A’ using the sequence PGSTE (a) with a gradient
pulse duration 6 of 1 ms and a diffusion time A of: 10 ms (asterisks), 15 ms (dashes) — System - px/ LL
NaX — zeolite (green); (b) with a gradient pulse duration 6 of 1.2 ms and a diffusion time A of: 50 ms
(circles), 100 ms (triangles), 150 ms (squares) and 200 ms (lozenges) — System - px/ NA-3 NaX — zeolite
(blue).

5.3.  Conclusions on diffusion properties

Throughout this chapter, the diffusion of xylenes in the conventional and hierarchical
zeolites with different structures (NA and LL) was studied. Diffusion in saturated medium
was investigated through counter diffusion in liquid phase of xylenes and nC10 solvent. The
uptake curves indicate the presence of two different diffusion regimes. The first regime
corresponds to direct access of the xylene molecules to the micropores while the second
regime is slower and corresponds to the diffusion at high loadings within the microporosity.
The second regime features a slow diffusion of px towards its preferential adsorption site,
accompanied in some cases with slight desorption of the other isomers. The model for the
study of counter-diffusion was applied to the total uptake curve and also to the first and second
regime regions. In all cases, it is clearly observed that the hierarchical zeolites display faster

diffusional properties compared to the conventional zeolite.

In the case of NA zeolites, it was observed that the larger the meso/macroporous

volume, the faster the diffusion. In addition, surface diffusion barriers were not observed in
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the case of zeolite NA-3 (which has the largest external surface area). It could still be seen
that the LL-type structure shows diffusion characteristics superior to NA zeolites with similar
external surface characteristics. This is also in agreement with Hg intrusion and N> sorption
analysis in Chapter 3, which showed total mesopore accessibility in the LL structure, while
NA zeolites presented a small portion of restricted mesopores. Similarly, the scanning curves
also indicated fully mesopore accessibility for LL zeolite. As shown in this chapter, the
diffusional benefit between a conventional zeolite and the hierarchical zeolite NA-1 is about
85%, as observed through the comparison of time constants for counter-diffusion. This gain
is even larger when dealing with the other hierarchical zeolites. Values of around 95% were
suggested for the NA-3 zeolite, although the low correspondence between the model and the

experimental data in the latter case does not allow an accurate determination.

The study of xylene diffusion in partially saturated medium in hierarchical and
conventional zeolites proved to be a difficult task. The used techniques, have shown to be very
sensitive to experimental conditions, which makes it difficult to obtain clear answers.
Thermogravimetry, for example, appears to be impacted by external resistance. For PFG NMR,
the limitation appears to be due to the equipment and its ability to provide sufficiently intense
and long magnetic gradient fields. Despite these difficulties, the study of xylene diffusion in
the gas phase at 100°C using thermobalance allowed to demonstrate the existence of surface
barriers that had not been identified during the liquid phase experiments. It could be interesting
to investigate this difference in more detail, for instance using molecular dynamics. However,
it seems that the large concentration of molecules surrounding the particles reduces the surface
resistance barriers in liquid phase adsorption. Such observations confirm the interest of the
xylene separation in liquid phase in the case of the use of hierarchical zeolites, since in these

conditions the surface barriers seem negligible.
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6. Study of the surface adsorption by
molecular simulation

In the previous chapters, efforts were dedicated to characterize the external surface of
zeolites by means of different techniques. In the same direction, several experimental
techniques were implemented in order to study both the adsorptive and diffusive behavior of
hierarchical systems. Although the information obtained is significantly rich, the main difficulty
is linking the surface features to the adsorption/diffusion properties. In the present chapter,
molecular simulation techniques are proposed in order to try to get more insights on the
relationship between the two previous mentioned items. In first attempt in the frame of this
work, Monte Carlo (MC) simulations are performed in order to study the surface influence in

the adsorption properties.

Although different molecular simulation techniques are eligible to study the surface
effects (Quantum chemistry, Molecular Dynamics), a choice must be done among them due to
the limited amount of time available for such work, as this thesis is mainly experimental. MC
techniques were selected due to different factors. On the one hand, the xylene separation
applications are mainly based on equilibrium adsorption phenomena. Despite some minor
differences can exist between the diffusive behaviors of the different isomers, the separation
selectivity arises from thermodynamic affinity (entropic) of the adsorbent for the px molecule.
Therefore, the use of the MC method is justified by its ability to describe the adsorption
equilibrium. On the other hand, Monte Carlo techniques present a main advantage when
compared to ab initio quantum chemistry calculations: it allows considering a much larger
amount of system particles. In this way, the use of the MC technique can account for the

cooperative ensemble effects associated to the adsorption in liquid phase.

In the next paragraphs, a short description of the methodology will be presented. First,
a short introduction of the theoretical aspects of MC technique will be presented along with the
parameterization of the system (performed in the frame of previous studies to this work). Then,
the methodology adopted in this thesis to create the surface will be introduced. The validation
of the model will be done over the bulk-crystal adsorption (adsorption in a system comprising
only the microporous domain) of both pure compounds (px and mx) and their equimolar mixture
in two different faujasitic adsorbents: NaLSX and BaLSX. Finally, the adsorption behavior on

the surface will be investigated on the systems incorporating a surface.
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6.1. Grand canonical Monte Carlo (GCMC)
methodology

Along with Molecular Dynamics (MD), the Monte Carlo molecular simulation
methodology allows the application of Molecular (or Classical) Mechanics to large size particle
systems as is the case of liquid adsorption in zeolites. Both methodologies, based on the use of
intermolecular potentials (also known as Force fields), allow calculating the forces/energies
acting on each particle of the system. Contrary to ab initio quantum chemistry calculations, the
notion of electronic density distribution is not considered and the potential energy of the particle
system (or ensemble) is considered to be only a function of the mass centre coordinates of the
different particles. This approximation holds particularly well for the case of the physisorption
of xylene molecules in zeolites, characterized by the absence of chemical bonding. In addition,
the use of Molecular Mechanics allows to significantly reducing the computational cost of the
calculation. As an example, the computational time scales is about N? (being N the total number
of particles) for the case of MC molecular simulation. In the case of ab initio quantum chemistry

calculations, the computational time scales has an exponent between four and seven (N* to N).

GCMC (Grand Canonical Monte Carlo) simulations combined with a bias scheme'3? for
the insertion of the centre of mass of the guest molecules were performed to calculate the
adsorption isotherms with the GIBBS code v.9.3. Systems were allowed to equilibrate for at
least five million MC steps followed by production runs of at least 10 million MC steps. The
atomic positions of the solid were frozen during the simulations. This allowed the construction
of a guest-host interaction energy grid prior to the MC simulations. While bulk-crystal
simulations were performed in a simulation box incorporating a single unit cell, for the study
of the surface larger systems were used. The total number of atoms corresponds at least to the
equivalent of three elementary unit cells. Lenard-Jones interactions were calculated using a
cutoff radius of 12.50 A. No Lennard-Jones tail corrections were considered. In order to account
for the long-range nature of the electrostatic contribution, the standard Ewald summation
technique was employed. The crystallographic positions of the different atoms were taken from

the data available in the Materials Studio software'3*.
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6.2. Force field implementation

6.2.1 Xylene adsorption in NaLSX and BalLSX for bulk-
crystal systems

The bulk-crystal systems take into account only adsorption in the micropores. Both the
adsorbent and the adsorbates are considered as rigid molecules. This assumption has been
shown to be valid in previous works considering the adsorption of xylene isomers in zeolitic
systems'’. Since the Si/Al ratio of the X zeolites considered in this work is relatively close to
that of their analogous LSX (Low Silica X) forms, in what follows the latter forms will be
considered. Thanks to this approximation, a simplification is performed, interesting from both
the point of view of the extra-framework cationic distribution and the Silicon/Aluminium
distribution. Thanks to these assumptions, the general form of the force field is reduced to a
simplified expression only based on the summation of two different contributions accounting

for the dispersion-repulsion and the electrostatic interaction forces:
Uror = Uy + Ueiec (Eq75)

Although it is well known that the origin of the adsorption px-selectivity in some zeolitic
forms arises from an entropic contribution®®, it is worth mentioning the importance of the
electrostatic contribution when dealing with counter-cationic species and aromatic
hydrocarbons.While the first contribution, corresponding to the dispersion-repulsion energy is
described via a Lennard-Jones potential, the second contribution (electrostatic) is treated by

means of a coulombic term:

L. O;: 12 O;: 6
Upy(r) = 4 & [(f) - (r_J> ] (Eq 76)
ij ij

qi9q;
2
4meor;

Uglec (1) = (Eq77)

where ¢;; 1s the depth potential energy, r,;1s the distance between two particles, o;; 1s the distance

12
between two particles where the potential energy is zero. The first term <?> describes
ij
6
. . . Ojj . . . . .
repulsive interaction and the second one (r—) attractive interaction. &, is the electrostatic
ij

vacuum permittivity, q,, is the electric charge and r is the distance between the charges.
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In what follows, a brief description of the implementation of the force field is done for

the different species of the system.

6.2.2 Xylenes force field

The adsorbate molecules are described according to the electrostatic version of the
anisotropic united atom (AUA) for aromatics'>>. Inspired from the work of Peralta et al.!*¢ and
to avoid charges collapse between the ring-centered quadrupole and the counter-cations, slight
modifications were introduced in order to distribute the electrostatic interaction around the
totality of the aromatic ring. A schematic representation of the implementation of the model is

shown in Figure 68. The different parameters used in the calculations are compiled in Table 17.

el

Figure 68. Schematic representation of the implementation of the electrostatic version of the AUA
potential for px (a) and mx (b). (Adapted from Ref. *°)

Table 17. Lennard-Jones parameters and electrostatic punctual charges of the adsorbate molecules.

Force center o'[A] &' [K] STIA] &, T [A] q [e]
CH3-AUA 3.6072 120.15 0.21584 --- 0.025
CH-arom-AUA elec 3.361 75.6 0.315 0.4 1.355/-0.68167
C-arom-AUA elec 3.361 35.43 -- 04 1.355/-0.68167

T Lorentz-Berthelot mixing rules were employed to determine the interactions between different force center types.
Tt § is the anisotropic distance used in the AUA (Anisotropic United Atoms) potential. 11T & corresponds to the
shift between the positive and negative electrostatic charges of the aromatic ring.
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6.2.3 NaLSX and BaLSX force field

As previously mentioned and for the sake of simplicity, the low silica LSX analogous
forms of the NaX and BaX adsorbents are considered. In the same way, the general assumption
of considering rigid the zeolite framework is adopted. The description of the dispersion-
repulsion interactions of the framework is considered via a Kiselev type potential'*’. This type
of potential assumes that the 7" atoms (either Silicon or Aluminium) of the different tetrahedra
constituting the zeolite framework are screened by their respective four surrounding oxygen
atoms. Concerning the sodium counter-cations, the parameters are borrowed from the work of
Smith and Dang'®8. The barium parameters are calculated following the strategy derived by
Maurin et al.'*° The crystallographic positions of the cations were obtained from Pichon et al.'?
In order to account for the electrostatic interactions, electrostatic punctual charges were
determined from Density Functional Theory (DFT) calculations performed in the scope of
previous works. The different parameters used in the calculations are compiled in the following

tables:

Table 18. Lennard-Jones parameters and punctual electrostatic charges of the adsorbents.

q' [e] q' [e]

Force center ol [A] et [K] NaLSX  BaLSX
O-zeolite 3.00 112.236  -1.2529  -1.2447
Si-zeolite 0.00 0.00 1.9751 2.1439
Al-zeolite 0.00 0.00 2.0728 1.9931

Na 2.584 50.34 0.9770 -
Ba 3.3191 141.789 --- 1.6834

T Lorentz-Berthelot mixing rules were employed to determine the interactions between different force center types.
T Average values.

6.2.4 Xylene adsorption in NalLSX and BalLSX systems

bearing an interface

Through the following sections the choice of the types of surfaces is justified and the
methodology used to cleave the solids is described. Then, the extension of the general force

field is presented.

154



6.2.4.1 Surface selection and preparation

As far as known, no evidence of preferential growth direction in faujasite zeolites is
established. Therefore, the surface direction {0 1 1} was chosen since the cleavage is performed
at the level of the a cages. Figure 69 shows an example of surface cleavage {0 1 1}, where the
open a cages can be seen at the surface level. As previously discussed in Chapter 4, it is possible
that such open cavities at the surface level induce an impact on px-selectivity. At high loadings,
px is selectively adsorbed in a site at the center of the dodecagonal window. In the case of the
surface {0 1 1}, the incomplete dodecagonal window at the surface level can affect px-
selectivity. The surface direction {0 1 1} cleavage was performed using the Materials Studio
software!'**. The parameters used were as follows: Cleavage plane {h k 1} is equal to {0 1 1}

with origin (ab c) at (00 1).

Incomplete

dodecagonal _—
window_—"

.

Figure 69. Structure of the cleaved surface {0 1 1} for a LSX zeolite. The surface {0 1 1} cut the a
cages leading to incomplete dodecaconal windows at the surface level.

The chemical reconstruction of the surface was based on IR analyses reported in Chapter
3, through which silanol groups are observed on the outer surface. Since the zeolites also exhibit
aluminum tetrahedra at the surface level, all bonds missing in the Si or Al tetrahedra were
saturated with OH groups after surface cleavage. A similar approach has been reported in the

140

literature' ™. After generating the surfaces by cleaving the bulk-crystal zeolites and modifying

their surface chemistry, the positions of the atoms in the surface were optimized in order to
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obtain systems not bearing any dipole moment contribution. The surfaces have been positioned

sufficiently far from each other, so that there is no interaction between them.

6.2.4.2 Surface force field

In order to simulate the systems including the interface between the adsorbent and the
fluid in equilibrium, the surface atoms need to be parameterized. Since the main impact caused
by the introduction of the surface is expected to mainly present an electrostatic nature, the
adopted strategy consisted in 1) keep for the surface atoms the same parameterization as in the
case of the bulky atoms, and 2) borrow the electrostatic charges from the CLAYFF potential as
recently done by Crabtree et al.’*/ Finally in the case of the dispersion-repulsion parameters
lacking, they were obtained from the generic Universal Force Field (UFF) potential'*. A
compilation of the different parameters used for the surface oxygen and hydrogen atoms is

presented in Table 19:

Table 19. Lennard-Jones parameters and electrostatic punctual charges of the zeolite surface.

Force Center o'TA] e[K] qle]
O-zeolite surf 3.0000 112.236  -1.0984
H-zeolite_surf 2.5711 22.1418  0.4250

" Lorentz-Berthelot mixing rules were employed to determine the interactions between different force center
types.

6.3. Xylene adsorption in NaLSX and BaLSX

In a first step, the adsorption of xylenes in bulk-crystal sodium and barium LSX
exchanged faujasites is considered for two main goals. On the one hand, the consideration of
such systems allow the comparison with experimental data of both xylene pure isomers
(adsorption isotherms and enthalpies of adsorption) and mixtures (adsorption selectivities). On
the other hand, the obtained results and observed behaviors will serve as a reference when
considering the surface adsorption. In this way, the deviations from the bulk-crystal behavior

can be identified.
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6.3.1 Xylene adsorption in NaLSX and BaLSX bulk-crystal
systems

The computed isotherms obtained for pure xylenes in the NaLSX and BaLSX systems
are shown in Figure 70. The amount of adsorbed molecules/a cages is in agreement with the
experiments carried out here in gas phase for the conventional zeolite at 175°C. When px is the
adsorbate, the adsorbed amount is about 3.5 molecules/a cage, against 3.4 molecules/a cage
obtained through simulation at the same temperature. The obtained results allow validating the
force field on the basis of capacity of adsorption. The adsorption isotherms obtained from an
equimolar xylene mixture are also shown in Figure 70. The adsorption of mixtures is considered
in order to further validate the system force field. These binary simulations are firstly aimed to
check the validity of the model to reproduce the different ratios between isomer affinities for a

given adsorbent.

The amounts adsorbed between NaLSX and BaLLSX are close. However, in general, a
slight increase in the adsorbed amounts is observed for BaLSX zeolite. The amount of px (from
px/mx mixture) adsorbed in the zeolite BaLSX (dashed line) is also more significant, which is

an indication of the px-selectivity in zeolite BaLSX.

w

molecule/a cage
molecule/a cage
N

0 15 30 45 60 75 90
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Figure 70. Calculated xylene adsorption isotherms in bulk-crystal NaLSX (blue) and in bulk-crystal
BaLSX (black) zeolites at 175°C. The adsorption of pure xylenes is represented by symbols: pure px
(triangles) and pure mx (squares). The mixture (px/mx) adsorption is represented by the solid line. The
amount of each constituent in the mixture is then identified by the dashed (px) and dotted line (mx).

The px/mx selectivity of zeolites NaLSX and BaLSX as a function of the loading is
presented in Figure 71. As expected, the selectivity of zeolite BaLSX is higher than that of

NaLSX. This behavior corresponds to that observed in the literature. The maximum px-

157



selectivity in BaLSX zeolite occurs after the introduction of the third xylene molecule. As
previously discussed, this selectivity arises from the higher volume of Ba cations, which at high
loadings induces the adsorption of px on a non-cationic site (only accessible to px) in the center
of the dodecagonal window. Also, it is found that px and mx have similar adsorption sites in

NaLSX zeolite (selectivity around 1).
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Figure 71. px-selectivity in bulk-crystal NaLSX (blue) and in bulk-crystal BaLSX (black) zeolites as
function of loading in molecules/a cage. The px-selectivities were calculated at 175°C according the
adsorption isotherms of the mixture px/mx, shown in Figure 70.

The isosteric enthalpies of adsorption were computed according to the fluctuations
method. The obtained results are presented in Figure 72 as a function of the loading. The
enthalpies of adsorption in BaLSX zeolite are, in general, larger than those for zeolite NaLSX.
At low and intermediate loadings, the higher enthalpies of adsorption in BaLSX could result
from stronger interactions of xylene molecules with Ba cations. The enthalpies of adsorption
described herein are not far from those reported in the literature (~120 KJ/mol in the case of
BaX). Contrary to the experimental adsorption enthalpy curves of zeolite X, showing a strong
decrease at high loadings, such a phenomenon is not observed here through simulation'®. The
absence of this behavior, typical from the capillary condensation, is attributed to the absence of
external surface in the simulations, as will be seen in the next results on systems bearing an

interface.
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Figure 72. Isosteric enthalpies of adsorption for xylene isomers in bulk-crystal NaLSX (blue) and in
bulk-crystal BaLSX (black) zeolites at 175°C. The adsorption of pure xylenes is represented by symbols:
pure px (triangles) and pure mx (squares). The 50%:50% px/mx mixture adsorption is represented by the
solid line.

6.3.2 Xylene adsorption in NalLSX and BalLSX systems

bearing an interface

The adsorption isotherms of binary mixtures, as well as of pure compounds are studied at
different loadings with the modified NaLSX and BaLLSX zeolites systems comprising a surface
(Figure 73). It is possible to observe that the adsorbed quantities in the zeolites presenting
external surface is larger than the bulk-crystal adsorption. This increase in adsorption must be
related to additional surface adsorption. Another interesting behavior is observed in adsorption
isotherms for the cleaved zeolites. At high pressures a sharp increase in adsorbed amount is
observed. This should be the result of capillary condensation. Before capillary condensation,
two regions can be distinguished in the adsorption isotherms, especially evident in the case of
BaX zeolite when looking at the adsorption of each component in the mixture (dashed and
dotted lines). In the first part of the curve an increasing adsorption of px is observed with respect
to mx. From a certain point, a decrease in the adsorbed amount of px is observed. The region of

decrease in px adsorption is probably the one where surface adsorption is most important.
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Figure 73. Calculated adsorption isotherms of xylenes in a NaLSX system bearing an interface (blue)
(a) and in a BaLSX system bearing an interface (black) (b) at 175°C. The adsorption of pure xylenes is
represented by symbols: pure px (triangles) and pure mx (squares). The mixture (px/mx) adsorption is
represented by the solid line. The amounts of each constituent in the mixture are then identified by the
dashed (px) and dotted lines (mx). The red solid lines in the graphs show the amount of (px/mx) adsorbed
in the respective bulk-crystal zeolite: NaLSX bulk-crystal (a) and BaLSX bulk-crystal (b).

From the indication of surface adsorption seen above for cleaved zeolite systems, a
comparison of selective properties and enthalpies of adsorption may be useful for the
understanding of the surface effects. In Figure 74 the adsorption selectivities are represented as
a function of the loading, with a comparison between the selectivities in the bulk-crystal
systems and in the systems bearing an interface. In the case of NaLSX zeolites, the curve
indicating the selectivities has a very similar profile along the adsorption until saturation.
However the selectivity in the case of the system including a surface is relatively smaller. This
may indicate that the surface selectivity in NaLSX zeolites is less than 1, which contributes to
the decrease in total selectivity. This is in agreement with our experimental results in Chapter
4 and with the studies on Y zeolite made by Bellat et al.'? In the case of px-selectivities in
BaLSX type zeolites a maximum of selectivity (about 3) can be observed in both cases (with or
without surface). This suggests that during xylene adsorption a selectivity maximum is reached
close to saturation. However, after this maximum, a specially marked reduction in selectivities
is observed for the system considering surface adsorption. Then, by comparing both curves, it
can be suggested that after the selectivity maximum, the adsorption enters the zone of surface

selectivity in zeolite BaLSX, as indicated by the arrow in Figure 74.

160



N
Ul
)
w
)

2 2.5
2 2
=15 - 3
3 3 15
5} o)
o 1 - @
9 L1 e
Q QU

(=)
o
1
(=)
o

0 T T T 1 T T T
0 1 2 3 4 0 1 2 3 4
molecules/a cage molecules/a cage

(=]

Figure 74. px-selectivity in bulk-crystal systems (full symbols) and systems bearing an interface (open
symbols) for NaLSX (blue) and BaLSX (black) zeolites forms as function of loading in molecules/a
cages. The px-selectivities were calculated at 175°C according the adsorption isotherms of the mixture
px/mx, shown in Figure 70.

The isosteric enthalpies of adsorption are shown in Figure 75 for BaLSX and NaLSX,
for both systems including a surface. Contrary to what is seen in the bulk-crystal systems
(Figure 72), the enthalpies of adsorption curves for the zeolite systems including a surface are
close to those described in the literature!®. In such curves, as already mentioned, enthalpies of
adsorption drastically decrease at high loadings. It is still interesting to note the differences in
the enthalpies of adsorption curves for the different zeolites form. While the decrease in
enthalpies of adsorption is more gradual in the case of NaLSX, an abrupt drop is observed in
the case of the BaLSX zeolite. Such a change in adsorption values seems to be associated with
selectivity changes observed throughout the loading (Figure 74). In general, in the case of
zeolite NaLSX including surface, small changes in selectivity are perceived which would be in
agreement with a slower decrease of enthalpies of adsorption. On the other hand, in the case of
the BaLSX zeolite including surface, the drastic reduction of adsorption heats at high loadings
seems to be directly linked to the “bulk-crystal selectivity/surface selectivity” transition

(significantly different in the case of BaLSX).
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Figure 75. Isosterics enthalpies of adsorption for xylene isomers in surface model NaLSX (blue) and
surface model BaLSX (black) zeolites at 175°C. The adsorption of pure xylenes is represented by
symbols: pure px (triangles) and pure mx (squares). The enthalpy of adsorption for a 50%:50% px/mx
mixture is represented by the solid line.

6.3.3 Configurational analysis of the adsorption in the

interface

In order to better understand the behavior of the adsorption in the surface, a
configurational analysis of the systems bearing an interface has been performed. In this way,
distribution profiles of the adsorbed isomers along the bulk-crystal, surface and bulk-fluid have
been determined. The boundaries for such regions as well as the density distribution profiles
are described in Figure 76 and Figure 77. Based on the calculated profiles, the selectivity of the

different regions of the system can be dissociated.
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The density distribution profiles are in practice built from an histogram of the adsorption
frequency of each isomer in the direction normal to that of the surface cleavage. Such histogram
is then normalized by the total number of adsorption events in order to obtain the adsorption
probability at a given position. The obtained profiles are shown in Figure 76 and Figure 77 for
the adsorption of an equimolar binary mixture of px/mx in both NaLSX and BaLSX at different

total pressures.

As can be seen from the comparison between Figure 76 and Figure 77, the profile in the
region of the adsorption in the bulk-crystal phase of BaLSX system is characterized by a more
regular adsorption pattern compared to that of NaLSX. This is a consequence of the more
regular countercation distribution of BaLSX due to the absence of cations in site III. In the case
of the NaLSX, the cations in site III are randomly distributed due to the degenerated nature of
this site. The degree of symmetry obtained for BaLSX allows better observation of the impact
of the surface at low loadings (and low pressures). As can be seen for the adsorption at lower
pressures (P = 5x10™* and P = 2x10” mbar) the loading in the region closer to the surface of
BaLSX is lower than that of the bulk-crystal region. However, especially in the case of BaLSX
zeolite, the amounts adsorbed on the surface at high pressures increases. The simulation was
then able to confirm that the concentration of molecules adsorbed on the surface changes
considerably in between gas (low pressure) and liquid phase (high pressure~100 mbar). Such
higher adsorption on the surface in the liquid phase approach was found to be responsible for

the elimination of diffusional surface barriers (Chapter 5).
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Figure 76. Probability density distribution profiles for px (solid line) and mx (dotted line) obtained for
the adsorption at 175°C of an equimolar binary mixture in a NaLSX system bearing an interface. The
different total pressures considered are from top to bottom to P= 2x/ 072 0.1, 5 and 100 mbar. The
corresponding loadings are respectively 1.4, 2.0, 2.8 and 3.3 molecules per a cage. Pink and green zones
represents the surface and bulk-fluid phases. The dotted and dashed purple lines account respectively
for the bulk-crystal/surface and surface/bulk-fluid interface.

164



8E-03 - - . . w
* "
& E-03 b "o
: ] 1 .
4E-03 | | B
B . . .
My 2 E 03 e | | I
' | I .
* "
2 E-18 =
2 E-03 -
8E-03 - e 11 .
A Y T
6E-03 - U TR T
: ] | b
—~. 4E-03 - | I
N P T T
M 2E03 - 3 -
Y
. -
2E-17 -
2 E-D3
2 E-03 - ) .
L L
&E-03 - 1 : : ]
4 E-03 | :
. - 7 ' ' :
oL *Hie 1 ff:
M9 B3 <Horoe ]
o [ | E
2E-18 -
-2 E-03 -
8E-03 - i .
. " .
o " -
£E-03 - . " .
4E-03 Seo. - :
o 4 E-U3 9 : b = " »
P A & : H ! DY
Q“ ZE_03 i E i ! H EE :‘I . . :
3 H - "ll . H L15%Y g : - " = o
2.E-158 1 v Tt 5 i
2E-03 -

Figure 77. Probability density distribution profiles for px (solid line) and mx (dotted line) obtained for
the adsorption at 175°C of an equimolar binary mixture in a BaLSX system bearing an interface. The
different total pressures considered are from top to bottom to P=5x10~, 2x10 ?, 5 and 100 mbar. The
corresponding loadings are respectively 1.3, 2.7, 3.3 and 3.9 molecules per a cage. Pink and green zones
represents the surface and bulk-fluid phases. The dotted and dashed purple lines respectively account
for the bulk-crystal/surface and surface/bulk-fluid interfaces.
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The selectivity is another property that can vary with the pressure range and
consequently with the loading. In this way, the observation of the BaLSX system at a higher
pressure (P=100 mbar) display the impact of the loading on the px/mx selectivity. As can be
seen, when the capillary condensation occurs, the bulk-crystal region closer to the interface
recovers the px-selectivity which characterizes the bulk-crystal. In order to better understand
the effect of the loading over the surface adsorption, the selectivities associated to the different
regions (bulk-crystal, surface and bulk-fluid) are extracted from the profiles and presented in

Figure 78 and Figure 79 for NaLSX and BaLSX systems respectively.
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Figure 78. Dissociated px-selectivities of the bulk-crystal (black), surface (pink) and bulk-fluid (green)
for the adsorption at 175°C of 50%:50% px/mx mixture in a NaLSX system bearing an interface (px-
selectivity values on vertical axis on the left). Contribution of the sum of the surface and bulk-fluid to
the total adsorption (Red curve with values on vertical axis on the right).

As can be observed from Figure 78 and Figure 79, the surface selectivities are relatively
similar for both systems. Nevertheless, slightly higher values (between 1 and 1.4) are obtained
in the case of BaLSX when compared to those of NaLSX (between 0.6 and 0.8). This trend is
in agreement with the order of selectivy obtained for the bulk-crystal (larger selectivity for BaX
zeolites). In other words, although the cleavage of the solid causes a significant impact on the
adsorbent concerning the loss of px-selectivity in the surface, the nature of the cation seems to
maintain a relative effect in this region. On the other hand, the difference between crystal
selectivity and surface selectivity is much higher in the case of BaLSX zeolite. The same

behavior could be observed experimentally in Chapter 4. As expected, the bulk-fluid
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selectivities calculated when the non-microporous contribution becomes relevant enough,

present values close to one.

When looking to the trend of the bulk-crystal and the surface selectivities, in both
systems their values tend to converge when the non microporous contribution increases. From
Figure 77 (profile corresponding to 3.3 molecules per « cage), this fact seems be explained by
the propagation of the surface effect to the immediately closer microporous regions. Also, for
BaLSX system, the px-selectivity nature of the bulk-crystal seems to be recovered when
capillary condensation occurs. Nevertheless, the obtained values do not reach the maximum
values obtained for intermediate-high loadings. Such a phenomenon is less evident in the case

of the NaLSX system due to the absence of complete capillary condensation.

3 - 100%
=
2.5 - 2
. - 80% 3
kS
> 2 N
= - 60% S
‘5 “
S 15 - 2
3 -9 a0 S
1 B (1] Q
g
05 - 20% =
=,

0 —& - : 0%
0 1 2 3 4

molecules/a cage

Figure 79. Dissociated px-selectivities of the bulk-crystal (black), surface (pink) and bulk-fluid (green)
for the adsorption at 175°C of 50%:50% px/mx mixture in a BaLSX system bearing an interface (px-
selectivity values on vertical axis on the left). Contribution of the sum of the surface and bulk-fluid to
the total adsorption (Red curve with values on vertical axis on the right).
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6.4. Conclusions on molecular simulation

In this chapter the results of molecular simulation by means of Monte Carlo method
were presented. This method allowed describing the adsorption of xylenes on NaLSX and
BaLSX type zeolites. Adsorption in bulk-crystal phase and adsorption in a model taking into
account the presence of a surface were investigated. The implementation of the force field was
validated through the adsorption of mixture/pure xylenes in the bulk-crystal phase. The
validation was conducted through the comparison with experimental data (either adsorption
capacit, enthalpy or selectivity), observed both in this thesis and in the literature. Despite a
simplified approach has been implemented in this work to minimize the energetic impact of the
surface reconstruction (by minimizing the total dipole of the system), it is worth mentioning
that the use of ab initio methodology would allow for a more accurate minimization of the
surface energy. Nevertheless, the implemented methodology remains valid for the

comprehension of the surface adsorption phenomena.

The comparison between adsorption in both systems (bulk-crystal and surface) allowed
us to identify an adsorption zone, on the surface, where there is a reduction of the px-selectivity,
especially evident in BaLSX zeolites. The transition between the adsorption in the micropores
and adsorption in the surface is observed mainly in the xylene mixture adsorption isotherms
(px/mx). When surface adsorption becomes important, a decrease in the adsorbed amount of px
is observed and therefore a decrease in selectivity as well. The loss of px-selectivity on the
surface, for a BaLSX, was evaluated around 40% (from 2.57 in the bulk-crystal to 1.4 on the
surface). Thanks to the probability density distribution profiles it was possible to identify the
contributions of each region of the system separately i.e. crystal-bulk, surface and fluid-bulk. It
was possible to observe that px-selectivity on the surface was almost constant all along the
loading. When the contribution of adsorption in non microporous phase becomes more
important it seems to cause a decrease of selectivity in the bulk-crystal phase. Specifically in
the case of BaLSX zeolite, capillary condensation appears to have a regenerative effect on px-

selectivity, although partial.
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Conclusions and perspectives

Different faujasite samples exhibiting a hierarchical nature, i.e. a secondary porous
network (meso and/or macro) have been characterized with the main goal of rationalizing the
impact of this feature on their properties for the separation of xylene isomers. In order to get
insight into the mechanisms associated to the interface generated by the introduction of
additional porosity, i.e. the external surface area, different characterization techniques have
been employed. The selected characterization techniques have been chosen to provide detailed
information about both the quantity and quality (chemical nature) of the external surface.
Besides, different experimental and theoretical methodologies have been employed to acquire
information about both adsorption and diffusion behaviors arising due to the introduction of

this surface area.

When compared to the conventional zeolite, the quantitative characterization of the
surface allowed to identify increasing external surface areas and mesoporous volume for the
hierarchical zeolites type NA (NA-1<NA-2 <NA-3). On the other hand, the LL zeolite, presents
an external surface area similar to that of NA-1 and the lowest mesoporous volume among all
the hierarchical zeolites. X-ray diffraction, through the Scherrer equation, allowed determining
crystallite (nanometric) sizes for all zeolites. The following order was obtained: conventional
zeolite > NA-1>NA2>NA-3 = LL. Textural data including external surface areas, microporous
volumes and pore size distributions were obtained from N> sorption and mercury porosimetry.
The BaX-NA type zeolites present external surface areas between 43 m?/g and 68 m?/g while
the mesopore volumes range between 0.11cc/g and 0.18 cc/g. The micropore volume of such
zeolites lies in between 0.16 cc/g — 0.18cc/g. Concerning the BaX- LL type zeolite, the
microporous volume is larger than that of NA materials - about 0.2 cc/g while the external
surface area and the mesopore volume are respectively 38 m?/g and 0.08 cc/g. The pore size
distribution was established according to a consolidated model integrating both the adsorption
data of N> and mercury intrusion. The pore sizes observed for the hierarchical zeolites were
between 3.5 and 30 nm. Particularly, the characteristic mesopore sizes lie in the range of small
mesopores: about 5 nm (NA-3 and LL), 8 nm (NA-2) and 10 nm (NA-3). The internal and
external morphology of crystals was analyzed by means of microscopy (SEM and TEM). For
the NA-1, NA-2 and LL materials, some macropores presenting a size about hundreds of

nanometers were identified. In general, the agglomerates present a very porous core with dense
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borders. However, in all cases, connections between the external surface and the inner part of
the agglomerates were visualized. Electron tomography was also performed to allow the
visualization of the depth and distribution of pores in the crystal. Along with the morphological
features of the hierarchical adsorbents, getting insight about the surface composition of these
samples is also relevant as it allows the study of its impact on surface selectivities. Therefore,
the quality of the surface in terms of the presence of OH groups was investigated through
infrared analysis. The amount of these polar groups such as Si-OH was found to considerably
increase upon increasing the external surface area. The density of OH groups in the external
surface was found to be nearly constant for all zeolites. The connection between the different
porosities was observed by means of 1H 2D exchange spectroscopy nuclear magnetic resonance
(1H EXSY NMR) using px as probe molecule. In the case of zeolite NA-1, the exchange
between fluid-phase molecules and molecules adsorbed in the micropores was observed. In the
case of zeolite NA-3, the exchange of px molecules was further observed in micropores, small

mesopores and fluid-phase.

Once the characterization of the quantity and quality of the zeolites surface was carried
out, the study of the adsorption and diffusion properties of xylenes was performed. At this stage,
the characterization of the materials performed in the third chapter of this work proved to be
essential in the understanding of the phenomena occurring during the adsorption and diffusion
of xylenes in the hierarchical zeolites. The xylene adsorption capacity of the hierarchical
zeolites, obtained by means of thermogravimetry, pointed out larger amounts of xylene
adsorbed in NA hierarchical zeolites with respect to the conventional zeolite. The xylene
adsorption in the zeolite LL was found to be equal or smaller than in the case of the conventional
zeolite. In order to study the adsorption behaviour close to saturation conditions, the isosteric
enthalpies of adsorption were calculated from the adsorption isotherms for pure xylene isomers
in the conventional and hierarchical zeolites at high loadings. Due to the fact that the enthalpies
of adsorption were found to be very similar between the px and ox isomers, it was not possible

to extract a clear conclusion about a possible enthalpic effect on surface selectivity.

In general, hierarchical zeolites exhibited a loss of px-selectivity with respect to the
conventional zeolite. The evaluation of a non-selective NaX zeolite and a px-selective BaX
allowed the understanding of the phenomena responsible for the loss of selectivity in
hierarchical zeolites. As could be seen in Chapter 4, the loss of effective selectivity in the NaX-
type hierarchical zeolites was very subtle, whereas the loss of selectivity in the BaX-type
hierarchical zeolites was quite significant. The reason why the loss of selectivity is more marked

170



for BaX zeolite than for NaX zeolite must therefore be related to the intrinsic characteristics of
each zeolite with respect to selectivity. In the case of adsorption in NaX zeolite, the mx and px
isomers have the same affinity since they share the same preferential adsorption sites. In the
case of the BaX zeolite, there is a specific site for the adsorption of px that appears at high
loadings. This site is located at the center of the 12-member window and has already been
identified by different authors as responsible for the px-selectivity in the BaX zeolite. The fact
of observing a loss of selectivity more marked in BaX than in NaX suggests that the presence
of an increased external surface area, as in the case of hierarchical zeolites, can decrease the
stability of px adsorption in the window site. In addition, by increasing the external surface
area, the effect on selectivity loss becomes reinforced. The selectivity of the NA-3 zeolite 1s
smaller than the others. The layer-like morphology of crystals in the zeolite LL also seems to
further favor the selectivity loss. Despite a smaller external surface area, compared to the zeolite
NA-3, the selectivity found for zeolite LL is similar to that found for zeolite NA-3 (highest
external surface area). The obtained results show an increase of the selectivity loss when
increasing the external surface area of the zeolites. The effect of the silanol groups on the
selectivity was not easy to evidence due to the fact that all zeolites presented close densities of
silanol groups on their external surface. Since the OH amount increases proportionally to the

external surface area, dissociating both potential impacts were not evident.

In the case of liquid phase adsorption conditions, the use of hierarchical zeolites proved
to be highly satisfactory with respect to the px diffusion in conventional zeolites. The diffusion
ability of zeolites NA-2, NA-3 and LL showed increases greater than 94% (expressed in terms
of reduction of the px characteristic diffusion time) as compared to the conventional zeolite.
The px diffusion time in the NA-1 zeolite was about 85% lower than that observed for the
conventional zeolite. In the case of NA zeolites, diffusion was faster for zeolites with larger
mesopore volumes. In the particular case of the LL zeolite, the diffusion time enhancement
seems to be related to the zeolite lamellar morphology. As a matter of fact this zeolite presents
smaller volume of mesopores compared to the other hierarchical zeolites. The evaluation of
diffusion in the gas phase indicated the presence of diffusion barrier phenomena in the case of
hierarchical zeolites. The improvement of the diffusion time was never higher than 30% for the
ensemble of tested zeolites and was reduced to only 20% in the case of NA-1. Compared to the
diffusivity measured for the conventional zeolite, the theoretically estimated diffusion times
were expected to decrease by values between 85% and 95% according to the size of the

respective crystallites. It is worth mentioning that the theoretical decrease in the diffusion time
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calculated for the gas phase corresponds to that observed experimentally in the liquid phase.
These results suggest that diffusion barriers are not significant in the case of the liquid phase:
the access time to the interior of the crystal is significantly reduced due to the high concentration
in the fluid film (liquid phase) surrounding the surface. Such observations confirm the interest
of the xylene separation in liquid phase in the case of the use of hierarchical zeolites, since in

these conditions the surface barriers seem negligible.

The measured properties of the zeolites associated to adsorption and diffusion of xylene
allow us to identity, among the zeolites studied, those exbiting the best overall separation
performance. Such performance is related to the notion of productivity, which is directly
proportional to both selectivity and adsorption capacity, and inversely proportional to the
diffusion time. When the estimation of productivity is established in liquid phase conditions,
NA-type zeolites presenting enhanced accessibilities also present the best productivities (NA-
I<NA-2<NA-3). In the case of the LL zeolite, despite a reasonable accessibility, the obtained
productivity is smaller than that of zeolite NA-2. The productivity ratio between the NA-3
zeolite and the conventional one is expected to be about 25. Contrary to the observations in
liquid phase conditions, the evaluation of gas phase productivity (considering the same
selectivity measured in liquid phase) indicates that the conventional zeolite would present a
productivity value superior to those of other zeolites. In the case of the gas phase, the ratio
between the productivities of the conventional zeolite and NA-3 is around 1.3. The low
productivity observed for hierarchical zeolites in the gas phase is attributed to the presence of

surface barriers.

The theoretical study, performed by means of Monte Carlo methods confirmed that an
increase in adsorption can take place due to the presence of an external surface area. The loss
of px-selectivity at the surface level could also be proved through MC simulations. This
phenomenon was particularly significant in the case of the BaLSX zeolite, whereas in the case
of the NaLSX zeolite, the loss of selectivity is difficult to highlight due to closer selectivity
values between the micropores and the surface. For BaLSX zeolite, the loss of selectivity due
to the presence of surface with respect to micropore selectivity is about 40%. As hypothesized
In Chapter 4, the loss of px-selectivity observed should be related to the presence of a cages
exposed to the outer surface. In order to verify this hypothesis, the theoretically studied systems
were generated by cleaving the bulk adsorbent in the {0 1 1} direction. In this way, the cleavage
plane crosses the a cages and generates incomplete dodecagonal windows at the surface level.
The results obtained from the simulations seem to confirm the emitted hypothesys since a
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reduction of the px-selectivity was observed. In perspectives and in order to consolidate the
observation about the decrease in adsorption on the surface, the study of systems cleaved in the

direction {1 1 1} would be interesting as long as the a cages could be mantained intact.

As general perspectives for future work, the theoretical study could be expanded. The
observation of different surface directions and different OH densities at the surface would bring
more insightful explanations to the surface phenomena observed throughout this thesis.
Moreover, the study of diffusion through molecular dynamics (MD) in zeolite models
containing different pore sizes would contribute to a better understanding of the diffusion
barrier phenomena observed in the case of gas phase conditions. In the same direction, the effect
of the surface concentration on the dissapearance of the surface barriers could be verified by
molecular simulation. Another interesting aspect of the theoretical study to be investigated is
the study of diffusion from different concentration rates, in order to investigate if the diffusion
in this type of materials is always described by Fick's diffusion law. With regard to the
experimental work, studying the extrusion of the materials with different binders would allow
to test them under industrial separation conditions by means of xylene breakthrough tests. The
study of different binders would allow for the identification of conditions where no
condensation reaction of xylenes would occur at the surface level (phenomenon potentially
expected to block the pore entries). Therefore, the test of hierarchical zeolites for xylenes

separation under real conditions could be studied in future works.
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Annex 1

Flow diagram of the saturator coupled to the thermobalance.
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Annex 2

The decomposition of the 'H MAS spectra, using the dmfit software, gives direct access
to the quantity of the different species. Since the sequence used is not a quantitative, the
different percentages are only for comparison purposes. The presence of a very broad signal in
all spectra, which corresponds to the background, was observed. This signal was not considered
for the calculations of the relative intensities of each signal. Nevertheless, its presence can
impact the results obtained. (a) Conventional, (b) NA-1, (c) NA-2, (d) NA-3 and (e) LL.
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Annex 3

Deconvolution of the IR spectra bands for NaX zeolites. The deconvoluted peaks are

represented in green and the sum of the contributions in red that fits well the experimental curve

(black). The deconvolution was done by using Indigo software « plug im! » an open access and

customizable software for signal and image processing. https://www.plugim.ft.
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Annex 4

Deconvolution of the IR spectra bands for BaX zeolites. The deconvoluted peaks are
represented in green and the sum of the contributions in red that fits well the experimental curve
(black). The deconvolution was done by using Indigo software « plug im! » an open access and

customizable software for signal and image processing. https://www.plugim.ft.
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Annex 5

The following curves are the result of successive breakthrough tests (x axis). The
analyzed solids are the conventional hierarchical zeolites NA-2 (purple) and NA-3 (blue). All
zeolites were shaped with kaolin and sieved to a size between 375 and 500 um. Analyses were
performed at 50°C and the solvent used was paradiethylbenzene. The feed used was px/ox/nC10
or px/mx/nCI10 (45%/45%/10%). As can be observed, the volume of micropores in the
hierarchical zeolites is reduced after the second test. The micropore volume probed by xylene
reaches a minimum of 0.03cm?/g for NA-3 zeolite and 0.04cm’/g for NA-2 zeolite. Such a
decrease appears to be caused by blocking of the pore entries of the adsorbent. Taking into
account the immersion calorimetry analyses (where hierarchical samples acquired a yellow
color after test), it may be suggested that pore blocking is being caused by a surface reaction.
Such a reaction generates the deposition of condensed aromatic compounds on the surface and
causes the blockage of pores entries.
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Annex 6

The graph below shows two experiments performed in a batch test for a conventional
BaX zeolite. The different experiments can be distinguished by the symbol (square or triangle).
The tests were performed simultaneously under the same conditions. The zeolite was also
activated under the same conditions and therefore in both analyses the zeolite shows the same
LOI of 4.98%. The orange color represents the adsorption of ox, blue represents adsorption of
px and black is the sum of both isomers. As can be observed, the repeatability of the
experimental data is good. However, for the last experimental point the analyses indicate a less
precise value with respect to the quantity of ox, which can vary around 15%.
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