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Chapter 1

1 Overture

Zeolites are crystalline microporous crystals with applications ranging from the petrochemical industry to
chemical sensing and medicine. Zeolites face two contradictory requirements: a micropore (<2 nm) confinement
and no diffusion limitations. The lone presence of microporous channels inescapably restricts bulky reactants'
diffusivity and products towards and away from the acid sites, prompting retarded reaction rates and catalyst
deactivation. Developing hierarchical zeolites that comprise of mesoporous and/or macroporous networks can
overcome this problem. This enhances the mass transport of molecules while maintaining the intrinsic shape
selectivity provided by the zeolite micropores.

Hierarchical zeolites can be obtained via post-synthesis or direct synthesis methods. Chemical etching has been
used for years to modify the zeolite framework's composition or introduce a secondary system of pores in zeolite
crystals. However, the usual treatments often result in a preferential dissolution of the framework constituents,
silicon and aluminum, and change the intrinsic zeolite properties.

Chemical etching with fluoride solutions continues to develop in recent years. This solution dissolves in equal
rates Si and Al, which opens up the possibility to extract framework atoms in a discrete and uniform manner
from a zeolite structure, which opens the possibility to develop zeolites with new properties in terms of
accessibility of the active sites, available free total pore volume, and thus to extend the possible applications of
conventional aluminosilicate zeolites.

The Ph.D. work's objective is to study the key factors controlling the unbiased dissolution of zeolite framework,
as special attention is paid to the kinetics of the process and the development of zeolite materials able to process
bulkier molecules than their conventional counterparts.

2 Scopes of the thesis

In this study, fluoride solutions were mainly used to obtain hierarchically porous zeolites. Zeolite structures with
relevant functions in the chemical industry were selected for developing improved catalysts. Chabazite and zeolite
L were selected for the incorporation of multimodal porosity. The goal is to understand the impact of the fluoride
etching on the hierarchical derivatives' morphological, textural, and acidic properties.

Chapter 4 compares the chemical etching of a commercial zeolite L. with aqueous solutions of NH,F and NH,HF,
to generate secondary porosity. Tuning the etching conditions allows creating hierarchical zeolites without losing
micropore volume. The catalytic properties of the pristine and modified zeolites are evaluated in the dealkylation
of 1,3,5-triisopropylbenzene.

Chapter 5 presents NH,-SSZ-13 subjected to etching with an aqueous solution of 40 wt/% NH,F upon different
synthesis conditions to obtain hierarchical derivatives. The etched zeolites were extensively characterized. The set
of experimental data shows the temperature and high liquid-solid ratio treatments have to be carefully tuned to
obtain a hierarchical material with retained basic characteristics.

Chapter 6 deals with a novel method for chemical etching of zeolites with different pore openings, 8 MR, 10 MR,
and 12 MR, using chromic acid. This study expands the zeolite post-synthesis modifications to new etchant and
brings insight into etchant size exclusion by the pore opening, which impacts the dissolution process.

Finally, the general results are summarized in the last section (Chapter 7) and new possible research directions
are presented.
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1 Introduction to zeolites

Zeolites are minerals known from about 250 years ago. In 1756, a Swedish mineralogist Alex Fredrik Cronsted
discovered that a mineral (widely claimed to be stilbite[1]) exhibits swelling upon heating (intumescence) and
gave off a hissing sound due to the release of steam. This new family of minerals was called zeolite, from the
Greek words zeo and lithos, which means “to boil” and “stone”.[2-4]

Today zeolites are of great interest as heterogeneous catalysts, molecular sieves, and cation exchangers. Zeolite
minerals are of limited value since nature has not optimized their properties for catalysis, and they contain
impurities.[3] Therefore, natural zeolites are mainly used in agriculture. In contrast, synthetic zeolites offer
uniformity in terms of chemical and phase composition, which is indispensable for high-tech applications.
Nowadays, the precise engineering of their properties is possible (crystal size, composition), which illustrates the
advantage of synthetic zeolites over their natural counterparts. More than 50 different types of zeolite structures
have been discovered in nature, while the number of synthetically made zeolites has reached over 250 and
continues to grow.[5,6]

In 1862 was the first attempt to make a laboratory synthesis of zeolites by H. E. Sainte-Claire Deville, who claimed
to have made levynite (levyne).[4,7] The era of synthetic zeolites started after the Second World War with the
pioneering work of Richard M. Barrer and Robert M. Milton. Zeolites revolutionized heterogeneous catalysis in
the 1960s, as they showed remarkable activity and selectivity for acid-catalyzed processes.[3,8] A major event
was the introduction of synthetic faujasites in the FCC (fluid catalytic cracking) catalysts in 1962. Nowadays, the
zeolites are extensively used in petrochemistry and fine chemistry, and they have also found promising
applications within the field of renewable energy like biomass conversion, fuel cells, thermal energy storage, and
environmental improvements like pollution abatement, CO, capture, and water purification.[9]

2 Zeolite structure

Zeolites are microporous crystalline aluminosilicates with a three-dimensional framework structure, which is
built of TO, (T = Si**, AP*) tetrahedra connected via shared O atoms. T sites can also be occupied by P, Ga, Ge,
Ti, and to a less extent by other atoms. These structures are known as zeotypes, even though they are often
referred to as zeolites in the literature.[10,11] The tetrahedra of SiO, and AlO,” connected through their bridging
oxygen atom form together subunits and the crystal lattice by repeating identical building blocks.[2] The general
composition of the skeleton is TO, because each oxygen atom is coordinated with two T atoms.[12]

The presence of trivalent T-atoms (AI**) introduces a negative charge in the framework, which is compensated
by the presence of alkali or alkali-earth cations in the voids of the framework, which are loosely bound, and this
gives zeolites their cation exchange properties. The alkali cations with their hydration spheres serve as structure-
directing agents (SDAs) in the synthesis of zeolites. Organic cations, as tetraalkylammonium cations, can play the
same role in zeolite synthesis.[13] Removing water and organic molecules at elevated temperatures brings about
the regular porous structure of molecular dimensions, which gives zeolite materials their unique adsorption
properties.[12]

2.1 Zeolite building units

Zeolite frameworks are complex lattice structures classified according to the smaller subunits. The basic building
unit (BBU) or the primary building unit is a TO, tetrahedron; through shared oxygen, they can combine to form
secondary building units (SBU). The simplest examples of SBUs are rings with a different number of T atoms. In
general, a ring containing n tetrahedra is referred to as an n member ring (n MR).
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The most common rings are formed by 4, 5, 6, 8, 10, and 12 tetrahedra, but materials with 14, 18, and up to 20
MR have been prepared. Zeolite frameworks with 3, 7, or 9 MR are rare.[14] When a ring defines the pore aperture,
it is also called a window.

Secondary units can further build tertiary building units or building polyhedra. For instance, twelve tetrahedrons
can be connected by sharing cube vertices, and form a double six-ring (d6r) polyhedra. Examples of zeolite
building units are given in Figure 2.1.[15]

© o
Primary @—pé@ 0 (%
@ d b : d ‘ ©

building units

Silica Alumina
tetrahedron tetrahedron

Secondary building - 0 .
4 6 5

units
Tertiary building units @
(building polyhedra) == 4
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structures SRR TDRAR a

Zeolite L Erionite Offretite

Figure 2.1. Examples of zeolite building units and framework types.

Polyhedral building units are often described using common names (such as cancrinite cage) and three-letter
codes (d6r or can) and using descriptors [n1™, n2™>...] where m1 is the number of ni-rings, m2 is the number of
n2-rings. For example, d6r has descriptors [4°, 6*], because it is defined by two equivalent six-rings that are
connected through six four-rings.[16]

Zeolite framework types are labeled by a 3-capital letter code. For instance, FAU stands for faujasite and CHA for
chabazite, rendering to the rules set by the Structure Commission of the International Zeolite Association (IZA).

250 7 e -

0 S

1975 1980 1985 1990 1995 2000 2005 2010
Year

Figure 2.2. Increase of zeolite structure codes since the 1970s (from [17]).

253 different framework types are assigned with a three-letter code, all of which can be found on the website of
the IZA (http://www.iza-structure.org/databases). Figure 2.2 shows the exponential rise of discovered zeolite
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structure since the first systematic listing in the years the 1970s.[18,19] New codes have been approved every year
since 1992.

2.2 Pore structure classification

Arrangement of the building units in zeolite frameworks results in the generation of cavities and channels of
various dimensions. These are responsible for the molecular sieving and confinement effect that occur during
molecules’ processing.[2,12]

According to their intrinsic crystalline pores, zeolites are generally classified as:
Small pore zeolites: 8 MR pore apertures (8 T atoms) having free diameters of 0.30-0.45 nm
Medium pore zeolites: 10 MR pore apertures, 0.45-0.60 nm in free diameter
Large pore zeolites: 12 MR pore apertures, 0.60-0.80 nm
Extra large-pore: >12 MR pore apertures, 0.80-2.0 nm

The team of Virginia Polytechnique Institute obtained the first extra-large pore material VPI an aluminophosphate
with 18 MR pores. Later on, a silicate (UTD-1) with 14 MR was synthesized.[20] The quest to synthesize extra-
large pore zeolites continued and zeolites with 24[21], 28[22], and 30 MR[23] have been discovered. The majority
of these materials are Ge-silicates with limited (hydro)thermal stability.[24]

The general classification of pores in zeolites recommended by ITUPAC and based on the pore width is summarized
in Table 2.1.[12,25]

Table 2.1. Classification of pores in zeolites.

definition typical material ring size pore diameter (nm)
ultra-large pore VPI-5 >14 0.80-2.00
large pore FAU 12 0.60-0.80
medium pore ZSM-5 10 0.45-0.60
small pore CHA 8 0.30-0.45

Multiple pores with different dimensions can exist in zeolites, which results in materials having a 1-, 2-, or 3-
dimensional system of channels. The multiple pore system can be linked or not.

2.2.1 Zeolite structures employed in the present study
Three types of zeolite structures are used throughout this work.
2.2.1.1 SSZ-13

SSZ-13 is a type of high-silica industrially used zeolite with chabazite (CHA) topology. Chabazite has a framework
structure consisting of a stacked sequence of 6-rings in the order AABBCC, forming double 6-rings at each apex
of the rhombic unit cell (Figure 2.3). Thus, a specific cage (0.67 x 1.1 nm? in size) named after the mineral’s name
is formed (cha). The zeolite possesses a three-dimensional system of eight-membered ring (aperture 0.38 x 0.38
nm?) channels.
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Figure 2.3. Chabazite (CHA) composite building units (from [26]).
2.2.1.2 ZSM-5

ZSM-5 is a high-silica pentasil type zeolite with an MFI-type framework topology. The building units are the mfi
(5%5%), cas (5°6), and tes (5%), mel (4'5°6>) polyhedral (Figure 2.4). These units, connected by sharing of corners
or faces, form 10-membered rings. The resulting framework contains two intersecting channels, one parallel to
[010], and the other is sinusoidally parallel to [100], forming both the 10-ring openings. Since the straight
channels along [010] are connected to each other via the sinusoidal channels along [100], by navigating
alternately along the [010] and [100] channels, a molecule can also diffuse in the [001] direction. The effective
diameter of the 10-rings of the [010] channel is 0.53 x 0.56 nm?, and that of the 10-rings of the [100] sinusoidal
channel, about 0.51 x 0.55 nm?>.

&

mor (tes) mel

cas

Figure 2.4. Composite building units in the MFI-type framework (from [26]).
2.2.1.3 Zeolite L

The framework topology of zeolite L. (LTL-type), is built entirely from cancrinite cages (can) presented in Figure
2.5.[17] The resulting framework consists two types on channels running parallel to the c-axis. The one-
dimensional 12-ring channel system of the [tl cages connected by a three-dimensional channel system of eight-
membered rings (0.34 x 0.56 nm?). The eight-ring opening is strongly compressed and they do not allow
diffusion. The framework can be considered to allow only one-dimensional diffusion along the 12 MR channels
having 0.71 x 0.71 nm?* aperture. The diameter of It cages is 1.2 nm.

dér

can

Figure 2.5. LTL framework type composite building units (from [26]).
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2.3 Zeolite composition

The framework composition of zeolites depends on the synthesis conditions. As cations in the pores are
exchangeable and occluded water, organics or salts can vary, zeolites are often defined according to their
framework composition. The structural formula of zeolites (the chemical composition of the unit cell) is best
described by a general formula presented in eq. 2.1:

n Mx+[(Y1T15 szZ)OZ(y1+y2+m]n_ Z 2.1

The expression in eq. 2.1. represents the framework composition and the species in the micropores. [27]
- M is an extra-framework cation with a charge of x
- T, and T, are tetrahedral elements Si and Al
- Z is water, molecules, ion pairs.

The total number of tetrahedra per unit cell is y, + y,, and x/(y, + y.) gives the Si/Al ratio, which can vary from 1
to infinity. The low limit of the framework ratio was observed by Lowenstein. In his work, which is frequently
referred to as Léwenstein’s rule, he postulated that framework distribution is not entirely random.[28] The rule
describes that the -Al-O-Al- linkages are not favored because of the electrostatic repulsions between the negative
charges, and the maximum substitution of silicon is 50 %. Biccuhulite with Si/Al = 0.5 is an exception, and some
computational studies predict violations of this rule in H-SSZ-13.[3,29]

Depending on their Si/Al ratio, zeolites can be classified into three classes, namely low (Si/Al = 1.0~1.5), medium
(Si/Al = 2-5), and high Si/Al ratios (Si/Al = 10~100), as well as pure silica zeotypes.[30] The increase of the Si/Al
ratio beyond the values observed in the naturally made materials was accomplished by employing organic
structure-directing agents (OSDA), that serve as templates for zeolite pores. This allowed synthesizing all-silica
molecular sieves by introducing OSDAs the number of charge balancing cations per unit cell is substantially
decreased, and thus the Si/Al ratio of the framework is increased.[20] Increasing the Si/Al ratio improves the
hydrothermal stability and the hydrophobicity increases.[14]

Direct synthesis often does not lead to the formation of zeolites with desired properties for a specific application.
Post-synthesis modification methods enable modifying the framework composition, crystal size, and pore system,
thus adapting the material to a particular application.[32]

3 Zeolite synthesis
3.1 History of zeolite synthesis

First attempts of zeolite synthesis date back to the middle of the 19™ century to reproduce natural zeolites;
however, identification methods like XRD were absent. In 1948 Richard M. Barrer synthesized the first synthetic
analog of mordenite and a novel synthetic zeolite without a natural counterpart, much later identified as KFIL.[33]
In the early 1950s, Robert M. Milton and coworker Donald W. Breck (Union Carbide) found an easy method to
prepare zeolites with large apertures and high adsorption capacity and discovered numerous commercially
important zeolites, A, X and Y.[33] He utilized highly reactive alkaline aluminosilicate gels and low synthesis
temperature (between 80 and 150 °C).[27,34]

At around the same time, Barrer and co-workers achieved systematic synthesis in the temperature range 60-
450 °C from reaction mixtures with a composition of (2.2):

y Mz/xo; A1203; X SiOz, Z H20 2.2
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by varying the y, x, and z parameters of the mixture and the nature of the base (hydroxide of Li, Na, K, Rb, Cs,
Ca, Sr, Ba, NH,, etc.). In the next twenty years, the majority of zeolites with Si/Al < 5 now known were formed.
That includes zeolite A with no natural counterpart, zeolite L, erionite, offretite, mordenite, and zeolites X and Y,
the latter two having the same framework topology as natural faujasite.

In the 1960s Barrer and Patrick J. Denny were the first to replace the inorganic bases with organic ones; through
this, they observed the increase of the Si/Al ratio. Since the pioneering work of Barrer and Milton, the
hydrothermal synthesis from an aqueous solution has become the basic route for zeolite synthesis.[34,35] To this
day, the relation between the initial synthesis variables and the structure formed is not fully understood.
Nevertheless, good control of zeolite properties is achieved, and the number of new topologies continues to
grow.[36] Theoretical predictions hypothesize four million zeolite topologies are still undiscovered.[37] Zeolites’
properties can be manipulated, enabling the practice of pore engineering, which in turn contributes to endless
possibilities of tailoring these materials for chemical reactions.[38]

3.2 Basic principles of zeolite synthesis

Generally, zeolites can be synthesized from aqueous media, a synthesis gel in hydrothermal conditions, i.e., an
autoclave is heated to a certain temperature under autogenous pressure (Figure 2.6).[39] The synthesis gel
includes silicon and aluminum sources, solvents, templates, or structure-directing agents (SDAs), and a
mineralizer. The reaction temperatures are between 9o-170 °C, and the solution pH is typically alkaline from g
to 14. Zeolites rarely form under acid hydrothermal conditions.[40] However, Shi et al. recently synthesized high
silica MFT type zeolite in acidic conditions (pH = 2.3-5.0).[41] Autoclaves should be filled 30 and 70 % vol to
maintain the liquid phase.[36,42] The complex chemical process that involves the transformation of the synthesis
gel into a microporous crystalline aluminosilicate can be denoted as zeolitization.[40]

Y%
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Si-0, Al-0 bonds Si-0-Al bonds

Figure 2.6. Hydrothermal synthesis of zeolites (from [43]).

Water is a common solvent used in zeolite synthesis; it acts as a reactant and reaction media, and it is as well low
cost, non-toxic has good thermal stability and conductivity.[31] Zeolites formation takes place in conditions where
water is present in considerable amounts because the open framework of zeolites must be stabilized during
growth, and this happens by being filled with guest molecules.[40] Bibby and Dale showed that it is possible to
grow zeolites in non-aqueous media, such as alcohol (solvothermal synthetic route).[35]

Mineralizer in the synthesis gel increases the solubility of the aluminosilicate species and transport them to the
structure-directing agent. The most frequent mineralizing agent is OH". The hydroxyl anion promotes the
solubility of silicon and aluminum sources and conducts the development of solvatized silicate and aluminate
anions [Si(OH)*,0™, A[(OH)*].

10
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F can also be employed as a mineralizing agent, as high silica zeolites are prepared in F- media, and they present
a reduced number of defects than the materials synthesized in OH™ media.[36] The fluoride synthesis route lowers
the pH of the synthesis since it is performed near neutral or slightly alkaline pH. The physicochemical properties
of a zeolite obtained by OH and F mineralizer routes differ substantially in terms of catalytic activity.[44]

Alkali-metal hydroxides like NaOH and KOH in the synthesis gel lead to the formation of low silica zeolites since
the large amounts of positive charges are balanced by the large number of aluminum atoms in the
framework.[36] On contrary, to the use of organic structure-directing agents (OSDA), like amine or quaternary
ammonium salt, the Si/Al ratio is increased. As OSDAs introduce fewer positive charges in the framework, less
aluminum is needed to balance the charge.

Many new routes of zeolites have emerged with the quest of zeolites with tailored properties, such as solvothermal
synthesis, ionothermal synthesis, microwave-assisted hydrothermal synthesis, micro emulsion-based
hydrothermal synthesis, dry gel conversion synthesis, and combinatorial synthesis.[35]

Temperature and time influence the type of product that will be crystallized. The pressure does not play an
important role in zeolite formation. In contrast, the temperature has a strong effect on zeolite nucleation and
growth, and the desired zeolite phase can typically only be obtained in a specific temperature range. The increase
of the temperature increases both the nucleation rate and the linear growth rate. The extending of synthesis time,
in general, increases the crystallinity of the product, but after a certain limit, it could result in phase
transformation.[35,40] The framework composition can be further modified by secondary synthesis or post-
synthetic treatments.

3.2.1 Zeolite nucleation and growth

A simplified description of the zeolite formation includes two main stages, nucleation and crystal growth. Zeolite
synthesis proceeds through spontaneous nucleation, followed by nuclei's growth exceeding a critical size when
the process is not reversible.[45] The nucleation takes place during the induction period, which encompasses all
events between the start of the reaction and a point when crystalline products are first observed.[35]

Nucleation is defined by a series of equilibrium and condensation steps in which atoms or molecules of the
reactant phase rearrange into a nucleus or critical nuclei of the product phase large enough to have the ability to
grow irreversibly.[46] It's expected that the crystallization process occurring in the hydrothermal zeolite
precipitation is similar to those known to occur in simpler organic or inorganic systems.[47] Nucleation can be
homogeneous or heterogeneous. Homogeneous nucleation is characterized as being directed by the
supersaturation in the solution, while heterogeneous nucleation is catalyzed by a foreign surface/material.[47]

Works by Suboti¢ et al. have pointed to the probability that the nucleus form from the amorphous gel matrix and
become viable growing crystals as the gel phase dissolves. [48,49]

Nucleation involves many equilibria and condensation steps that lead to the supersaturation level inducing the
formation of the nuclei.[31] In zeolite yielding systems, nucleation and growth are considered consecutive steps
but often they occur simultaneously.[31]

Crystal growth is a process in which an atom or a molecule incorporates onto the surface of the crystal, causing
an increase in size.[46] The model proposed by Kossel[50] and commonly used by the zeolite chemists, depicts a
crystal surface made of cubic units, which form layers of monoatomic height, limited by edges (steps). The area
between steps is referred to as a terrace, and it can contain clusters, vacancies, and single adsorbed growth units.

11
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3.3 Post-synthetic treatment and modifications of zeolites

Historical development of post-synthesis modification methods is starting in the mid-1960s, and the development
of these methods will continue as long as new microporous materials are developed. Secondary or post-synthetic
(ex situ) treatment often provides a more practical route to modify the zeolites to acquire desirable framework
compositions and other properties that could not be achieved by direct synthesis. The research in this area is
driven by the demand for a more efficient petroleum cracking catalyst.[32,51] These treatments include ion
exchange, preparation of metal-supported zeolites, dealumination, silication, reinsertion of heteroatoms into
zeolite[32], acid leaching, high temperature steaming, chemical treatments with chalets or fluoride compounds,
and the combinations of these treatments.[51-53]

Each post-synthesis treatment method modifies the properties of zeolites in a different way. Acid solution and
high-temperature steaming can selectively dealuminate a zeolite structure; however, the high-temperature
steaming doesn’t remove debris generated by it from the crystal, while during acid leaching, it is washed away.

The fluorosilicate treatment can deplete aluminum centered acid sites. The treatments can sometimes generate
mesopores or secondary pore system. Hydroxyl nests can be annealed, and silicon, aluminum, or other metal ions
can be introduced into the framework to alter the catalytic properties and improve stability.

Therefore, the post-synthesis treatments target control active site properties and distribution to maximize the
zeolite catalyst's performance.[54]

4 Hierarchical zeolites

Despite having many advantages and presence in the chemical processes, zeolites have their limitations. Their
major problem is reduced accessibility to the active sites when the reactants have similar or larger dimensions
than the micropore opening.[55] As depicted in Figure 2.7, bulky molecules cannot access zeolite micropores and
only react on pore mouths. A fall in molecular diffusivity occurs from “intercrystalline” (diffusion of molecules
outside the catalyst) to “Knudsen” (mesopore diffusion) to “configurational” (micropore diffusion).[56]
Additionally, diffusion problems can cause a poor usage of zeolite crystals since the outer surface is used more
effectively and the interior remains catalytically inactive.

conventional hierarchical
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Figure 2.7. Schematic presentation of diffusion limitation in conventional and hierarchical zeolites. The
secondary porosity enhances the number of pore mouths enabling better access to green and red
spheres to and within the pores (from [57]).

Hierarchically porous structures are of key importance to achieve optimal properties and performance of the
zeolite material. Significant progress has been made in the last decade in rationalizing the synthesis of
hierarchically porous materials. These materials exhibit a multimodal hierarchically porous structure comprising
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interconnected pores with different sizes from micro (< 2 nm) to meso (2-50 nm) and macropores (> 50
nm).[58] This means another level of pore network is implemented to increase the diffusivity, which may be
formed in the crystal (intracrystalline) or between crystal particles (intercrystalline).[55]

The key interest in the production of hierarchical zeolites is driven by two drawbacks of the conventional zeolites:

- Diffusion limitations of larger molecules, which cannot, due to their size, enter micropores of zeolites but
can access solely the external surface.
- Shortening the diffusion path length of molecules through the micropore system of zeolites.

The introduction of meso- and macropores in zeolite structure contributes to the intra-crystalline diffusion rate
and thus improve adsorption and desorption, resulting in improved catalyst lifetime.[59] Bulky molecules can
only utilize the external surface for catalytic conversion. Even if the reactants are small enough in size to enter
the micropores of zeolites their mass transport could be enhanced if their diffusion is extended through the
implementation of mesopores.[60] Introducing mesopores in the zeolite structure should avoid sacrificing the
valuable properties of selectivity and catalytic activities. This way, reactants, and products can promptly transit
the microporous domains, therefore maximally utilize the active sites throughout the entire catalyst.[61]

Diffusion limitations also stirred scientific research towards the synthesis of extra-large pore zeolites, yet they do
not meet industrial applications' requirements because of low thermal/hydrothermal stability. Shortening of the
diffusion path inside the micropores can also be achieved by decreasing the size of the zeolite particles (nanosized
zeolites).[61,62] The synthesis of nanosized zeolites is not well developed on an industrial scale; their small size
introduces problems post-synthesis processing and separation from the synthesis gel.

In late 1980 a new family of ordered mesoporous materials was discovered, molecular sieves MCM-41, in attempts
to alleviate diffusion limitations of conventional zeolites; however, their structure is amorphous, which causes
them lower acidity and low hydrothermal stability.[63,64]

The main applications of hierarchically porous materials are in the field of catalysis, adsorption, separation,
sensors, energy, and life sciences. In catalysis, hierarchical zeolites show higher accessibility to bulky molecules
and higher diffusion rates of reactants and products.[58]

4.1 Synthesis of hierarchical zeolites

The preparation of hierarchical zeolite is based on crystallization, aggregation, etching, and their combinations.
These strategies can be divided into bottom-up and top-down approaches, summarized in Figure 2.8. Through
bottom-up approaches, additional porosity is generated by careful design and optimized crystallization procedure,
where sacrificial porogens are often used. Top-down approaches are based on the selective extraction of
framework atoms from the zeolites.[59]
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Microporous Zeolite

Bottom-up Strategies

Hard Template Soft Template

* Surfactant Assisted * Space Confined
Desilication Dealumination * Silanization * Carbon Nanotubes & Template-free
Nanofibers
+ Ordered Mesoporous,
Carbon

Hierarchical Zeolite

Figure 2.8. Schematic representation of top-down and bottom-up strategies used in the synthesis of
hierarchical zeolites (from [65]).

4.1.1 Bottom-up approach

Bottom-up preparation strategies can be summed up to three different methods: i.) hard templating, ii.) soft-
templating, and iii.) non-templating methods.[59] These methods create hierarchical zeolites during the synthesis
and are considered constructive ways to build hierarchical zeolites.

The templating approach is based on finding a sacrificial porogen that directs the zeolite growth without
becoming an essential part of the framework. It can be removed without the loss of the zeolite structure. The
secondary template can be ‘hard’ or ‘soft’, depending on their more or less rigid nature.[60] The non-templated
approach is based on the growth of nanozeoltic aggregates that assemble to form a mesoporous network.

Effective application of bottom-up approaches in the industry is still limited due to the necessity of using high
quantities of organic templates, which brings about significant production costs and important environmental
issues due to template removal.[66] This can be overcome by introducing cheaper mesopore templates and/or
reducing their amount during the synthesis and recycling them post-synthesis.[66]

4.1.1.1  Dual Templating

The dual-templating method uses the same principle that is used to synthesize microporous zeolites, i.e., using a
sacrificial frame of the mesoscale to direct the growth of zeolite without becoming the essential part of the
framework and which can be removed without losing the final structure.[60]

4.1.1.1.1  Hard templating

The method is based on the utilization of templates in a solid-state during the preparation process. Different types
of commonly used hard templates (porogens) are carbonaceous, biological, and polymeric species. Their
utilization requires the fulfillment of the following properties: i.) their surface properties should be compatible
with the chemical properties of the reaction mixture, ii.) stability at the synthesis temperature, and iii.) the zeolite
structure needs to remain stable after the removal of the hard template.

The hard template's physical characteristics, shape, and size control the pore size and the pore size distribution
very effectively. However, this preparation procedure is limited to laboratory applications due to the price of the
hard template, and their removal after synthesis is challenging, often damaging the zeolite framework.[66]

4.1.1.1.2  Soft templating

Soft templating involves using namely, surfactant molecules to direct the formation of mesopores and even both
micropores and mesopores during hydrothermal synthesis. Primary soft templating uses on-purpose designed
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surfactants to form intra- or intercrystalline mesopores, which are usually not commercially available. They are
prepared prior to the zeolite synthesis, which makes the method expensive and difficult to commercialize.

The secondary soft templating method is based on commercially available surfactants like
cetyltrimethylammonium bromide (CTAB), which is added to the synthesis mixture after aging. The surfactant
then directs the self-assembly of crystals formed during the zeolite hydrothermal synthesis to generate additional
mesopores.[59]

4.1.1.2 Non-templating

This preparation method is based on nanocrystals' self-assembly effect or the generation of mesopores by
excessive crystal twinning during synthesis often induced by growth modifiers. This method is done normally
either by hydrothermal or dry gel conversion. It requires control over zeolite crystallization, involving the
formation of nanoparticle precursors.[67] Nanocrystal assembly favors nucleation over crystal growth.
Hierarchical ZSM-5 can be obtained in various crystal sizes and morphologies by controlling the synthesis
conditions (concentration and pH) or the sequence of preparing aluminate and silicate mixtures.[68]

4.1.2 Top-down approach

Top-down approaches include a variety of post-synthetic treatments of already synthesized zeolites. This
treatment approaches the preparation of hierarchically porous materials by introducing secondary porosity by
grafting additional porous material to the original porous materials. Mesopores are created in a secondary
reaction after the zeolite has been synthesized and the template is removed through calcination.[60]

Principally top-down approaches are destructive. Part of the zeolite crystal is sacrificed to form mesopores.[60]
Methods include steaming[69], acid[69] or base leaching[70], irradiation[71], and swelling agents[72] and
strong oxidation agents[73]. Some of these methods are more readily implemented on an industrial scale.[74]

4.1.2.1 Dealumination

Barrer and M. B. Makki were the first to remove framework aluminum from clinoptilolite by acid treatment
without causing structural disintegration and therefore successfully made dealumination.[75] In 1967 C.V.
McDaniel and P. K. Maher reported a method to increase the thermal stability of high alumina zeolite Y.[76]
Dealumination has been routinely used as industrial technology. Steaming and acid leaching are used to prepare
ultra-stable Y zeolites with mesopores for the FCC (fluid catalytic cracking) process.[77]

Dealumination methods like steaming and acid leaching are the most common methods used to treat zeolites.[56]
Dealumination through hydrolysis of Al-O-Si bonds forms defect sites leaving extra-framework alumina (EFAI)
behind. Removing alumina from the framework also happens during calcination, especially for less stable zeolites.
When the aluminum atoms are partly extracted from the framework to generate EFAI, Si/Al ratio in bulk doesn’t
change as these species remain in the channels.[66] Mild treatment with acid can be employed to remove the
EFAI species without further extraction of Al from the framework.[78]

Generally, the extraction of aluminum increases the Si/Al ratio and enhances the mesoporosity.[65] It has been
shown that extracting aluminum neutralizes the framework charge, which results in stabilizing the remaining
aluminum framework against further dealumination.[79]

Steaming zeolite is conventionally performed at high temperatures (500 °C) in a humid atmosphere; during the
steaming, some Al atoms are released from the framework due to the breaking of Al-O-Si bonds, and defects are
formed. Extraction depends on the temperature and the type of zeolite. Extracted aluminum remains on the
zeolite surface and in the pores as extra-framework Al (EFAI), while less stable Si mobilizes to the regions with
depleted Al, generating Si-rich domains.[55] Steaming causes improved mobility of framework atoms compared
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to heat treatments without the use of steam. The treatment itself doesn’t cause a change in Si/Al ratio as
aluminum stays as debris in or on the zeolite. Mild acid treatment can be used to free the mesopores by removing
the debris.[65] Dealumination by steaming and acid leaching generated isolated cavities in zeolite Y rather than
interconnected mesopores.[80,81]

Severe acid treatments are used to hydrolyze Si-O-Al bonds, which readily remove aluminum from the framework
and increases the Si/Al ratio. The treatment's success depends on the type of zeolite, acid, and the pH of the
prepared solution.[55,65] Dealumination by acid treatment can also be combined with microwave irradiation as
a heating method.[82] It often leads to a reduction of tetrahedral Al species and an increased number of Lewis
acid sites.[83]

Overall, the dealumination changes Si/Al ratio and therefore, the acidic properties of the zeolite along with
mesopore formation within the framework, and it is often linked with partial loss of crystallinity and
amorphization. Often the mesopores formed are not connected or not connected to the outer surface.[55]

4.1.2.2 Desilication

The alkaline assisted silicon preferential leaching of the zeolite framework has become an attractive method due
to the experimental simplicity and efficiency of obtaining hierarchical zeolites.[74] The generated mesopores by
base treatment are interconnected and accessible from the external surface.[84]

Base leaching was first patented in the 1960s by D. A. Young to increase zeolite performance in adsorption and
catalysis.[85] In the late 1980s, Aouali et al. studied dealumination of zeolite Y and discovered structural collapse
upon using the alkaline solution on a zeolite with Si/Al of 18.[86] However, the high interest in controlled
preferential silicon removal was promoted by the works of J. Perez-Ramirez published during the last 15
years.[70,74,84,87-90]

Desilication hydrolyzes Si-O-Si bonds selectively; thus Si is preferentially removed from the framework, and
mesopores are formed. The process starts at the boundaries of the zeolite crystals, so the zeolite crystal
morphology plays a role in the desilication process.[83]

Desilication is limited to a range of molar ratios (Si/Al = 25-50) in which an optimal introduction of intra-
crystalline mesopores is achieved.[87] Which is also one of the main drawbacks of this post-synthetic method. At
higher ratios (Si/Al > 50), the uncontrolled extraction of silicon occurs, which results in the formation of larger
pores.[91] The schematic process of mesopore formation during desilication is depicted in Figure 2.9a. For lower
Si/Al ratios, silicon extraction is hampered due to the regulatory effect of the framework aluminum, resulting in
limited mesopore creation.[87] At lower values of Si/Al, negatively charged AlO, prevents the extraction, and
aluminum is considered as a pore-directing agent during alkaline leaching.[55,60] Combining these pieces of
knowledge with the preferential dealumination conditions, a general strategy can be proposed (Figure 2.9b).

The dissolution degree and mesopore volume creation are determined by the intensity and the length of the
desilication treatment.[60] Amorphization and loss of micropore volume are frequently observed upon severe
desilication.[60] Desilication produces interconnected mesopores but fails to create abundant mesopores in large

crystals.[74]
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Figure 2.9. a) Simplified representation of aluminum content influences the desilication treatment with
NaOH solution and the schematic mechanism of pore formation (from [87]). b) Overview of post-
synthetic treatments (green) to change any conventional zeolite (red) into a hierarchical. Important
features to take into account are Si/Al ratio and micropore dimensionality (blue) (from [92]). Treatment
codes: FDA - framework dealumination, NH, - ion exchange, DS - desilication, SDA - selective
dealumination, PDA - pore directing agents.

An important feature of desilicated zeolites is preserving the intrinsic Bronsted sites of the intact part of the zeolite
framework, in contrast to zeolites modified by dealumination methods.[38] However, upon desilication, a large
amount of extra framework aluminum species is generated, which increases the number of Lewis acid

sites.[38,93]

Newer methods combine desilication with recrystallization; the dissolved zeolite is recrystallized thus
reassembling the dissolved and dispersed species into a mesoporous phase. Recrystallization is normally done in
hydrothermal conditions in the presence of a surfactant; hollow ZSM-5 was prepared in this way.[55,94]

Both dealumination and desilication methods lead to changes in the Si/Al ratio of the parent zeolite, leading to
changes in the composition and distribution of silicon and aluminum altering zeolite acidic properties. Developing
a method to treat zeolites that preserves the native chemical composition is desired.[95]
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4.1.2.3 Fluoride-medium treatment

Fluoride anion is often employed as a mineraliser in the synthesis of high-silica zeolites having fewer defects than
their counterparts synthesized in alkaline conditions. This was first reported by E.M. Flanigen and R.L.
Patton.[96-98]

Fluorine treatment has been used to promote the catalytic activity in alumina catalysts for the acid-catalyzed
reaction. The incorporation of fluorine enhances the acidic properties by replacing surface O, or OH. It increases
both protonic and non-protonic sites' acidity since fluorine is more electronegative than oxygen. The fluorine
incorporation occurs via two standard methods: impregnation and vapor-phase fluorination. Impregnation is
done by saturating the catalyst with an aqueous solution containing HF, BF,, HBF,, NH,F, NH,BF, or NH,SiFs
and the impregnated catalyst is then dried at higher temperatures.[99]

Loading the zeolite catalyst with fluoride compounds is usually executed with NH,F solutions and applied to MFI,
MOR, and Beta type zeolites.[100-102] Reporting strengthening and increasing the concentrations of acid
sites,[100] or their reduction[103], depending on the conditions applied. Extraction with F, has been used to
dealuminate zeolite Y.[104] Direct fluorination is reported to increase low aluminum zeolites' activity by
enhancing the Bronsted acidity and improving the activity.[105]

Solutions of HF are commonly used to etch silicon wafers for the semiconductor industry.[106] Hydrofluoric acid
was discovered in 1771 by a Swedish pharmaceutical chemist Carl Scheele, who noticed the glass-etching
properties of the fumes developed while heating fluorspar in sulfuric acid.[107] HF reacts with both aluminum
and silicon.[108] In 1987 the work of Ghosh and Kydd showed the etching with concentrated HF solution (1.5 M)
decreased the selectivity of Al dissolution and did not significantly change the Si/Al ration of mordenite
zeolite.[109] While diluted solutions of HF acid (<0.25 M) preferentially extracted aluminum from mordenite and
therefore change the framework composition without affecting its crystallinity.[109] Wloch etched ZSM-5 in an
acetone solution of HF; the use of a non-aqueous solution improves the evolution of gaseous SiF, to leave the
reaction medium before its decomposition can take place.[110,111] Use of solvents containing hydroxyl groups
(e.g., water and alcohol) leads to the decomposition of SiF, and the formation of amorphous silicic acids that may
deposit on the surface of the zeolite crystals during etching.[111]

Etching ZSM-5 with different concentrations of HF (0.5-2 M) improved its catalytic activity in methanol to
gasoline reaction (MTG).[112,113] Li et al. used a diluted HF solution to de-agglomerate [ZM-2 nanocrystals
without affecting the original framework.[114] Intergrowth boundaries are rich in defects; the acid targets these
areas primarily.[115] The removal of intergrowths formed during the crystallization of ZSM-5 by NH,F/HF
(buffered) solutions is shown in Figure 2.10. NH,F/HF treatments cause fragmentation of zeolite crystals, and
small parts of the crystals are removed by the preferential dissolution of the defect zones. Furthermore, large
pores penetrating deep into the crystals can be created, which leads to easier access to the micropores similar
effect as the reduction in crystal size.[116]

Since the use of diluted HF, solutions tend to increase
the Si/Al ratio, but the use of concentrated HF solutions
can remove Si and Al from the framework without
significant changes to the framework ratio, suggests
that HF equilibrium can be shifted to allow unbiased
extraction of Si and Al from the framework.[106,117]
In contrast to other hydrogen halide acids, HF in water
has a weak acid behavior, it doesn’t fully dissociate in
water solution.[118]

Figure 2.10. SEM images of ZSM-5 crystals treated
with NH,F/HF solutions (from [95]).
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HF dissolution in water can be expressed with two equilibria:

HF=H"+F 2.3

HF + F = HF, 2.4
Different species are present in solutions of HF in water, H*, F-, HF,” and non-dissociated HF molecule[117] At
25 °C, the equilibrium constant of equation 2.3 is 6.85x10™ M, and equation 2.4 is 3.963 M.[119] The equilibrium
of eq. 2.3 can be shifted to the left and of eq. 2.4 to the right by adding a strong electrolyte like NH,F. This shift
in equilibrium increases the generation of undissociated HF species and hydrogen bifluoride species (HF."). HF
can dimerize to (HF), in solutions with a concentration higher than 1 M and the dimers can lose one proton,
forming (HF),F".[119-121] In Figure 2.11, the third equilibrium is added to account for the existence of dimer
species in the solution.

2 HF = H,F, 2.5

The equilibrium constant of H.F, in equation 2.5 is 2.71 M,[106] which according to Knotter is another reactive
species in the Si dissolution.

—_—_— — hF,

\.7

Figure 2.11. Equilibrium reactions between fluoride species present in the aqueous solution of HF (from

[106]).

H'+F

Knotter also argues, however, that HF," is the only active
etching species in the aq. solution of HF, since HF,” bond n 5
is 180°, its configuration allows it unrestricted access to " +\o

Si in oppose to H,F,, having a square shape structure and | P
bonds of 9o°; this is schematically depicted in Figure  E

—0

It is necessary to break all four siloxane bonds in order
to break down the network and release the silicon from
the glass. HF,  adsorbs on the surface silanol groups and  Figure 2.12. Elimination of OH" assisted by HF,
HF on the vicinal silanol groups. (from [119]).
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The adsorption of HF and HF, increases the electronic density on the bridging oxygen in the siloxane unit,
making them more basic, which leads to siloxane bonds being broken by adsorption of H*.[122] In the only F-
containing solutions, the dissolution of Si does not occur.[122,123] This also likely due to competition between
OH ions and F ions for adsorption sites.[124]

Judge did find that there is a linear relationship in the rate of SiO, etching of semiconductor wafers and
concentrations of HF and HF, species and the reaction rate of HF, is several times higher than HF.[123] In
buffered etching solutions (NH,F/HF), increasing the concentration of NH,F leads to lowered activity of HF.
species because of the coordination with NH,*, and the etching reaction is dominated by HF alone.[125,126]

Etching rate data of solutions with different HF and HF." concentrations show higher reactivity of HF,” compared
to HF. Although many reports support this finding, Kline and Fogler came to an opposite conclusion, claiming
only HF molecules are reactive. They also supported the catalytic role of H" in the SiO, dissolution.[127-129]
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These findings explain why an increase of HF concentration leads to non-preferential extraction of framework
atoms during zeolite etching.[95,109,130] Using more concentrated solutions of HF or buffered NH,F/HF
solutions shifts the equilibrium towards the generation of HF., and etches framework atoms, Si and Al
indiscriminately.[95]

Ngoye et al. compared the porosities introduced by alkaline and fluoride leaching on ZSM-5 catalyst, and the
fluoride treatment created some macropores without changing the physicochemical properties of the parent
material, while alkaline treatment introduced mesopores interconnected with the existing micropores but at the
same time generated many Lewis sites and silanol groups.[131] Meng et al.[113] and Ji et al.[132] applied
NH,F/HF solutions to treat ZSM-5 to improve their catalytic activity in MTG reaction and the cracking of n-
hexane, respectively. This method was applied to other zeolite frameworks, FER, Mordenite, SAPO-34,

referenced in Table 2.2.

Valtchev and co-workers have developed this approach further to obtain zeolites with enhanced pore
volume.[133] This patent presents a novel method to obtain hierarchical zeolites by contacting the zeolite material
with an aqueous solution of NH,F and thoroughly washing, then drying the obtained products. The method is
based on the double hydrolysis of NH,F that generates in situ a limited amount of HF in equilibrium with F~ and
HF,".[115] The chemical equilibria involved in the dissolution of NH4F in water is shown in Figure 2.13.

NH,F + H,0 =5 NH,OH + HF

TN

Figure 2.13. Chemical equilibria involvmg dissolution of NH4F in water (from [115]).

H* +F

The solution of NH,F is can be tuned to be non-selective towards Si or Al. Therefore, it etches the zeolite without
altering the framework composition and sacrificing the micropores contribution, which leads to improved
diffusivity and catalytic activity.[115,134-136] Thus the retained acidity is accompanied by improved accessibility
to the zeolite micropores. Just like the NH,F/HF solutions remove defects and intergrowths, the same effect has
been observed with NH,F solutions etching ZSM-5 crystals, shown in Figure 2.14.

Washing the product thoroughly is important to avoid
any exchange of F- with the framework and to remove
all the reaction products from the zeolite surface and
cavities. F~ might replace SiO" in the zeolite
framework.[137]

Zeolite framework is often built by units that are
inaccessible even to small molecules. Thus, the 6 MR
window of a sodalite cage has an opening diameter of
0.25 nm.[138] The latest research of etching FAU
zeolite with NH,F showed that the accessibility to the
micropores could be improved by opening some of the
sodalite cages in the zeolite framework.[139] Most
recently, the fluoride method for wet etching has been extended to etching with aqueous solutions of
NH,HF..[140-142] It has been shown by Qin et al. that defects induced by treatment with oxalic acid leads to
the formation of small irregular mesopores upon the following with NH,F dissolution, which makes the zeolite
dissolution go beyond the limits set by the zeolite structure.[136]

Figure 2.14. SEM micrographs of ZSM-5 crystals
treated with 40 wt/% NH,F aqueous solution
(from [115]).
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Overview of work published regarding fluoride etching of zeolites is presented in Table 2.2, including NH,F,
and NH, HF,, and combinations thereof. Works that don’t include washing step after the treatment are not listed

since these are considered impregnation methods.
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Table 2.2. Published work on zeolite etching with fluorine compounds.

Framework . . . Syn.
Year  Author Etchant Si/Al Catalytic reaction yn Comment Ref
(catalyst) conditions
Increases the Si/Al ratio to 4.7. Vmicro |,
FAU treatment at Vimeso T. Many mesopores with wide
Fi t al. . NH,HF R N/A
2020 engeta (Nay) 0-3 M NHHE2 27 / 95 °C (6h) pore size distribution. Increased [142]
capacity for toluene adsorption.
CHA US assisted VmicroT, VimesoT (but not substantial). No
2020 Haw et al. (NH,-SSZ-13) H.0./NH,F 7.8 N/A synthesis, 22 °C, changes reported in Si/Al. Sponge like  [143]
B 3 15-90 min morphology created after treatment.
Vmicrol, VmesoT, small dealumination,
*rel. cryst. (RC)| with NH4F conc.
increase. Zeolite with higher Si/Al ratio
FAU I/s = 6, 5 min is more sensitive to NH,F leaching,
2020 Liu et al. 5-25 wt/% NH,F 2.7,5.5 isobutane/1-butene alkylation treatment at 5- more severe [144]
(H-USY) o o
6°C structural amorphization. NH,F
modification the acid properties, Lewis
acid sites (LAS) conc. on the modified
zeolites was reduced.
Vmicro, RC, Bronsted acid sites (BAS)
. MOR . . 1/s = 20, 10 min preserved, except at treatment at
Liu et al. wt/% NH,F . dimethyl eth bonylat . .
2020 ueta (Na-MOR) 25 wt/% NH, 95 fmethyl ether carbonylation 20, 50, 80 °C 80 °C. Slight dealumination at all [145]
temp. Vmeso] increases in all cases.
2020 Qinet al MOR o wt/% NH,F 6 dealkylation of 1,3,5-tri- lr/nSm: ;r?éfl;)a;?éazl Yres Si/Aé’e;;ncdtcr:e?Iiiocgg preserved [136]
) (NH4,-MOR) 4 0 5 isopropylbenzene (TiPBz) . . . 3
stirring and US improved conversion
ERI 15 min, 25 °C VinesoT, Si/Al, Vinicro, acidity preserved
TeKla et al. NH,F/HF . dealkylation of TiPB treatment, mesoly S Vmiero Ve 6
2020 ckaceta (H-ERI) +F/ 35 calkylation of TiPBz rea. me.n small improvements of conversion [146]
calcination
Todorova et MFI m-xylene and toluene 20 min Vmicro}, VimesoT, N0 observed changes in
V. - u i Ve i
2020 NH,F/HF Xy . treatment, 25 °C, oy, Tmesaly T . 8 [147]
al. (ZSM-5) transformation . catalytic activity
calcination
Bolshakov MET /s = 69, 175 °C 0-50 % Al atoms removed without
2019 (ZSM-5-TPA?, 0.2-5 M NH,F 21 n-hexadecane hydroconversion B 9’, 75, ’ 3075070 . [148]
etal 7SM-5-PET®) 6h, calcination structural degradation or EFAl
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2019

2019

2019

2019

2019

2019

2019

2018

2017

Feng et al.

Feng et al.

Janiszewska
etal

Prech et al.

Qin et al.

Ren et al.

Suérez et al.

Jietal

Kalvachev et
al.

FAU
(Nay)

FAU
(Usy)

MFI
(H-Sil-1)

MFI

MFI
(NH,-ZSM-5)

FAU
(NH,-USY)

BEA
(H-BEA)

MFI
(ZSM-5)

MOR
(Na,K-MOR)

0.1-0.5 M NH4HF>

NH,HF,-NaOH
NH,HF.-NH,OH

1M NH,F

40 wt/%
NH,F

40 wt/%
NH,F

NH,F-NaOH

NH,F/HF

NH,F/HF

NH,F/HF

2.7

30-35

21

2.9

19

25

9.7

N/A

N/A

acetalization of glycerol with
acetone

m-xylene isomerization
dealkylation of TiPBz

ethanol to hydrocarbon conversion

hydrocracking reaction of
naphthalene

isomerization/disproportionation
of m-xylene

n-hexane cracking to light alkenes

m-xylene isomerization

1/s = 20, 95 °C,
6h

1/s = 20, 95 °C,
6h

/s = 100, 60 °C,
1h, repeated
twice, calcination

50 °C, US bath,
/s = 20, 5-140
min, calcination

50 °C, 60 min,
mechanical
stirring and US

90 °C, 8h,
steaming,
desilication

25-40 °C, 5-30
min, calcination

25 °C, 10 min,
calcination

5-20 min, NH,*
exchange,
calcination

formation by template stabilization
(TPA, PET)

Synthesis conditions as [142]. 0.1 M
NH_,HF: leads to increased RC, ViicroT,
VimesoT. Higher conc. (0.2, 0.3 M) leads
to decreased rel. cryst., Vmicro|, ViesoT-
0.5 M NH,HF> Viicro|, Vineso|. General

dealumination reported.
VimicroT, VinesoT. Small increase of Si/Al
Additional OH' treatment, etching with
OH" more likely to start around
NH,HF- generated mesopores.

RCT, VimesoT, increased acidity and
glycerol conversion

layered ZSM-5 dissolve similarly to
conventional ZSM-5, preserved acidity

VimesoT, BAS|, high cat. Activity and
stability due to house-of-cards post
etching morphology

partial amorphization, Vmicrol, Vineso?,
Si/Al], increased acidity and activity

Vmicml VmesoT, SI/AIT, sponge like
crystals (TEM), lowered cat. activity,
increase LAS

SBETT, VmesoT, VmicroT, RCT, preserved
acidity, increased cat. activity, lowered
coke contents

VimesoT, Si/Al preserved, improved cat.
activity

[140]

[141]

[149]

[150]

[135]

[151]

[152]

[132]

[153]
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2017

2017

2017

2016

2016

2016

2016

2016

2016

2016

2015

Meng et al.

Popova et
al.

Qin et al.

Chen et al.

Chen et al.

Duetal.

Guesh et al.

Lietal

Qin et al.

Todorova et
al.

Hammond
etal

MFI
(H-ZSM-5)

MOR
(Na,K-MOR)

FAU
(NH,4-Y-54)

CHA
(SAPO-34)

CHA
(“TEA-SAPO-34)

MFI
(Ti-silicalite-1)

FAU
(H-Y)

MFI
(NH4-ZSM-5)

MFI, MOR

MOR
(Na, K-MOR)

MFI
(TS-1)

NH,F/HF

NH,F/HF

25 wt/%
NH,F

NH,F/HF

NH,F/HF

NH,F/HF

NH,CH;CO,-NH,F

FeF,/NH,HF,

NH,F

NH,F/HF

H,0,/NH,HF,

25

2.6

Si/Al/P
1/6.7/6.9

Si/Ti

20.4

2.6

25

N/A

methanol to gasoline

glycerol esterification

dealkylation of TiPBz,
hydroconversion of n-octane

methanol-to-olefin (MTO)

MTO

oxidation of dibenzothiophene

photocatalysis

MTO

m-xylene isomerization,
dealkylation of TiPBz

m-xylene isomerization

epoxidation

25 °C, 10 min

5-20 min, NH,*
exchange,
calcination

1/s =6, US, o °C,
1-20 min

25 °C, US, 30-60
min, calcination

25 °C, US, 15-30
min, calcination

25 °C, 15 min, US

80 °C, 30 min,
calcination

92 °C, 24h,
calcination

25 °C, 5-20 min,
NH,* exchange,
calcination

80 °C, 4h

VimesoT, Vimicroand RC small losses,
improved cat. lifetime

increased total pore volume, higher
cat. activity

VmicroT due to the opening of some
sodalite cages in FAU framework

formation of large meso-, macropores,
improved selectivity to CsHs, however
reduced activity

Vmeso moderate increase, limited
surface etching, dissolution of Si rich
areas, BAS |, improved cat. activity

Vmicro and Vimeso T, Si/TiT, improved cat.
activity

Al selectively removed from the
surface, significantly higher
photocatalytic activity

selective extraction of defect rich areas,
indiscriminate extraction of Si and Al,
high dispersion of Fe, improved MTO
activity and reduced coke contents

NH,F removes defect zones in zeolite
crystals revealing crystal
imperfections, i.e. “mosaic structure”

improved cat. activity

extraction of framework Ti, no
substantial changes in the porosity or
acidity, increased selectivity in
epoxidation

[113]

[154]

[139]

[155]

[156]

[157]

[158]

[150]

[115]

[160]

[161]
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2015

2015

2014

2014

2013

2013

2012

2011

2010

Lakiss et al.

Lietal

Chen et al.

Ngoye et al.

Burel et al.

Qin et al.

Tang et al.

Naet al.

Feng et al.

MFI
(H-ZSM-5)

MFI
(H-ZSM-5)

FER
(Na-End-FER)

MFI
(H-ZSM-5)

MFI
(silicalite-1)

MFI
(NH4-ZSM-5)

MFI
(H-ZSM-5)

MFI
(TS-1)

MFI
(H-ZSM-5)

NH,F/HF

Ga(NO3)3/NH4HF2

NH,F/HF

NH,F/HF

1M NH,F

NH,F/HF

NH,F

NH,F

0.01-1 M NH,F

19

15

8.1

19

19

14

Si/Ti
57

46

ethanol to hydrocarbons

MTO
propanal to hydrocarbons

N/A

methycyclohexane
transformation

m-xylene isomerization

butene cracking

epoxidation of olefines

cracking of naphtha

92 °C, 24 h,
calcination

25 °C, 10-20
min, calcination,
ion-exchange

25 °C, 6 min

170 °C, 24 h,
calcination

25-65 °C, 6-15
min

85 °C, 1h,
calcination

100 °C, 12 h,
calcination

35°C, 4h

hierarchical nanosized catalyst showed
significant improvement in cat. activity
despite coke poisoning

removing defect zones, decreased
acidity, Ga deposition on zeolite,
improved lifetime in MTO

high crystallinity, Si/AlT

NH,F/HF creates macropores while
retaining other physicochemical
properties, increased cat. Lifetime and
coke contents

decrease of siloxy framework defects

indiscriminate Si and Al extraction due
to buffering HF with NH,F, improved
cat. activity and retained acidity

RCT, Sl/AlT, VmicroT, Vmesol, BAS and
LAS|, increased cat. activity

removal of silanol defects in nanosized
samples, preserved cryst. due to SDA,
conversion of bulky olefins increased

SBETT, VmesoT, VmicroT, RC T, BAS and
LASY, increased cat. activity

[134]

[162]

[163]

[131]

[164]

[95]

[165]

[166]

[167]

N/A = not available, *RC = relative crystallinity, *TPA = tetrapropyl ammonium, "PET = pentaerythritol, TEA = tetraethylammonium hydroxide, “En = ethylendiamine,
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5 Applications of zeolites

Zeolite applications are entrenched in various areas such as adsorbents and gas separations, laundry detergents,
oil refining, and petrochemical industries, agriculture, and horticulture.[11] China and Cuba are the largest
consumers of natural zeolites; their usage is estimated to 3 million tons per year with a primary reason to enhance
cement strengthness.[11] In the USA, Western and Eastern Europe, and Japan, the consumption of natural zeolites
is 0.2 million tons per year. They are used as nutrient release agents, odor control in pet litter, soil conditioner
for the golf course, and ion exchangers for water purification.[11]

Zeolites are used as cation exchangers in detergents, about 1.4 million tons of zeolite A are synthesized each year
to remove or encapsulate Ca** and Mg** cations that make water “hard”. Phosphates which are usually used, are
declining in popularity because they cause algal bloom in lakes and rivers.[168]

Zeolites are used to treat wastewater from various sources, natural, industrial, agricultural, and municipal
wastewater. In water purifications processes, natural zeolites are used to remove metals from industrial
wastewater, ammonium ions (NH,*) from municipal wastewater. The addition of clinoptilolite to sewage sludge
enhances the nitrification process.[15]

Paveli¢ et al. in their study identified that clinoptilolite zeolites when mechanically activated act as anticancer
agents in vivo animal studies and in vitro culture cell models.[15] Zeolites also found a way in other medical
applications, such as commercially available clotting agents (Hemosorb, QuikClot), and in dialysis machines, they
are used to remove ammonia from the blood.[169]

Overall, the zeolites are remarkable materials with a vast variety of uses, environmental pollution control,[170]
photocatalyzed oxidation reaction,[171] hydrogen storage,[172] and many more.

5.1 Catalysis

Although their use in catalysis is not the largest by volume use, it has the highest market value, where they are
employed in FCC, hydrocracking, paraffin isomerization, and aromatic alkylation.[11,173] FAU-type zeolite
accounts for more than 95 % of the catalysis market; it is used in the FCC process to manufacture gasoline from
crude oil.

MFI-type zeolites are the second-most-used zeolite catalyst; they are added to improve yield in the FCC
process.[11] Followed by mordenite and zeolite beta.[173] Of 253 reported zeolite frameworks, 18 are reported to
be used in 25 different commercial operations.[174] Other notable zeolites and zeotypes in commercial
applications are LTA, AFEL, FER, LTL, MWW, and TON. And SAPO-34 has also been successfully commercialized
in the MTO process in 2005.[175] AEL is used in the process of long-chain alkane hydroisomerization and
Beckmann rearrangement.[176]

Hydrophobic zeolites like silicalite, hydrophobic Y, and beta have become increasingly interesting for the market
in the adsorption of organic materials such as automobile exhaust cleanup.[11] Zeolites are the center of well-
established technologies for producing key petrochemical intermediates like light (C,-C,) olefins and BTX
(benzene, toluene, xylene) aromatics.[177] In recent decades new technologies are emerging to produce valuable
petrochemicals from alternative sources to oil, such as natural gas and non-edible biomass. Zeolites are pivotal
here since the methanol-to-olefin (MTO) process is an example of a new catalytic route to light olefins from
natural gas or biomass.[177] Non-oxidative methane-dehydroaromatization (MDA) is another interesting process
involving the production of aromatic petrochemicals from raw materials by converting methane mostly to
benzene. Deactivation of catalysts is a considerable concern for many processes producing light olefins and BTX
petrochemical intermediates.
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Zeolite is a highly efficient acid or red-ox catalysts for the production of fine chemicals in electrophilic aromatic
substitution, isomerization, hydroxyalkylation, epoxidation, and other important reactions industrially. BEA, MFI,
FAU, and MOR zeolites are of great interest in producing valuable fine chemicals.[178]

The reality of limited and declining resources of crude oil made developments in the use of zeolites as catalysts to
provide known hydrocarbon cracking and oxidation chemistry more efficient, and revelation of new catalytic
processes for acquisition and modification of hydrocarbons are of importance.[179,180] Progress is already being
made for engineering the properties of zeolites to acclimate the challenges related to biomass and biofuels
valorization.[181] Significant work is being carried out to obtain novel classes of zeolite catalysts modifying their
properties for the biomass valorization process; this includes hierarchical zeolites.[182]

5.1.1 Properties of zeolites enabling catalysis

5.1.1.1  Zeolites as solid acids

The presence of exchangeable framework cations gives T T

zeolites their interesting catalytic properties. Protonic
(H") exchange leads to the active sites in zeolites,
Bronsted acid sites zeolite specific bridging hydroxyl
groups. They are viewed as a resonance between |
bridging hydroxyls (I) and terminal silanols (II) (Figure
2.15). Particularly a “fully bridged oxygen with a weakly
bound proton” and a “silanol group with a weak Lewis

o) 0 0 o 0. o
AN ~®
s \Si/ \AI/ N S \Si/ WON
AN LN £y A%
o 00 © o o0 o
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(U] Iy
Figure 2.15. Brgnsted acid sites as a resonance

model between (I) and (II) (from [183]).

acid interaction”. By Brgnsted and Lewis acid definitions, Bronsted acids are proton donors and Lewis acids are
electron acceptors

The acidic OH groups are further activated by the presence of neighboring-accepting AI** Lewis centers. This
weakens the strength of the OH bond and increases the acidity. The number of bridging hydroxyls should, in
theory, correspond to the number of framework aluminum atoms; however, this number is lowered during
exchange and activation.

5.1.1.2 Shape Selective Catalysis

Shape selectivity of zeolites results from their crystal e e M
structure or framework topology. This structure-activity L =e ’

connection was first identified by Weisz and Frilette in -

1960.[184] The term shape selectivity refers to the fact Figure 2.16. Illustration of reactant shape
that zeolites can be shape and size-selective. The shape selectivity.
selectivity of zeolites is exercised for reactants, products, and intermediates.[15]

For example, product selectivity occurs when products of the reaction formed within the zeolite micropores are
restricted from diffusing away from the reaction site due to the incompatibilities caused by the micropores'
shape/size. The same can occur with reactants, those too big to enter the zeolite micropores are excluded from
the reaction (Figure 2.16).

The drawback, however, is this also results in pore blocking and catalyst deactivation by coke formation.

5.1.2 Catalytic applications of hierarchical zeolites

Accessibility of acid sites plays an important role in zeolites' catalytic performance.[185] The generation of
mesopores in zeolite crystals results in a higher external surface area, and the intercrystalline diffusion path is
shortened. The combination of micropores and mesopores provide beneficial effects to the catalytic performance
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since mesopores ensure optimal accessibility and transport and micropores the shape selectivity.[69] For
reactions taking place outside the micropores, mesopores increase the external surface area.[186]

The introduction of mesopores leads to increased catalytic activity; this is observed for cracking of large molecules
such as polyethylene and hexadecane, but also in the alkylation of aromatic compounds.[186] Change of selectivity
results from increased diffusivity of products away from the reaction site, by reducing the retention time and the
chance of going through another reaction.

For catalytic applications, a material with ideal acidic properties would be found between ensuring high
concentration and stretch of acid sites and high accessibility to the acid sites by introducing mesopores.[185]

Microporous structures during catalysis usually suffer from pore mouth blockage as a result of coke deposition,
which results in catalyst deactivation. The formation of coke is unavoidable; therefore, it is essential to minimize
coke formation. Hierarchical zeolites exhibit increased catalyst lifetime owed to their high resistance to
deactivation.[187,188]

Extraction methods tend to change the Si/Al ratio and distribution during mesopore formation. This complicates
the cause and effect interpretation of the catalytic data, so extensive material characterization is important.[60]
Destructive methods are very attractive for industrial purposes, they are easily used for commercial zeolites.[66]
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Materials and methods

1 Post-synthetic modifications

1.1 Zeolite L fluoride etching

Zeolite L sample (Si/Al = 3.0) is purchased from Tosoh (Japan). The parent material is ion exchanged with a 0.5
M NH,CI solution at 60 °C for 3 h, and the procedure is repeated three times. The zeolite is then washed
thoroughly with double distilled water and dried at 60 °C overnight. The sample is denoted as NH,-L in chapter
4 and NH,-LTL in chapter 6.

The post-synthetic etchings are performed as follows:

L

II.

1.

1g of NH,-L is dispersed in 20 g of 20 wt/% (weight percent) NH,F at room temperature (T) and stirred
from 3 to 480 minutes. This series of samples is denoted L-I-x, where x is the treatment time (t) in
minutes. Samples L-1-60-60, and L-I-60-80 are treated at 60 and 8o °C, respectively, for 60 min.

1 g of NH,-L zeolite is dispersed in 20 g of 40 wt/% NH,F at room temperature and stirred from 20 to
9o minutes. This series of samples is denoted L-II-x, where x is the treatment time in minutes. Samples
L-1I-60-60, and L-1I-60-80 are treated at 60 and 80 °C, respectively, for 60 min.

1 g of NH,-L zeolite is dispersed in 20 g of 1 wt/% NH,HF, at room temperature and stirred from 5 to
180 minutes. This series of samples is denoted L-III-x, where x is the treatment time in minutes. Samples
L-II-60-60 and L-III-60-80 are treated at 60 and 8o °C, respectively, for 60 min.

1 g of NH,-L zeolite is dispersed in 20 g of 2 wt/% NH,HF, at room temperature and stirred from 2 to
60 minutes. This series of samples is denoted L-IV-x, where x is the treatment time in minutes. Sample
L- IV-60-60 is treated at 60 °C for 60 min.

All products are filtered, thoroughly washed with hot double distilled water, then dried at 60 °C overnight.
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1.1.1  Sample notation

Sample c(NH,F) T t
wt/% °C min
L-I-3 20 25 3
L-I-5 20 25 5
L-I-10 20 25 10
L-I-15 20 25 15
L-I-20 20 25 20
L-I-60 20 25 60
L-I-120 20 25 120
L-I-240 20 25 240
L-I-360 20 25 360
L-I-480 20 25 480
L-I-60-60 20 60 60
L-I-60-80 20 8o 60
L-II-20 40 25 20
L-II-40 40 25 40
L-II-90 40 25 90
L-II-60-60 40 60 60
L-II-60-80 40 80 60
Sample c(NH,HF,) T t
wt/% °C min
L-1II-5 1 25 5
L-IlI-10 1 25 10
L-III-15 1 25 15
L-1II-40 1 25 40
L-1II-120 1 25 120
L-IlI-180 1 25 180
L-II-60-60 1 60 60
L-1I-60-80 1 8o 60
L-IV-2 2 25 2
L-IV-5 2 25 5
L-IV-10 2 25 10
L-IV-60 2 25 60
L-IV-60-60 2 60 60

1.2 SSZ-13 fluoride etching

NH,-SSZ-13 is purchased from ACS Materials (USA). The NH,F crystals are purchased from Sigma Aldrich, and
solutions are freshly made prior to the treatment. The parent sample (NH,-SSZ-13) is etched with a 40 wt/%
ammonium fluoride (NH,F) solution in a temperature-controlled bath. The effects of the following parameters
are studied: liquid-solid ratio (I/s), temperature, and time.
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After NH,F etching, the solid is recovered by filtration on a cellulose membrane and washed thoroughly with hot
water (heated to 9o °C) to remove all leftover products. Samples are dried overnight at 60 °C, carefully ground,
and further analyzed.

The sample code employed is CHA-Liquid/Solid-Temperature-Time.
Series I: Liquid/Solid ratio of 8

1 g of NH,-SSZ-13 is mixed with 8 ml of 40 wt/% NH,F at o, 25, and 50 °C.

t [min]
T [°C]
5 20
0 CHA-8-0-5 CHA-8-0-20
25 CHA-8-25-5 CHA-8-25-20
50 CHA-8-50-5 CHA-8-50-20

Series II: Liquid/Solid ratio of 20

1 g of NH,-SSZ-13 is mixed with 20 ml of 40 wt/% NH,F at o, 25, and 50 °C.

t [min]
T [°C]
5 20
0 CHA-20-0-5 CHA-20-0-20
25 CHA-20-25-5 CHA-20-25-20
50 CHA-20-50-5 CHA-20-50-20

Series III: Liquid/Solid ratio of 100

1 g of NH,-SSZ-13 is mixed with 100 ml of 40 wt/% NH,F o, 25, and 50 °C.

t [min]
T [°C]
5 20
0 CHA-100-0-5 CHA-100-0-20
25 CHA-100-25-5 CHA-100-25-20
50 CHA-100-50-5 CHA-100-50-20

1.3 Chromic acid etching

Industrial samples of LTL, SSZ-13, and MFI-55 (Sud Chemie) are subjected to chromic acid etching. The CrO,
crystals are purchased from VWR and solutions are made freshly beforehand of the treatment. The parent sample
(NH,-LTL, NH,-CHA, and NH,-MFI) is etched with 0.1-10 wt/% solutions of CrO,. The etching reaction is made
at room temperature with mild agitation. The liquid-solid ratio is 20 and duration 6o min for all reactions; except
for sample LTL-0.1-30 which is treated for 30 minutes.
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After the etching reaction, the solids were recovered by suction filtration and washed thoroughly with water.
Samples are dried overnight at 60 °C, carefully ground, and further analyzed.

1.3.1 Sample notation

The parent zeolite is noted with the structure code, for instance, CHA (parent). The sample code employed of
etched materials includes ZEOLITE TYPE-Concentration. For example, 1 g of NH,-SSZ-13 mixed with 0.1 wt/%
CrO; at 25 °C for 60 minutes is noted as sample CHA-0.1. MFI- and LTL-type zeolite etched with chromic acid
were coded similarly. The CrO, concentrations (wt/%) employed are 0.1, 0.5, 1, 2 and 10.

1.4 Calcination

LTL type and SSZ-13 type zeolites are calcined under static air, SSZ-13 are calcined for 6h in 550 °C and LTL are
calcined at 550 °C for 4h.

2 Characterization techniques

2.1 X-ray diffraction

Principle:

X-rays are waves in the range of 10-1073 nm in the electromagnetic spectrum. When they interact with matter,
they are either scattered (diffracted) or adsorbed. XRD experiments measure the intensity of the X-rays scattered
by electrons in the object. The waves that emit from the object caused by the X-ray beam can undergo interference,
which can be constructive or destructive, depending on the phase relationship between emitted waves.[1] This
technique gives information about long-range ordering and phase purity of zeolites.[ 2]

The powder X-ray diffraction (PXRD) is used to study zeolite crystallinity. Each reflection in a powder X-ray
diffraction pattern observed in a polycrystalline material at a given 26 angle, measured with a wavelength of 2, is
related to the distance d of the lattice planes as described by the Bragg’s law, expressed in eq. 3.1 and depicted in
Figure 3.1:

ni=2d (hkl) sinf 3.1
n=12,..
here:

A is the wavelength of the X-rays;
d is the distance between two lattice planes;
0 is the angle between the incoming X-rays and the normal to the reflecting lattice plane;

n is the integer called the order of the reflection

Figure 3.1. Bragg’s law.

For the constructive interference to occur, the beams' path difference must be an integer number of wavelengths,
n A. The planes from which these reflections are described by Miller (Figure 3.2).
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Lf {200) {201) (113}
1]

Figure 3.2. Miller planes examples.

Each plane has three different values, h, k, and [ describing their orientation in the unit cell. Distance between
each plane is given dnw. For positive interference to occur, the Bragg equation must be satisfied, and the hkI planes
must lie at a correct angle for the incident radiation. Bragg’s law can be satisfied when the set of planes lie on the
Ewald reflecting sphere (Figure 3.3).

Diffracted beam

Incident beam

Lattice plane Rkl

Figure 3.3. The Ewald sphere.

Powder X-ray diffraction (PXRD) is a compelling analytical tool. When several crystallites of different orientations
are irradiated by the X-ray beam simultaneously, several Miller planes may be in a correct orientation, and each
crystallite will give an individual diffraction pattern.

Atoms' positions and unit cell dimensions make the unique structure of different zeolites reflected in characteristic
positions and relative intensities in the XRD patterns. The PXRD pattern is unique to a particular structure; the
method can be used for fingerprinting crystalline materials.

IZA maintains on its website crystallographic data and XRD patterns for known structure types; these are as well
published in the Collection of Simulated XRD Powder Patterns for Zeolites (Elsevier). The 5™ edition of the book
published in 2007 contains 218 calculated patterns of zeolite materials representing 174 framework topologies.[3]
Reflecting on the almost exponential growth of new zeolite topologies and continuous success in producing novel
materials by zeolite synthesis researchers.

The simplest way to identify the structure of the particular zeolite sample is to compare the experimentally
measured powder diffractogram with the published reference diffractograms. Before applying qualitative
measurements, it is important to compare the composition of the sample, and the reference as differences in extra
framework cations composition may lead to additional reflection or different intensities.

The integrated area of peak intensity can be used to determine the sample's relative crystallinity by normalizing
their intensities to those of a reference sample. The relative crystallinity (eq. 3.2) defined in ASTM D5758-01 for
ZSM-5[4] is:

. .. Sx 3.2
% XRD relative crystallinity = S X100

r

Where:
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Sp = integrated peak area for the sample, and
Sr = integrated peak area for the reference.

X-ray diffraction is based on the periodicity of the crystal lattice. Therefore information about crystal structure,
crystallite size, location, and concentration of exchanged cations can be obtained. It is not possible to obtain
information on properties that do not repeat periodically, like lattice defects, stacking faults, and hydroxyl groups.

Experimental procedure:

The X-ray diffraction (XRD) of powder patterns were recorded using Malvern PANalytical X'Pert PRO
Diffractometer with CuK, radiation (A = 1.5418 A, 45 kV, 40 mA). The patterns were collected over a range of 4-
50° 26 with a time per step of 0.0167° s™ using a 14° divergence slit.

Relative crystallinity values of SSZ-13 samples are determined from the integrated peak areas between 20 and
32° 20 [5] and compared with their parent NH,-SSZ-13.

Relative crystallinity values of MFI-55 samples are determined from the integrated peak areas between 23.1 and
24.3° 20 [4] and compared with their parent NH,-MFI-55.

Relative crystallinity values are determined from peak area at 22.6, 24.2, 25.5, 27.0, 27.9, 29.0, 30.6, 33.6° 20 for
all zeolite L. samples, and the parent zeolite L is used as a reference sample.[6]

2.2 Textural analysis by N, physisorption

Principle:

Materials with internal pores and channels have a larger surface area than dense materials. When gas molecules
enter the pores and bind to sites on the internal surface areas, adsorption occurs. Adsorption can be subdivided
into physisorption and chemisorption. Physisorption or physical adsorption is generally weak due to induced or
permanent dipoles; it is usually observed at low temperatures. Chemisorption involves exchanging electrons
between the adsorbate (gas phase) and adsorbent (solid phase); therefore it is a much stronger interaction due
to the bonds formed. Physisorption is generally completely reversible upon the decrease of partial pressure;
however, chemisorbed species likely need an additional driving force (i.e. heat) for their removal.

Adsorption by a material is usually reported as an adsorption isotherm. The weight or volume of adsorbate is
taken up as a function of the partial pressure of the adsorbate at a constant temperature. Desorption denotes the
converse process, where the adsorbed amount gradually decreases. Adsorption hysteresis emerges when
adsorption and desorption curves do not concur.[7]

The International Union of Pure and Applied Chemistry (IUPAC) classifies the pores by their internal width,
micropore: internal width less than 2 nm, mesopore: internal width between 2 and 50 nm, macropore: internal
width greater than 50 nm.[8]

The shape of physisorption isotherms depends on the exchange between the strength of fluid-wall and fluid-fluid
interactions. Macropores have a distinct sorption behavior from that of mesopores and micropores. Macropores
can be considered as nearly flat surfaces due to their size, while the fluid-wall interactions dominate sorption
behavior in micropores. Adsorption behaviors in mesopores depend on fluid-wall interaction as well as attractive
interactions between fluid molecules, which may lead to pore (capillary) condensation. [8] Pore condensation
represents an occurrence where a gas condenses to a liquid-like phase.

The shape of the isotherm and maximum adsorption volume is unique to the material. Physisorption isotherms
are classified into six types (Figure 3.4).[7] Type I isotherm is obtained when adsorption is limited to a few
molecular layers, often obtained on microporous materials. The initial steep uptake at low relative pressures
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corresponds to monolayer deposition inside the micropores; once the micropores are filled, the isotherm reaches
saturation.

Type Il and IV isotherms are found with non-porous materials or mesoporous structures. Type Il is characteristic
for monolayer coverage at low pressures, then continues with a plateau once all the energetically favorable sites
have been covered and multilayer adsorption at higher pressures. The hysteresis effect in type IV isotherms is
due to the different energy of condensation on the surface of the pore and evaporation away from the pore. When
molecules of gas have a higher affinity towards each other than for the surface of the adsorbent, type IIl and V
isotherms are found. Type VI stepwise isotherm represents layer-by-layer adsorption on a highly homogeneous
non-porous surface. The main types of hysteresis loops identified by IUPAC are presented in Figure 3.5. Each of
the characteristic hysteresis loop types is closely related to the pore structure and the adsorption mechanism.
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Figure 3.4. Classification of adsorption isotherms, according to IUPAC (from [7]).
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Figure 3.5. Classification of hysteresis loops (from [7]).

Thus the shape of the hysteresis loop can provide useful information about the mesopore structure.[9] H1 loop
is found in materials that exhibit a narrow range of uniform mesopores and ink-bottle pores. H2 loops are
associated with pore blocking. H3 loops are given by non-rigid aggregates of plate-like particles and not filled
macropores. H4 loop is a composite of Type I and II branches, and it is often found in mesoporous zeolites and
aggregated zeolite crystals. Hg loop is related to specific pore structures containing both open and partially
blocked mesopores.

The Brunauer-Emmett-Teller (BET) method is the most widely used procedure for evaluating porous
materials' surface area, despite its limitations for microporous adsorbents.[10]

Experimental procedure:

The N, physisorption isotherms are analyzed at -196 °C utilizing Micromeritics 3Flex high-resolution surface
characterization analyzer. About 100 mg of the sample is degassed at 300 °C under vacuum overnight prior to
the analysis. The isotherms are recorded using the MicroActiv analysis program for 3Flex. Micropore volume
(Vinicro) is evaluated from non-local DFT porosity distribution using a model of N, on oxide surface with cylindrical
geometry, and total pore volume (Vi) is determined by the amount of adsorbed nitrogen at p/p, = 0.98.
Mesopore volume (Vimeso) is calculated by the difference in total pore volume (Vi) and micropore volume (Vinicro),
Vineso = Viot~Vmicro.

2.3 Thermal analysis by thermogravimetry

Principles:

Thermal analysis is used to monitor temperature-dependent properties such as dehydration, decomposition,
dehydroxylation, desorption. Thermogravimetry (TG) and differential scanning calorimetry (DSC) are well-
established methods for following reaction processes by measuring the thermal effects and/or weight changes.
Thermogravimetry (TG) measures the change in the sample weight as a function of temperature (or time).[11]
The derivative thermogravimetry (DTG) indicates the rate of mass loss by derivation (dm/dt). Differential
scanning calorimetry (DSC) follows the enthalpy changes, thermal effects of the reaction can be observed.
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Experimental procedure:

The thermogravimetric analysis (TGA) is carried out in an air atmosphere on a SETSYS-1750 CS Evol instrument
(SETARAM). Samples are heated in the air up to 8oo °C. with a heating ramp of 5 °C min™ under air (40 ml min’
', 80 % N, 20 % O,). Prior to the analysis, the samples are exposed to air with an atmosphere of 70 % humidity.

2.4 Chemical composition by ICP-AES

Principles:

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) uses plasma for atomization and excitation
of the source and creating an atomic vapor from an aqueous sample. The excited atoms emit characteristic light
in the ultraviolet or visible region, and the chemical composition is determined by the atomic emission lines.

Experimental procedure:

The Si and Al contents are determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES)
on an AES 5100 VDV ICP from Agilent; all samples are digested in aqua regia and HF prior to the analysis.

2.5 Crystal morphology by electron microscopy

Principles:

Electron microscopy techniques give direct imaging of the local structures and enable structural investigation of
zeolites. Scanning electron microscope (SEM) is used to identify the individual phases, their dimensional
relationships in aggregates containing multiple phases, or if they have differences in size or habit. Due to dramatic
improvement in the resolution of modern SEM, much smaller particles and details on the surface can be revealed.
Tungsten filament guns give about the resolution of 3 nm and field emission gun of about 1 nm. An energy-
dispersive X-ray spectrometer (EDX) is commonly installed on the SEM, and the local chemical composition can
be obtained.[12]

High-resolution transmission electron microscopy (HRTEM) gives direct local images of the crystals in real space.
The electron beam interaction with a solid is very strong, and the sample can absorb electrons. Large proportions
of incident electrons emerge from the sample and are dispersed as back-scattered, secondary, transmitted,
scattered, and energy loss electrons. Other energy forms are also generated from the interaction with the electron
beam, like X-rays, Auger electrons, cathodoluminescence, etc.

2.5.1 Scanning Electron Microscopy (SEM)

Electrons from the focused electron beam partially pass their energy to electrons in the sample during scanning
of the solid sample surface; these electrons are ejected from the sample as secondary electrons with low energy
(<50 eV). Detector accepts these electrons with random moving directions and contributes them to the image
brightness. The received intensity of the secondary electrons can be correlated to the spot on the sample, but to
observe the particles’ morphology, the image contrast is far more important.

2.5.2 Transmission Electron Microscopy (TEM)

In the case of TEM, the electron beam is transmitted through an ultra-thin specimen. TEM operates in the 100-
300 kV range of electron energies. From the interactions between electrons and atoms, crystal structure can be
observed as well as dislocations and grain boundaries. Atomic resolution can be achieved with high-resolution
transmission electron microscopy (HR-TEM), which enables resolving lattice fringes and determining the spacing
of atomic planes.
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2.5.3 Energy Dispersive X-ray Spectroscopy (EDX)

When the incident electron beam interacts with the solid sample, some electrons from different atom shells (K,
L, M, N, etc.) are ejected. An electron from a higher energy level may migrate to fill the vacancy at the lower
energy level shell, and a quantum of radiation (X-ray) will be emitted corresponding to the energy difference
between the shells. EDX detects local chemical composition based on the relative intensities emitted from the
sample.

Experimental procedure:

Micrographs presented in Chapter 4 are collected by scanning electron microscopy (SEM) performed on a JEOL
JSM-7900F low-voltage high-resolution scanning electron microscope (SEM). Before the measurement, the
sample is deposited on a sample holder using an isopropyl alcohol-based carbon conductive adhesive (tedpella)
tape. Transmission electron microscopy (TEM) analysis is performed on a JEM-2100F. Prior to the measurement,
a diluted colloidal suspension of the sample is sonicated for 5 min and then dropped on a carbon-film-covered
300-mesh copper electron microscope grids and dried.

Micrographs presented in Chapter 5 are collected by scanning electron microscopy (SEM); pictures are taken on
a MIRA TESCAN microscope equipped with a field emission gun. Micrographs are collected under an acceleration
voltage of 30 kV. Before measurement, samples are deposited on a sample holder with a conductive adhesive tape
and sputtered for 30 s with platinum. Transmission electron microscopy (TEM) micrographs are taken on a JEOL
ARM 200 CFeg Analytical TEM at 200keV using a high angle annular dark-field (HAADF) detector under Scanning
TEM (STEM) mode. Prior to analysis, the samples are dispersed in ethanol by ultrasounds for 20-30 minutes
before being transferred to a carbon support grid for measurements. EDX (energy-dispersive X-ray spectroscopy)
is used to map the elements and study samples’ composition. Elemental mapping is carried out at 8o kV electron
beam in order to limit the electron beam damage. The STEM mode is employed for both imaging and elemental
mapping using the DigiScan module from Gatan Digital Micrograph and the AnalysisStation software,
respectively.

Micrographs presented in Chapter 6 are collected by scanning electron microscopy (SEM); pictures are taken on
a MIRA TESCAN microscope equipped with a field emission gun. Micrographs are collected under an acceleration
voltage of 30 kV. Before measurement, samples are deposited on a sample holder with a conductive adhesive tape
and sputtered for 30 s with platinum.

2.6 Local structure by solid-state nuclear magnetic resonance

Principles:

Solid-state Nuclear Magnetic Resonance, or solid-state NMR, probes the local structure around a particular
nucleus.[1] It is often found to be a complementary technique to XRD since XRD focuses on long-range ordering
and NMR in the short-range environment.
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The most widely used solid-state NMR experiment is Rotation axis

By
the magic angle spinning (MAS). The sample is spun
around the ‘magic’ angle, 54.74° to remove chemical 1?2‘:;:2:9 %’
shielding anisotropy, dipolar coupling, and first-order :

quadrupolar coupling caused by the absence of fast
thermal/molecular motions in solids.[1] Spinning the
sample at an angle of 54.74° to the axis of an external - Powdered
magnetic field (B,) achieves the maximal NMR line material
narrowing effect, thus a solid powdered material

resembles the spectrum of a liquid.

Figure 3.6. Magic angle spinning experiment
scheme (from [13]).

2.6.1 *7Al NMR spectroscopy

In zeolites, an aluminum atom is always connected with four silicon atoms as postulated by Lowenstein. The
signal of tetrahedral aluminum (AIQO,) in hydrated zeolite samples can be found at chemical shifts between 55 and
68 ppm.[13] Non-framework aluminum, which typically has the octahedral (AlOg) coordination, gives a signal at
about o ppm. Thus, an important application of *’Al MAS NMR is differentiating between tetrahedral framework
aluminum atoms and extraframework octahedral aluminum atoms, and their relative proportions can be directly
determined from the intensities of the signals at about 60 and o ppm.

2.6.2 *°Si NMR spectroscopy

Each silicon atom is connected via oxygen to four T N A s 5 s
atoms, which can be either silicon or aluminum which AD SOA SO SOAI SID SO SO SIOSi S0 SO
correspond to five possible distributions of Si and Al

atoms around the central silicon unit SiO, (Q.,):
Si(4Al), Si(3Al), Si(2Al), Si(1Al) and Si(oAl). Each type
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of Si(nAl)(n = 0,1,2,3,4) gives well-resolved peaks in a
defined range of chemical shifts. From the analysis of
chemical shift and peak intensities, the relative

= Si(3Al
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population of the Si(nAl) units present in the zeolite
can be determined. The intensity of lower frequency
peaks increases upon the Si/Al ratio raise, and the
Si/Al ratio of the lattice can be calculated from the peak
intensities. Silicon atoms connected to OH groups
located in the framework defects may overlap with

Si[(n+1)Al] signals. The SiOH groups can be identified in the cross-polarization (CP) spectrum.
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Figure 3.7. **Si chemical shift of Si(nAl) units in
zeolites.
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Experimental procedure:

Solid-state NMR measurements are carried out using 4 mm zirconia rotors, as the '9F, *7Al, °Si MAS NMR spectra
are recorded on a Bruker Avance 400 MHz spectrometer (magnetic field of 9.4 T). All experiments are performed
with a spinning speed of 14 kHz. The chemical shifts are referenced to a 1 m AI(NO5); aqueous solution, TMS and
CFCl;, for *7Al, *Si, and "F, respectively. Exceptionally, the **Si MAS NMR spectra presented in Chapter 6 are
collected at a 12 kHz spinning speed, and the *’Al MAS NMR of MFI-55 samples are recorded on Bruker Avance
500 MHz spectrometer.
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2.7 Acidity characterization by Fourier transformed infrared
spectroscopy

Principles:

Fourier transformed infrared (FTIR) spectroscopy is a powerful tool that provides information about molecular
vibrations. Infrared spectroscopy works with the electromagnetic spectrum's infrared region and works on the
principle that molecules absorb specific frequencies characteristic to their structure. Zeolites are mostly studied
by transmission IR spectroscopy in the mid-infrared window (4000-400 cm™).

The technique provides helpful information by monitoring the IR vibrational mode of probe molecules (e.g., CO,
NO, pyridine) adsorbed on the material. This is mostly done in in situ cells that permit controlled degassing,
activation under vacuum, and the introduction of gaseous probe molecules. The spectra obtained can be used to
obtain qualitative and quantitative information. Quantitative information can be obtained by applying the
Lambert-Beer adsorption law.

Experimental procedure:

Prior to the FTIR study, the samples are pressed into self-supporting wafers (2 cm?) and activated in situ at 450 °C
for 2 hours under vacuum. The IR spectra (128 scans) are collected on a NICOLET 6700 fitted with a DTGS
detector with a 4 cm™ optical resolution.

Pyridine is used to probe all sites in the zeolite L. and MFI-55 samples; typically, a pressure of 1 torr pyridine is
introduced in the cell to reach saturation. The wafer is then heated twice at 150 °C for 15 min to ensure a
homogeneous diffusion throughout the sample. Pyridine is then stepwise (50 °C for 10 min) desorbed in the
temperature range of 50-450 °C. Sample weights are normalized to 20 mg. Brensted (B) and Lewis (L) acid site
concentrations are quantified using the 1545 cm™ (B, extinction coefficient: 1.67 cm pmol™) and 1450 cm™ (L,
extinction coefficient: 2.22 cm pmol™) peaks after desorption at 150 °C.[14]

2,6-di-tert-butylpyridine (dTBPy), on the other hand, is used to quantify the external acidity of the zeolites. The
same pretreatment procedure is used as that for pyridine adsorption. 0.1 torr of dTBPy is introduced in the cell;
then the wafer is heated at 150 °C for 15 min two times to ensure a homogeneous diffusion into the samples. The
concentration of these Bronsted acid sites is quantified using the dTBPy 1530 cm™ peak area, and an extinction
coefficient is calculated according to the procedure outlined by Corma et al. summarized by equation (3.3):

Epy - SdTBPy(LTL)

€dTBPY = 3.3

Spy(LTL)
with eqrspyand epy the integrated molar extinction coefficients for dTBPy and pyridine, respectively, and Sqrspyrr)
and Spy) the integrated band areas of dTBPy and pyridine, respectively, adsorbed on zeolite 1..[15,16]

The Accessibility Index (ACI) is defined as the number of acid sites detected by a probe molecule divided by the
total number of acid sites derived from the aluminum content. Accordingly, the pyridine ACI, is AClpy = (cg +
c1)/Alicp, as pyridine probes both Brgnsted and Lewis acid sites. As dTBPy only probes Brensted sites, AClargpy-g is
the ratio between the Bronsted sites detected by dTBPy and the aluminum content determined by chemical
analysis.[17]

SSZ-13 samples are equilibrated for 15 min at room temperature with a pressure of 1 torr d;-acetonitrile (CD;CN)
before recording a spectrum. Spectra are deconvoluted with the OMNIC 8.3.103 software. Quantitative results are
obtained using molar absorption coefficients from the literature[18]: protonated CD;CN on Brgnsted acid sites
(2297 cm™, &(B) = 2.05 cm pmol™) and coordinated on Lewis acid sites (2310 cm™, g(L) = 3.6 cm pmol-1). Both
integrated areas of deconvoluted bands are normalized to a wafer mass of 20 mg.
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2.8 Catalysis

Principles:

A catalytic test is conducted to test zeolite activity in a specific reaction.
2.8.1 Dealkylation of 1,3,5-triisopropylbenzene

Experimental procedure:

The dealkylation of 1,3,5-triisopropylbenzene (TiPBz) is performed in a tubular downflow fixed-bed reactor
operating in the gas phase. A stainless-steel reactor (ID = 12.7 mm) is successively packed with inert SiC (particle
size 200-300 pm), 30 mg (W, dried basis) catalyst (particle size 200-500 pm) and again with SiC, in total 400
mg of SiC, SiC/zeolite ratio 13.3. The catalysts are activated in situ at 450 °C for 2 hours under a dry airflow (50
ml min™) to remove excess water and ammonia, cooled to the reaction temperature (220 °C). A stream of N, (200
ml min™, F°) is then diverted to a saturator maintained at 70 °C filled with TiPBz and fed to the reactor with a
resulting W/F° = 220 kg mol™ s. The online analysis of the products is performed with a Varian CP-3800 gas
chromatograph fitted with a flame ionization detector (FID) on an HP-Pona capillary column (50 m x 0.2 mm X

0.5 pm).
2.8.2 Dehydration of n-propanol

Experimental procedure:

The dehydration of n-propanol (nPrOH) is an acid-catalyzed test reaction that is used to evaluate the hierarchical
derivative performance. It is executed in a downflow fixed-bed reactor operating in the gas phase. A quartz reactor
is packed with 120 mg inert SiC (particle size 200-300 pum), 30 mg (W, dried basis) catalyst (particle size 200-
500 pm), SiC/zeolite ratio 4. The catalysts are activated in situ at 450 °C for 4 hours under a dry airflow (50 ml
min™) to remove excess water and generate the H-form of the zeolites, cooled to the reaction temperature (205 °C).
The N, (100 ml min™) stream is then diverted to a saturator maintained at 5 °C filled with n-propanol and fed to
the reactor resulting in a W/F° of 27.2 kg mol™ s. The online analysis of the products is performed with a gas
chromatograph Varian® 3900 gas chromatograph equipped with a WCOT CP-Wax 52 CB 2.0 um column (35 m
x 0.25 mm) and an FID detector at 200 °C. Total coke content is determined by thermogravimetric analysis (TGA).
The TGA is carried out in a SETSYS instrument (SETARAM). Samples are heated in the reconstituted (8o % N,
+ 20 % 0,) airflow to 800 °C.
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Comparative study of zeolite L etching with NH,F and NH,HF., solutions

1 Introduction

Zeolites are widely used in the chemical industry as catalysts, molecular sieves, sorbents, and ion exchange
materials.[1] Their catalytic properties are unique as their acid sites (Bronsted and Lewis) are located in confined
space, providing shape selectivity during hydrocarbon conversions.

Zeolite L (LTL-type) was first synthesized by Breck and Acara, and its framework topology was determined by
Baerlocher and Barrer.[2] It possesses a one-dimensional pore structure. The framework consists of cancrinite
cages linked with hexagonal prisms to form columns in the c-direction; they form pores with an internal diameter
of 1.2 nm and 12-member ring (MR) pore opening windows with a diameter of 0.71 nm.[3] Zeolite L is typically
synthesized with Si/Al = 3 using K* as a structure-directing agent.

Zeolite L. loaded with noble metals is an excellent catalyst for the low-pressure aromatization (dehydrocyclization)
of paraffins (Cs.s) in light naphtha; such paraffins are poorly converted on classical platinum reforming catalysts
(Pt/Al,O5-Cl).[4] However, due to the operating conditions of this reforming reaction (high temperature, low
pressure), the catalyst suffers from deactivation by coke deposition;[5-7] the known remedy is to operate in a
dual catalyst bed process, the so-called CCR (Continuous Catalyst Regeneration) pioneered by UOP.[8] Zeolite L
is also claimed as active in catalytic cracking[g,10] and a hierarchical derivative in FCC gasoline
hydrodesulfurization.[11,12]

A key disadvantage of zeolite L is its monodimensional pore system, especially when bulky molecules are
converted. For full range naphthas, diffusion is hindered and penalizes the catalyst's activity, selectivity, and
stability.[5,11] Active sites accessible for bulky molecules are available at the pore mouth and zeolite crystal surface,
but they represent less than 5 % of the total active sites.[13]

Two strategies are commonly used to reduce the impact of diffusion limitations in zeolites: i) decrease of the
crystal size[14], ii) introduction of larger (meso- or macro-) pores in the crystals.[15] Nanozeolites (<100 nm
crystal size) have relatively high external surface area, and the portion of active sites available on the external
surface is higher than that of micron-sized crystals. However, the number of zeolites that can be synthesized in
nanosized form is still limited.[13,15,16] Consequently, much research is devoted to the preparation of zeolite
crystals comprising larger secondary pores. The methods to introduce secondary pores can be classified into two
groups, bottom-up and top-down approaches. Constructive or bottom-up processes are synthetically challenging
and build hierarchical zeolites by engineering microporous and mesoporous domains utilizing complicated
templating routes.[17,18] While there are some reports using commercially available and inexpensive OSDA,[19]
direct synthesis of mesoporous zeolite L is extremely scarce.[12] Top-down approaches are more reproducible
and favored for the commercial production of hierarchical zeolites.[20]

Destructive or top-down methods include a variety of techniques to introduce a secondary level of porosity in as-
synthesized zeolites through post-synthesis modification. Post-synthesis treatments are used to modify and
improve the zeolite properties that cannot be achieved through direct synthesis. These treatments include H,O
steaming or etching with various acid or base solutions that cause dealumination and/or desilication while
generating secondary pores.[16,18]

Etching with buffered solutions of NH,F/HF was shown earlier to yield hierarchical zeolites with retained
chemical composition due to the formation of HF,™ anions affording an unbiased extraction of Si and Al.[21,22]
Besides avoiding the use of HF, NH,F generates a steady source of small quantities of HF,™ allowing easy control
of the dissolution kinetics. However, the NH,F route is based on relatively concentrated (20-40 wt/% NH,F)
solutions. NH,HF, was proposed as a more ecofriendly etching solution to clean silicon dioxide from
semiconductor wafer surfaces.[23] Feng et al. showed that an NH,HF, solution effectively removes non-

57



Chapter 4

framework aluminum and silicon from a NaY zeolite. However, the zeolite etching with NH,HF, is still unexplored
territory, and not much information on the particularities of zeolite dissolution is available.[24]

This work aims to compare the etching ability of NH,F and NH,HF, to obtain hierarchical zeolite L crystals. This
study focuses on the physicochemical properties of the parent L and its hierarchical derivatives obtained with
NH,F and NH,HF., as well as their catalytic performance in the conversion of a bulky molecule.
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2 Results

2.1 X-ray diffraction

The NH,-form of zeolite L is subjected to fluoride etching. The codes used to denote different samples are provided
in the experimental section. Briefly, the samples treated at 25 °C are denoted L-I-x, where x is the treatment time.
The samples treated at 60/80 °C are denoted L-1I-x-60/80, where x is the treatment time. The XRD analysis
reveals that the treatment at 25 °C with NH,F and NH,HF,, does not lead to structural changes (100 %
crystallinity), whatever the fluoride concentrations. The treatment with a 20 wt/% NH,F solution is extended up
to 480 min without visible changes in the XRD crystallinity (Figure 4.1A). The effect of 40 wt/% NH,F on the
zeolite crystallinity is studied up to 9o min, and no change in the crystallinity is observed (Figure 4.1B). Our
preliminary experiments indicated that an NH,HF, solution is more aggressive and requires the use of much
more dilute solutions with respect to NH,F. For instance, a 1 wt/% NH,HF, (L-III-x) solution is used in order to
retain the zeolite L crystallinity (Figure 4.2A).

The NH,F treatment at elevated temperatures (60 and 8o °C) had a more pronounced effect on zeolite L
crystallinity. For instance, L-I-60-80 and L-II-60-80 exhibited 43 % and 18 % crystallinity, respectively, with
respect to the parent zeolite. In addition, the patterns display a broad feature 15-30° 26, indicating amorphization,
proof that under such conditions, a substantial dissolution of the zeolite framework takes place. A decrease in
crystallinity is also observed for the samples treated at 60 °C. Thus, L-I-60-60 and L-1I-60-60 samples showed a
crystallinity of 79 % and 78 %, respectively. Samples treated with 1 wt/% NH,HF, at 60 and 80 °C also exhibited
some loss of crystallinity, which is 91 % and 89 % for L-III-60-60 and L-III-60-80, respectively.

On the other hand, the treatment with 1 wt/% NH,HF, at room temperature and up to 120 min leads to materials
with increased XRD crystallinity. A slight decrease in the crystallinity is observed for the sample etched 180
minutes. Room temperature treatment of zeolite L with a 2 wt/% NH,HF, for 10 min (L-IV-10) also yields
materials with higher relative crystallinity (Table 4.1, Figure 4.2B). We attribute this increase in crystallinity to
the dissolution of some amorphous material present on the sample and the low crystalline part of the crystals, all
typical for such unbiased framework etching.[21]

59



Chapter 4

A

Relative intensity [a.u.]

Relative intensity [a.u.]

A

J L-I-60-80
2 L-I-60-60
A A L-I-480
A A L-I-360
A L-I-240

A L-1-60
A A L-I-20

I
1
CC L

W1 VN W YR A Ll-15

L-I-10
A A AA YV N RS Y WY L-I-5

W W M.MAMJ«..‘..N..._J-.A LI-3

- U W LM._MW NH,-L

5 10 15 20 25

T T T T T T T T 1
30 35 40 45 50

L-II-60-60

:J Aen l Ak A L-1I-60-80
L-II-g0
v N ‘A T | r_ A L-I-40
. WW L-II-20
LA UUW&M..«A NH -L
T T T T T T T T T T T T T T 1 4
5 10 15 20 25 30 35 40 45 50

]

Figure 4.1. XRD patterns of zeolite L treated with 20 (A) and 40 (B) wt/% NH,F.

60



Comparative study of zeolite L etching with NH,F and NH,HF., solutions

>

A o W Mw L-III-60-80
A Y L-III-60-60
Moo A A L-IlI-180
WL M e Ao A L1120

L-IlI-40
L-lI-15

A AA "M Mo pnn M L1TT-10

UUMUUUWM NH-L
T T T T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50

Relative intensity [a.u.]

CC L C

S S
-
3
. -
S
&

Relative intensity [a.u.]

n L-IV-10
Ao A AN A MMM L1IV-5
n A A A Al AM M A. D ,A. M L-IV-2
JD»JUMUUUWM__MM NH,-L

T T T T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50

201°]

Figure 4.2. XRD patterns of zeolite L treated with 1 (A) and 2 (B) wt/% NH,HF.,.

2.2 Scanning electron microscopy

The impact of fluoride etching on the morphology of zeolite L is studied with a scanning electron microscope
(Figure 4.3). Typically, zeolite L exhibits a disc-like morphology with overgrown terraces on the pinacoidal face.
Steps are also observed on the prismatic face, but they are not so pronounced on the basal pinacoid. This etching
yields crystals with cracks and holes going deeply in the pinacoidal surface, while the sharp edges of the prismatic
surface disappear, smoothing out the surface.
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Figure 4.3. SEM micrographs of L-1I-40 (A), L-1I-60-60 (B), L-III-40 (C), L-III-180 (D), L-III-60-60 (E), and
L-11I-60-80 (F) samples.

2.3 Transmission electron microscopy

Transmission electron microscope (TEM) sheds more light on the most deeply etched samples and highlights
details of the remaining part of the crystal (Figure 4.4). Entire crystalline domains are clearly separated from the
parent crystal. TEM micrographs of the parent L zeolite and its etched derivatives are depicted in Figure 4.4A-F.
The surface of the parent and the NH,F treated zeolites (Figure 4.4A-C) appear smooth, while those treated with
NH,HF, display rougher surfaces. Figure 3F highlights dissolution on the edges of the crystals, and Figure 4.4D-
E show extended dissolution along the crystal surface with visible formation of mesopores.

Figure 4.4. TEM micrographs of NH,-L (A), L-I-5 (B), L-I-60 (C), L-III-180 (D), L-I1I-60-60 (E), and L-III-
60-80 (F) samples.
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2.4 N, physisorption

The parent zeolite and treated samples' textural properties are assessed by nitrogen physisorption (Figure 4.5).
N, isotherms of the parent zeolite and the derivatives treated with 20 wt/% NH,F solution at room temperature
exhibit a type I (a) isotherm according to the TUPAC classification. However, the fast uptake at low relative
pressure characteristic of microporous materials is followed by an inclination of the isotherm, terminating with
an H4 hysteresis loop in the high relative pressure region (~0.98). The latter is characteristic of the presence of
textural mesopores. The surface and pore features of the derivatives produced by fluoride treatments are
summarized in Table 4.1. The mesopore volume increases slightly with treatment time when 20 wt/% NH,F is
used. The micropore volume remains almost constant (0.17 cm3g™) up to 240 min and then decreases to 0.16 cm?
g™ after 360- and 480-min treatment. A more substantial decrease occurs after treatment at 60 °C (0.14 cm3g™)
and 80 °C (0.08 cm3g™). At elevated temperatures (60 and 8o °C), the mesopore volume is substantially increased
up to 0.20 cm3 g™, while the micropore volume drops further to 0.08 cm3 g™ (Table 4.1).
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Figure 4.5. N, adsorption isotherms of the samples treated with 20 wt/% NH,F (A), 40 wt/% NH,F (B), 1
wt/% NH,HF, (C), and 2 wt/% NH,HF, (D). Note: closed circles - adsorption, open circles - desorption.
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2.5 Physicochemical properties

The use of a more concentrated (40 wt/% NH,F) solution results in a faster dissolution of zeolite L. The samples
are treated only up to 9o minutes as after 20 min only the mesopore volume increases from 0.05 to 0.13 cm3 g™
Any further increase in the treatment time does not increase mesoporosity. The micropore volume and the
crystallinity of all room temperature treated samples are retained. The sample treated at 60 °C shows a small loss
of micropore volume and a substantial increase of mesopore volume. The most dramatic changes, a severe loss
of crystallinity and micropore volume, are observed in the sample treated at 8o °C. As mentioned, the preliminary
experiments with 20 and 40 wt/% NH,HF, solutions resulted in the substantial amorphization of the zeolite.
Therefore, much more diluted (1 and 2 wt/% NH,HF.,) solutions are employed to obtain hierarchical zeolite L.
The use of 1 wt/% NH,HF, solution did not change the surface characteristics of zeolite substantially, even after
treatment at 60 and 8o °C (Table 4.1). The 2 wt/% NH,HF, solution is used at room temperature from 2 to 60
minutes, which provided materials with slightly increased micropore volume.

The chemical composition of the parent and treated samples determined by ICP-AES are presented in Table 4.1.
The parent NH,-L has a Si/Al ratio of 3.0, typical for zeolite L.[2,25] This composition is retained after leaching
with a 20 wt/% NH,F solution for 3 and 20 min, then slightly increases (Si/Al = 3.1) after 60 and 360 min leaching
to reach Si/Al = 3.2 after 480 min. A more substantial dealumination occurs when the temperature is raised to
60 °C (Si/Al = 3.5) and 80 °C (Si/Al = 6.8), which is coupled with a substantial decrease in the micropore volume.
These results are indicative of an amorphization of the L zeolite.

Samples leached with a 40 wt/% NH,F solution show a slight increase in the Si content after 20 and 9o min
treatments. Substantial dealumination occurs at 60 and 80 °C, as the Si/Al ratios raise to 3.8 and 12.7, respectively.
No significant change in framework composition is recorded for L zeolite treated with 1 wt/% NH,HF, A slight
dealumination (Si/Al = 3.2) occurs after etching with a 2 wt/% NH,HF, for 2 to 10 minutes.
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Table 4.1. Chemical composition and textural properties of the parent and treated zeolites.

Sample XRD*? Si/Alicp Sper Vinicro Vineso
% mol mol™ m*g”’ cm3 g™ cm3 g™
NH,-L 100 3.0 452 0.17 0.05
L-I-3 100 3.0 453 0.17 0.07
L-I-5 100 3.0 464 0.18 0.07
L-T-10 100 3.0 457 0.17 0.07
L-I-15 100 3.0 454 0.17 0.08
L-I-20 100 3.0 456 0.18 0.08
L-I-60 100 3.1 453 0.17 0.08
L-I-120 100 3.1 456 0.17 0.08
L-I-240 100 3.1 453 0.17 0.09
L-I-360 94 3.1 441 0.16 0.09
L-1-480 96 3.2 441 0.16 0.09
L-I-60-60 79 3.5 333 0.14 0.12
L-I-60-80 43 6.3 227 0.08 0.20
L-II-20 103 3.1 453 0.17 0.13
L-II-40 103 3.1 464 0.18 0.13
L-II-9o 103 3.1 446 0.17 0.13
L-II-60-60 78 3.8 397 0.15 0.19
L-1I-60-80 18 12.7 241 0.07 0.29
L-II-5 105 3.1 461 0.17 0.07
L-II-10 105 3.1 471 0.18 0.07
L-IlI-15 105 3.1 472 0.18 0.07
L-IlI-40 105 3.1 462 0.17 0.07
L-II-120 103 3.1 471 0.18 0.08
L-III-180 90 3.1 458 0.17 0.07
L-III-60-60 89 3.0 450 0.17 0.07
L-1II-60-80 91 3.0 443 0.17 0.08
L-IV-2 108 3.2 462 0.18 0.08
L-IV-5 109 3.2 471 0.18 0.08
L-IV-10 110 3.2 458 0.17 0.09
L-IV-60 92 3.0 375 0.17 0.07
L-IV-60-60 98 3.0 375 0.17 0.07

*Relative crystallinity to the reference sample measured by XRD.

2.6 2?7Al solid-state NMR

The aluminum coordination of the zeolites, studied by *’Al MAS NMR, is displayed in Figure 4.6A and B. All
samples are in their NH,-form, without thermal activation prior to the NMR measurement. The *’Al MAS NMR
spectra show a unique resonance at 59 ppm, corresponding to tetrahedrally coordinated Al. *’Al MAS NMR study
indicates that after a mild fluoride etching (20 wt/%), no extraframework Al is generated (Figure 4.6A). However,
under more severe etching conditions, at a higher temperature (L-I-60-60), a small amount (ca. 1-5 %) of
octahedral Al appears (Figure 4.6B). Increasing the NH,F concentration to 40 wt/% and at 80 °C impacts
substantially the structure, as already indicated by the physisorption analysis and extra framework concentration
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Al increases to 54 %. The tetrahedrally coordinated aluminum (59 ppm peak) on L-I-60-80 and L-II-60-80
samples decrease sharply, in line with their chemical analysis.
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Figure 4.6. The *’A1 MAS NMR of the parent zeolite and derivatives treated at A) room temperature and
B) 60 and 8o °C, with 20 (L-I), 40 (L-II) wt/% NH,F, and 1 wt/% NH,HF. (L-III) solutions.

2.7 Thermogravimetric analysis

Thermogravimetric (TGA) analysis monitors the mass loss upon heating of the parent NH,-L zeolite and its
fluoride-etched derivatives (Figure 4.7). All TG curves show three mass loss steps: i) 25-200 °C, attributed to
the removal of loosely bound water, ii) 200-550 °C attributed to the ammonia release, iii) 550-700 °C indicative
of dehydroxylation. The results are presented in Table 4.2.

Table 4.2. Thermal analysis of the parent NH,-L zeolite and the fluoride derivatives.

Samples H,O loss * Ammonia loss ® Dehydroxylation ¢
% % %
NH,-L 9.94 4.80 1.81
L-I-60 10.44 5.02 1.96
L-I-480 10.03 4.95 1.83
L-I-60-60 9.95 4.80 1.81
L-I-60-80 6.83 3.05 1.47
L-II-9o 10.36 4.71 1.93
L-II-60-60 10.71 4.86 1.78
L-1I-60-80 718 2.92 1.41
L-II-15 10.67 4.97 1.81
L-III-60-60 10.45 4.75 1.97
L-III-60-80 9.23 4.93 2.00
L-IV-2 11.46 4.66 1.76
L-IV-5 11.36 5.06 1.75

Step of mass loss: i (25-200 °C), i (200-550 °C), ¢ iii (550-700 °C).
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Figure 4.7. TG curves of the parent zeolite and the derivatives treated with 20 wt/% NH,F (A), 40 wt/%
NH,F (B), and 1 wt/% NH,HF, (C).

The parent NH,-L shows a total weight loss of 16.5 %, of which 9.9 % is a water release, 4.8 % is ammonia and
1.8 % is dehydroxylation. With a few exceptions, the total weight losses of all etched samples do not change
significantly, indicating that such etchings do not modify the zeolite's intrinsic properties. However, samples
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etched at higher temperatures, L-I-60-80 and L-II-60-80, have weight losses of 11.35 and 11.51 %. Their
hydrophilicity and ammonia content is modified and explained by the loss of their micropore volumes (N,
physisorption, Table 4.1).

2.8 Acidity characterization by FTIR

The acidity of the parent zeolite and its etched derivatives is studied by in situ infrared (IR) spectroscopy of their
-OH stretching vibrations (Figure 4.8). Full spectra of the parent zeolite L after activation is shown in Figure
4.9. The band at 3746 cm™ is assigned to Si-OH freely vibrating on the external crystal surface and the mesopore
area. The parent zeolite exhibits a low-intensity peak at 3730 cm™, commonly assigned to Si-OH in defects.[26]
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Figure 4.8. Room temperature IR spectra in the O-H vibrations region for the parent and some etched
derivatives: 20 wt/% NH,F (A), 40 wt/% NH,F (B), 1 wt/% NH,HF, (C) solutions.

68



Comparative study of zeolite L etching with NH,F and NH,HF., solutions

I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' 1
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500

¥icm’]

Figure 4.9. Room temperature IR spectra for the parent zeolite L. (NH,-L) sample after activation.

Deconvoluted peaks in the OH region are shown in Figure 4.10. The band at 3634 cm™is attributed to the acidic
bridging hydroxyl Si(OH)AI groups and the broadband centered around 3250 cm™ to hydroxyl groups located in
a cancrinite cage.[27,28] IR spectra of pyridine remaining adsorbed after desorption at 150 °C are used to quantify
the Bronsted and Lewis acid sites, and the results are presented in Table 4.3. The concentrations of Brensted and
Lewis acid sites increase with respect to the parent zeolite. Sample L-1I-20 exhibits the highest (575 umol g™)
Bronsted acid site concentration. For the majority of the samples, the concentration of Lewis acid sites does not
change substantially with the fluoride etching. This result is in agreement with the *?Al NMR study, which showed
that the treatment does not generate extra framework aluminum, except in the cases when the zeolite is partially
amorphized. Accessibility index (ACI) is defined as the number of acid sites detected by the probe molecules'
adsorption divided by the total amount of acid sites in the zeolite provided by the aluminum content.[29] The
increased concentrations are attributed to better accessibility of pyridine to the active sites due to the mesopore
formation. The accessibility index (AClpy) of fluoride etched samples is higher with respect to the parent material.
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Figure 4.10. Deconvolution of the background spectra of activated samples: parent NH,-L (A), L-I-60 (B),
L-II-9o (C), and L-III-15 (D) in the silanol region. The spectra are baseline corrected before deconvolution.

We have further studied the zeolite accessibility by employing the 2,6-di-tert-butylpyridine (dTBPy), a probe
larger (0.80 nm) than zeolite L. channel (0.71 nm).[30] The Bronsted acid site concentration is quantified using
its characteristic band at 1530 cm™, Table 4.3. The dTBPy ACI (AClargpy-g) is determined for the parent and its
etched derivatives. It is known that a zeolite could adsorb molecular larger than the crystallographic diameter of
its channel due to the structure breathing effect and distortion of the molecule. Nevertheless, a very limited
amount of dTBPy is adsorbed on the parent zeolite L, showing that it is limited to the pore mouth of zeolite L
crystals. Two to three times larger amounts are adsorbed on the treated crystals. Thus, the ACI from 0.02 for the
parent zeolite increased to 0.06 for the L-II-go sample, which we attribute to the increased mesopore volume,
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Table 4.1.
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Table 4.3. Concentrations of Brgnsted and Lewis acid sites in the parent NH,-L and zeolite L samples evaluated by in situ IR spectroscopy
monitoring of probe molecules.

Alicp Py-B*? Py-L? Cp+ CL AClpy Py-B® dTBPy-B © AClgrapy-8
Sample

pmol g™ pmol g™ pmol g pmol g™ - pmol g™ pmol g -

NH,-L 3156 412 233 645 0.20 113 68 0.02
L-I-3 3156 476 268 744 0.24 140 / /
L-I-5 3156 467 315 782 0.25 153 / /

L-I-60 3076 476 319 796 0.26 127 164 0.05
L-I-120 3076 500 364 865 0.28 134 / /
L-I-360 3076 426 299 725 0.24 145 / /
L-1-480 3000 435 246 681 0.23 78 / /
L-1I-20 3076 575 277 852 0.28 173 / /

L-II-9o 3076 512 317 829 0.27 154 175 0.06

L-II-15 3076 430 271 700 0.23 141 153 0.05
L-1IT-120 3076 398 308 706 0.23 123 / /

Determined at: 150 °C, ® 350 °C, € 150 °C.
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2.9 Catalytic activity
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Figure 4.11. Conversion of 1,3,5-

triispropylbenzene (TiPBz) for the parent and
some etched derivatives: 20 wt/% NH,F (A),

40 wt/% NH,F (B), 1 wt/% NH,HF, (C)

solutions.

Dealkylation of TiPBz (1,3,5-triisopropylbenzene)
highlights the catalytic properties of the external
surface of zeolite L; this bulky molecule (kinetic
diameter: 0.95 nm) does not penetrate its
micropores.[31] Initial conversions (ca. 2 min time on
stream) represent the state of the pristine external
surface as this model reaction suffers from
deactivation.

The initial conversion of TiBPz correlates well with
the concentration of external acid sites. The parent
zeolite, NH,-L, shows an initial conversion of 50 %
while the etched derivatives are substantially higher,
around 80 % conversion (Figure 4.11). The only
exception is the 8 h etched (L-I-480) sample. Sample
L-I-60 shows the highest initial conversion (94 %);
however, this sample deactivates quickly, and after 60
minutes its activity drops below the other samples.
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The acidity-activity relationship between the number of Brgnsted active sites and the initial catalytic activity is
shown in Figure 4.12. The plot shows that the etched mesoporous zeolites possess a higher concentration of
Bronsted acid sites due to the improved accessibility and thus higher catalytic activity in the conversion of TiBPz.
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Figure 4.12. TiPBz initial conversion (X) as a function of Brensted acid sites (cg) concentration over
hierarchical catalysts and the parent sample (NH,-L) after 2 min TOS.

It is worth noting that after 122 min the conversion on parent zeolite activity decreases to 10 %, while for the
hierarchical zeolites, it ranges between 12 and 25 % depending on the treatment conditions. This feature is
probably related to the location and toxicity of carbonaceous deposits, as observed earlier.[32] Thus the
hierarchical zeolites prove to be more resistant to deactivation by coke deposition on active sites.
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3 Discussion

Different dealumination techniques such as water vapor steaming, treatment with ammonium hexafluorosilicate
and hydrochloric acid have been used to control the zeolite L framework composition and generate secondary
porosity.[33] In the case of zeolite L, these techniques are not very efficient and often provoke a structural collapse.
The LTL structure is retained after treatment with SiCl,, but pore blockage occurs.[34] Here, we etched zeolite L
with aqueous NH,F and NH,HF, solutions at temperatures between 25 and 80 °C, to obtain hierarchical porous
materials. Our previous studies showed that due to its double hydrolysis in water NH,F generates HF, in
equilibrium with other products of the reaction.[21] The use of concentrated NH,F solutions (20-50 wt/%) allows
such species to be continuously generated without reaching a very high concentration of HF, and thus, to better
control the etching rate of the zeolite. Using an NH,HF, solution provides a high concentration (20-40 wt/%) of
HF."; consequently, such treatment is too aggressive, and the zeolite etching is difficult to be controlled. Therefore,
NH,HF, solutions with lower concentrations (1 and 2 wt/%) are more appropriate for generating secondary
porosity in zeolites.

Zeolite L etched at room temperature with 20 and 40 wt/% NH,F solutions shows increased X-ray crystallinity
and retained micropore volume. Such a treatment generates some mesoporosity, but the mesopore contribution
to the total pore volume is limited. A slight decrease in crystallinity and microporosity is observed after 360-480
min, but the negative impact is minimal. Greater structural changes are observed when NH,F etching takes place
at higher temperatures, 60 °C, and 8o °C (Table 4.1).

Etching at room temperature with 1 wt/% NH,HF, produces derivatives with high crystallinity up to 120 minutes.
Similarly to the NH,F etching, a decrease in crystallinity occurs at elevated temperatures (60 °C and 8o °C).
However, the crystallinity loss is lower compared to etching with 20 and 40 wt/% NH,F solutions. It is worth
noting that no preferential dealumination of the zeolite is observed. The chemical analysis highlights that NH,HF,
etchings are unbiased; a negligible increase in Si/Al ratio is most probably due to the dissolution of non-zeolitic
alumina rich domains. In addition, the samples prepared with 1 and 2 wt/% NH,HF, possess a higher crystallinity
than their parent zeolite. A similar effect is already reported by Feng et al. on zeolite Y.[24] NH,F etching under
mild conditions also leads to zeolites with higher crystallinity. We attribute this effect to the removal of low
crystalline and defective parts of the zeolite as shown by Qin et al.[35]

The zeolites etched at room temperature retain their chemical composition, and *?’Al MAS NMR confirms no
changes in the aluminum coordination. The IR spectra of hydroxyl stretching vibrations show that the fluoride-
treated samples contain more surface hydroxyls. The peak deconvolution in the silanol region revealed the
presence of the peak at 3730 cm™ assigned to Si-OH in defects even after the treatment. No substantial changes
in the intensity of the peak corresponding to the bridged hydroxyls, Si(OH)AL is observed.

The concentration of Brensted and Lewis acid sites is monitored by in situ IR spectroscopy of adsorbed pyridine.
The etched samples show an increased concentration of both due to their better accessibility by the probe molecule.
2,6-di-tert-butylpyridine (dTBPy) is a molecule of choice to investigate the Brgnsted external acidity as its kinetic
diameter prevents it from penetrating the micropores. The external acid site concentration is highest for the
sample prepared with 40 wt/% NH,F.

Dealkylation of TiPBz (1,3,5-triisopropylbenzene) selectively probes the catalytic properties of the external surface
of zeolite L as its kinetic diameter (0.95 nm), prevents its access to the microporosity.[31] The etching process
increases the Brensted acid site concentration on the external surface leading to a higher conversion compared
to the parent zeolite L. Since the external surface of the treated zeolites does not increase substantially, we
attribute the improved catalytic performances to a partial opening of zeolite channels. Namely, the extraction of
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atoms at the pore mouths increases accessibility to the active sites. It should also be mentioned that unbiased
chemical etching performed by HF." removes defects and low crystalline parts of the samples.

4 Conclusion

A commercial zeolite L sample is etched by aqueous solutions of ammonium fluoride and ammonium bifluoride.
The ammonium bifluoride solutions with a concentration higher than 5 % are very aggressive, making the
dissolution process hard to be controlled. Lowering the NH,HF, concentration slows down the dissolution process
and affords better control of the zeolite hierarchization. Etching with 1 and 2 wt/% of NH,HF. solutions provides
zeolites similar to those obtained with 20 and 40 wt/% NH,F solutions, respectively. Using NH,HF. solutions
results in a substantial decrease in the fluoride agent used, a welcome feature for practical applications. Another
advantage of NH,HF, solutions is the efficient generation of mesopores without causing a collapse of the structure
or creating extra framework aluminum. These features of NH,HF, etching provide zeolites with high catalytic
activity, in particular, to convert bulky hydrocarbons.
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1 Introduction

Chabazite, a naturally occurring mineral, was discovered in 1792 by Bosch D'Antic.[1] In 1925, Weigel and
Steinhoff studied the adsorption selectivity of dehydrated chabazite.[2] Chabazite is an important member of the
small pore, eight-ring zeolites, along with LTA, RHO, ERI, and DDR. The high-silica members of these zeolites
have now found widespread application as size-selective adsorbents.[3]

The CHA structure contains large interconnected ellipsoidal cages (0.67 x 1.1 nm?®), accessible through eight-
membered ring windows (0.38 x 0.38 nm?). The cage (4'2628°) has six octagonal windows (8°), allowing sorption
from all directions[4], and can accommodate fairly large molecules. The structure features of Chabazite explain
the unique selectivity to olefins in the MTO process, where the bulky aromatic molecules are prisoned in the cage,
and only lower olefins (2—-4 carbon atoms) can leave it.[5] In the Al-rich forms of chabazite, the windows are
partially obstructed by the exchangeable cations compensating the negative surface charge.

SSZ-13 is the aluminosilicate analog of chabazite type SAPO-34, used commercially along with ZSM-5 as a
methanol-to-olefin (MTO) catalyst.[6] The SAPO-34 MTO catalyst deactivates during operation, and a fluidized
bed is required for continuous olefins production.[7] However, SSZ-13 deactivates faster than SAPO-34[8], and
extending the lifetime of the SSZ-13 catalyst can be done by shortening the diffusion pathlength on molecules in
the microporosity, either by reducing the crystallite size or generating mesopores, i.e., hierarchization.[9] Copper
exchanged SSZ-13 has been used as a catalyst for the last decade in NO, emission control in the ammonia selective
catalytic reduction (NH;-SCR) process.[10]

Often an as-synthesized zeolite does not provide the desired material properties, and post-synthesis treatments
are required to fine-tune some specific zeolite properties.[11] A wide variety of post-synthesis treatments, such
as alkaline leaching,[12-14] dealumination by ammonium hexafluorosilicate,[15] nitric acid,[16] and neutron
irradiation[17] have been used to prepare hierarchical SSZ-13 with mixed results since they either cause structural
collapse or modify acidity.

Traditionally SSZ-13 is synthesized in the presence of N,N,N-trimethyl-1-adamantanammonium hydroxide
(TMAdaOH), and the crystals are usually larger than 1 pm.[18] Nanosized SSZ-13 has been successfully
synthesized via a one-pot strategy by adding hexadecyl trimethylammonium bromide (CTAB) surfactant.[6] Wu
et al. prepared mesoporous SSZ-13 using a dual template strategy: a diquaternary-ammonium surfactant
([C,.H,s-N*(CH3),-(CH,),~N*(CH;),-C,HyBr,] denoted as C,,,,Br.) as sacrificial mesoporogen, along with
N,N,N-trimethyl-1-adamantanammonium hydroxide (TMAdaOH).[19,20] The resulting hierarchical catalyst
showed increased conversion and improved stability in the MTO reaction. Another study showed that the Ca,.,-
4Br, mesoporogen combined with fluoride anions could yield hierarchical SSZ-13 with trimodal porosity.[21]
Mesoporous SSZ-13 can also be obtained using a mono-quaternary ammonium head group (N-methyl
piperidine).[22] Liu et al. explored biphasic/toluene media to generate mesopores in SSZ-13.[23]

Post-synthesis methods, particularly caustic leaching, generate mesopores at the expense of micropore volume.
Previous studies focused on SSZ-13 desilication showed no improvement in NH;-SCR[12] or MTO reaction
despite the introduction of mesopores.[13] Wardani et al. managed to preserve the crystallinity and micropore
volume of SSZ-13 by leaving the template in the pores during desilication.[14] The activity of SSZ-13 in MTO
reaction was improved by neutron irradiation; however, hydrothermal methods of post-synthesis treatment are
more practical.[17] Dai et al. employed dealumination by nitric acid to modify the properties of SSZ-13.[16]
Their method altered acidity and lowered micropore volume but extended the catalyst lifetime in the ethene-to-
propene (ETP) reaction. Haw et al. synthesized mesoporous SSZ-13 using NH,F-H.O, solutions, retaining the
intrinsic zeolite properties.[24] The use of H,O, resulted in the ultra-fast dissolution of SSZ-13 crystals and the
formation of a sponge-like structure.
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The sole use of NH,F as an etching agent also allows the preparation of hierarchical zeolites.[25] The ammonium
fluoride route to hierarchical zeolites was applied to various low and high silica zeolites to generate mesoporosity
while preserving their Si/Al ratio, i.e., acid site concentration.[26] The present study is devoted to the NH,F
etching on SSZ-13 zeolite and a comprehensive analysis of its hierarchical derivates’ physicochemical properties.
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2 Results

2.1 X-ray diffraction

XRD patterns of the parent zeolite and its etched derivatives are plotted in Figure 5.1. Briefly, for better
understanding the sample notation, the etched samples are divided to three series, I, IT and III referring to the
liquid-solid ratio used during the synthesis, 8, 20 and respectively. CHA-8-x-y, refers to a sample prepared with
1/s of 8, x refers to the temperature of preparation, varied from o to 50 °C and y refers to the time of the treatment,
varied from 5 to 20 min. Series I zeolites, prepared with a liquid/solid ratio of 8, showed the highest relative
crystallinity of 96-90 %, except for sample CHA-8-50-20 (78 %). The latter indicates that higher temperatures
promote amorphization. The temperature's impact is more pronounced when an etching solution with a higher
liquid/solid ratio is employed. Thus, from the samples from series II with a liquid/solid ratio of 20, only the one
prepared at 50 °C (CHA-20-50-20) showed a substantial decrease of crystallinity (77 %). Series III samples
analysis further confirmed the impact of temperature. This last series of samples with liquid/solid = 100 maintain
high crystallinity for the sample prepared at a temperature of o and 25 °C. However, the products prepared at
50 °C are examples of substantial amorphization; for instance, the relative crystallinity of CHA-100-50-5 and
CHA-100-50-20 is 39 and 9 %, respectively. Thus, the elevated temperatures contribute to the amorphization of
the structure. Since all the solutions have the same concentrations of 40 wt/% NH,F in water, the liquid/solid
ratio modifies the number of fluoride species available for the reaction. Rising overall fluoride content contributes
to structural degradation. This effect is the most clearly demonstrated by the series with the highest liquid/sold
ratio (series IIT), which exhibits the highest amorphization level. The amorphization is demonstrated by the
decrease in the peak intensity and the appearance of a broad halo in the range of 15-30° 20 (Figure 5.1).
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Figure 5.1. XRD patterns of etched derivatives and their parent NH,-SSZ-13. Samples prepared with a
Liquid/Solid ratio of 8, 20, and 100 are plotted. The relative (to the NH,-SSZ-13 parent) crystallinity is
indicated on each pattern.
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2.2 Scanning electron microscopy

SEM shows isometric SSZ-13 crystals with a cubic appearance. Their size ranges between 100 and 500 nm as the
crystallites form larger agglomerates up to 1000 nm (Figure 5.2). The surface of parent crystals is flat with
distinguishable edges and corners. The morphology of series I crystals is almost intact with minor signs of surface
etching and separated intergrowths traces (Figure 5.3A and B). In series II (Figure 5.3C and D), more visible
traces of etching are apparent. CHA-20-50-20 exhibits small holes (~10-40 nm) on the surface penetrating the
crystals. The etching also removes parts of the crystals on the surface, eliminating intergrowths, and making the
surface rougher. The effects of etching are more pronounced in series III (Figure 5.3E and F). CHA-100-0-20
displays holes in the mesopore range, penetrating in the crystals’ core. A few cubic particles characteristic of SSZ-
13 are visible in CHA-100-50-20. The sample also contains very small particles, most probably amorphous, with
a random morphology.

NH,-SSZ-13

Figure 5.2. Representative SEM micrograph of the parent SSZ-13.
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CHA-20-0-20

*

Figure 5.3. SEM micrographs of the etched samples: (A, B) series I, (C, D) series I, and (E, F) series III.

86



Preparation of hierarchical SSZ-13 by NH,F etching

2.3 Transmission electron microscopy

More details of series Il samples etching are observed by TEM (Figure 5.4). CHA-100-25-5 (Figure 5.4A) exhibits
a mostly regular cubic-like structure, with the average edges’ lengths of about 200 nm. The etching removes parts
of crystals leaving porous crystals (a “swiss cheese”-like oval mesopores) with the outer edges of similar sizes as
for the non-porous crystals. CHA-100-25-20 (Figure 5.4B) is prepared as CHA-100-25-5 but with a 20 minutes
etching. Its crystals' surface is rougher and marked by pores with depths up to 100 nm covering all faces. CHA-
100-50-5 specimen (Figure 5.4C) exhibits two types of morphologies, very small particles most likely amorphous,
with a foam type of structure, similar to those observed in CHA-100-50-20 by SEM (Figure 5.3), and few cubic
non-porous crystals.

Figure 5.4. STEM-HAADF micrographs of: (A) CHA-100-25-5, (B) CHA-100-25-20 and (C) CHA-100-50-5.

2.4 N, physisorption

N, physisorption curves are shown in Figure 5.5. The parent NH,-SSZ-13 displays an I (a) type isotherm
characteristic of microporous materials with a steep uptake at low relative pressure. The isotherm ends with an
H4 hysteresis loop, characteristic of slit-type shape pores.[27] The analysis of the N, adsorption isotherms of the
parent and its derivative is summarized in Table 5.1. The parent has a micropore volume of 0.27 cm3g”, a
mesopore volume of 0.04 cm3 g™, and a specific surface area of 700 m*g™.

The etched samples display a high uptake in the micropore region, as they retain or even gain micropore volume
compared to their parent. (Figure 5.5). In contrast, the severely etched samples, like CHA-100-50-5 and CHA-
100-50-20, lose microporosity (Figure 5.5E and F). The textural changes are so profound in deeply etched
samples that they exhibit a different type of isotherm. For instance, the CHA-100-50-20 isotherm has the features
of type IV (a), and the hysteresis loop is an H1 type.[28]

The etched zeolites have mesopore volumes between 0.06 cm3 g™ and 0.98 cm3 g™, depending on the treatment
conditions. In general, the etching close to o °C and at ambient temperature (25 °C) generate limited mesopore
volume. Upon such conditions, the mesoporosity is not created at the expense of the native microporosity. A
combination of high temperature and high 1/s ratio etches the samples deeply and increases mesopore volume as
in CHA-100-50-5 (0.75 cm3g™) and CHA-100-50-20 (0.98 cm?® g™). However, loss of microporosity is observed in
both samples, CHA-100-50-5 having a decrease to 0.17 cm3 g™ and CHA-100-50-20 to 0.08 cm3 g™
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Figure 5.5. N, physisorption isotherms of series I (A, B), series II (C, D), and series III (E, F) samples.
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2.5 Physichochemical analysis

The parent NH,-SSZ-13 has a Si/Alicp ratio of g9 (Table 5.2). Depending on the treatment conditions, Si/Al
changes, but in series I and II, the Si/Al ratio is mostly maintained and fluctuates between 9-11 even at the
highest temperature (50 °C). More significant Si/Al changes occur in series III at 50 °C treatment when Si/Al
reaches 30 and 288 (Table 5.2). These materials, however, are partially or fully amorphized (Figure 5.1).

Table 5.1. Physicochemical properties of parent and NH,F etched samples.

Sample Viicro Vimeso SgeT Si/Alicp Alicp
cmg? cm3g? m’g"” mol mol” pmol g™
NH,-S57-13 0.27 0.04 700 9.0 1234
CHA-8-0-5 0.29 0.06 758 9.1 1221
— CHA-8-25-5 0.29 0.08 765 9.0 1234
.g CHA-8-50-5 0.28 0.10 728 10.2 1100
6)‘3 CHA-8-0-20 0.28 0.07 745 9.0 1234
CHA-8-25-20 0.29 0.08 752 9.7 1152
CHA-8-50-20 0.27 0.10 700 10.6 1061
CHA-20-0-5 0.31 0.07 800 9.0 1234
— CHA-20-25-5 0.28 0.10 748 9.0 1234
:3 CHA-20-50-5 0.28 0.12 725 9.3 1197
g CHA-20-0-20 0.30 0.08 779 9.0 1234
CHA-20-25-20 0.28 0.10 757 9.8 1141
CHA-20-50-20 0.26 0.13 679 11.1 1017
CHA-100-0-5 0.30 0.11 780 9.5 1174
- CHA-100-25-5 0.29 0.11 750 9.9 1130
:uj CHA-100-50-5 0.17 0.75 522 290.5 400
% CHA-100-0-20 0.29 0.11 763 9.8 1141
CHA-100-25-20 0.32 0.10 824 11.4 992
CHA-100-50-20 0.08 0.98 309 287.9 42

The Si/Al ratios obtained by STEM-EDX analysis are shown in Figure 5.4. The Si/Al ratio observed for samples
CHA-100-25-5, CHA-100-25-20, and CHA-100-50-5 differ from the ICP-AES method results. In samples CHA-100-
25-5 and CHA-100-25-20, the silicon to aluminum content is 3 to 4 fold higher. CHA-100-50-5 sample has zones
that are significantly depleted of Al, and the observed ratio is 1.4 to 19 folds more elevated than the ratio found by
ICP-AES. The fluctuation of Si and Al content in different crystals is attributed to the different levels of
amorphization. These results illustrate that the crystallinity lost is related to a preferential dealumination. Also,
there is a gradient of Al concentration in deeply etched samples, as the surface and the core of a crystal can exhibit
different framework compositions.
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Figure 5.6. Synthesis of the STEM-EDX analyses of three types of samples: CHA-100-25-5 (top row), CHA-

100-25-20 (middle row), and CHA-100-50-5 (bottom row).

2.6 Solid-state NMR spectroscopy

While ICP provides a bulk composition, *?Al MAS NMR will distinguish between framework and extra-framework
aluminum. Figure 5.7 summarizes aluminum's state in the parent and the derivatives from series 1, II, and II.
All spectra display three peaks, often encountered in zeolites. The peak at 58 ppm is characteristic of the
framework, tetrahedrally coordinated aluminum. The broad tailing between 50 and 30 ppm is attributed to
distorted tetrahedral or penta-coordinated aluminum. The low-intensity broad peak between o and -10 ppm is

due to extraframework hexacoordinated aluminum species.
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CHA-20-50-20

CHA-20-50-5

NH -SSZ-13 NH,-S57-13
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Figure 5.7. >’A1 MAS NMR spectra of the non-calcined samples from (A) series I, (B) series II, and (C) series
I11.

The peak intensities of zeolites in series I (Figure 5.7A) and II (Figure 5.7B) are mostly preserved. In contrast,
the deeply etched samples from series Il (CHA-100-50-5 and CHA-100-50-20) show a substantial decrease in
peak intensities (Figure 5.7C). Table 5.2 summarizes the ICP and *’Al MAS NMR results. The data show an
increase in extra framework Al after calcination, which is below 20 % of overall Al content for most tested samples,
except CHA-8-0-5 and CHA-8-25-5. The amount of Al, which remains in tetrahedral coordination and provides a
Bronsted acid site, is evaluated. As can be seen, the sample treated under mild conditions retains the number of

Bronsted acid sites.

Table 5.2. Chemical composition of the samples obtained from ICP-AES and *’Al MAS NMR data.

As-synthesized Calcined

Sample Si / Al]cp Al]cp AIIVNMR Si / AlIV AlVI

mol mol™ pmol g pmol g mol mol™ %
NH,-SSZ-13 9.0 1234 1101 10.1 27.2
CHA-8-0-5 9.1 1221 1131 9.8 24.2
CHA-8-25-5 9.0 1234 1113 10.0 30.3
CHA-8-50-5 10.2 1100 1028 10.9 18.5
CHA-8-50-20 10.6 1061 923 12.2 /
CHA-20-50-5 9.3 1197 1105 10.1 /
CHA-20-0-20 9.0 1234 / / 19.4
CHA-20-25-20 9.8 1141 / / 17.9
CHA-20-50-20 11.1 1017 966 11.7 18.6
CHA-100-0-5 9.5 1174 1102 10.1 /
CHA-100-25-5 9.9 1130 1066 10.5 /
CHA-100-50-5 29.5 400 373 31.7 /
CHA-100-0-20 9.8 1141 / / 17.4
CHA-100-50-20 287.9 42 42 287.9 /

*9Si MAS NMR is also a reliable technique to measure the Si/Al framework composition. Figure 5.8A highlights
the spectra of the NH,-SSZ-13 parent and one derivative (CHA-20-50-20). Both spectra exhibit three peaks at
chemical shifts (6) -111, -105, and -99 corresponding to Si(4Si, 0Al), Si(3Si, 1Al) and Si(2Si, 2Al), respectively.[29]
The magnitude of resonance peaks is strongly impacted by the number of the neighboring framework atoms, and
Al, as the nearest neighbor, has a strong influence on the intensity of those peaks.[30] Sample CHA-20-50-20
shows the decreased intensity of the resonance peaks corresponding to Si(4Si, 0Al), Si(3Si, 1Al). The decreasing
intensity of the resonance peaks is related to a decreasing number of neighboring Al atoms.
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Figure 5.8. >9Si MAS NMR spectra (A) and **Si{*"H} cross-polarization spectra (B) of NH,-SSZ-13 and one
derivative, CHA-20-50-20.

NH‘—SSZ—13

*9Si{*H} cross-polarization NMR gives qualitative information on the silanol species in zeolites. The spectra of the
parent and CHA-20-50-20 sample are depicted in Figure 5.8B. The parent material exhibits resonance peaks in
the area -110 to -9o ppm. In this range, there is some overlap of the peaks related to Si-O-Al and Si-O-OH. Sample
CHA-20-50-20 shows an increase of the peak intensity in the -110 to -9o ppm region, which is attributed to a rise
in Si-OH group concentration. The extraction of a framework atom results in the formation of silanol groups
highlighted by the **Si{'"H} cross-polarization NMR spectrum changes.

F MAS NMR (Figure 5.9) is a very sensitive technique that can detect traces (ppb) of fluor in solids and verify if
the etched zeolites retain some fluorinated products from the reaction.[31] All spectra "F MAS NMR show a broad
peak around -103 ppm due to the rotor cap's PTFE signal. Besides, several weak peaks are observed in CHA-100-
50-20, CHA-20-50-20, and CHA-8-50-20 samples. These peaks emanate from the etching reaction products, as -
169, -152, -140, and -125 ppm resonances reveal the presence of SiF,, Na,SiFs, (NH,);AlFs, and (NH,),SiFs,
respectively. The peaks’ intensity is low, showing the low content of these products. After calcination, the traces
of fluorine compounds disappeared.

CHA-20-50-20

CHA-100-50-20

r T T T T T T T T T 1
200 -180 -160 -140 -120 -100 -80 -60 -40 -20 o

&rom)
Figure 5.9. 'F MAS NMR spectra of samples CHA-100-50-20, CHA-20-50-20, CHA-20-50-20 calcined, and
CHA-8-50-20.
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2.7 Acidity characterization by FTIR

The acidity of the etched zeolites is studied by IR spectroscopy using deuterated acetonitrile as a probe molecule.
CD,CN adsorbed on acid sites is detected in the 2400-2200 cm™ spectral window (Figure 5.10). The
deconvolution of the 2360-2180 cm™ spectral range reveals five peaks (Figure 5.11), four sharp at 2324, 2316,
2295, 2283, 2265 cm™, and a broad one centered at 2214 cm™ The 2283 cm™ peak is attributed to CD;CN
interacting with silanols observed on a purely siliceous material MFI-type material.[32]

CHA-100-50-5 /f\

CHA-100-25-20

CHA-20-50-20

CHA-20-50-5

NH4-SSZ-13

T T T T T T T
2400 2375 2350 2325 2300 2275 2250 2225 2200

vim]
Figure 5.10. Bands of adsorbed acetonitrile 2400-2200 cm™ on parent sample (NH,-SSZ-13) and etched
samples.

The 2324 cm™ peak corresponds to CD,CN interacting with Lewis acid sites[33] while the 2265 cm™ corresponds
to physisorbed CD;CN. The 2298 cm™ peak results from CD,CN interacting with Brensted acid sites, while the
attribution of the 2310 cm™ peak is a matter of debate and could be due to CD,CN interacting with either weak
Lewis acid sites[34] or weak Bronsted acid sites.[35]
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Figure 5.11. Deconvoluted bands in the range 2360-2180 cm™ of the parent (A) and different etched (B-F) samples.
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The acid site concentrations, Brensted (cg), and Lewis (¢i) are summarized in Table 5.3. The Brgnsted acidity is
preserved on all etched samples except for some deeply etched ones from series III (CHA-100-25-20, CHA-100-
50-5), where their Lewis acidity increases.

Here, we define the accessibility index (ACI) as the number of acid sites (cg + c1.) detected by CD;CN adsorption
divided by the total amount of acid sites in the zeolite, based on the measured aluminum content (Alicp).[36] In
the parent NH,-SSZ-13, ACI is 0.47. The etched zeolites in series I and II have ACI in the range 0.52-0.61, while
under more severe conditions as in series III, ACI increases to 0.70 for CHA-100-50-5. The latter zeolite,
however, lost much of its Bronsted acidity.

Table 5.3. Acid site concentrations of the parent H-SSZ-13 and its etched derivatives.

Sample Alicp cL CB Cp + CL ACI
pmol g pmol g™ pmol g™ pmol g™ -
H-SS7-13 1234 176 401 577 0.47
CHA-20-0-5 1234 245 400 645 0.52
CHA-20-0-20 1234 276 396 672 0.54
CHA-20-25-5 1234 322 413 735 0.60
CHA-20-50-5 1197 205 417 622 0.52
CHA-20-25-20 1141 240 371 611 0.54
CHA-20-50-20 1017 288 330 618 0.61
CHA-100-25-20 992 251 285 536 0.54
CHA-100-50-5 400 59 222 281 0.70

The activated parent sample is studied by IR spectroscopy. The OH region's deconvolution reveals a series of
bands in the 3750-3450 cm™ range (Figure 5.12).
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Figure 5.12. Unperturbed OH sites in the area 3800-3400 cm™ of zeolite H-SSZ-13 taken at room
temperature after activation.

The etched samples showed similar spectra with the exceptions of samples CHA-20-50-20 and CHA-100-50-5,
where silanol bands become more prominent (Figure 5.13). As the CHA structure contains one T-site and four
crystallographically different oxygen atoms, four possible acid site configurations are possible.[37] Suzuki et al.
attribute the ~3644, ~3616, ~3575, and ~3538 cm™ bands to acidic OH groups on four non-equivalent oxygen
sites in the CHA structure.[38] The complex 3735 cm™ band represents isolated silanols in the zeolite, while the
3716 cm™ band is related to vicinal silanol groups.[37] The bridged hydroxyls (Brensted acid sites) are observed
as a composite band centered around 3612 cm™ with a shoulder at 3594 cm™. The bands 3660-3680 cm™ indicate
the presence of an extra framework or distorted framework aluminum.[37]
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Figure 5.13. Room temperature IR spectra of the pristine surface hydroxyls of the H-SSZ-13 zeolite and its
derivatives after activation (T = 450 °C).
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2.8 Catalytic activity

The dehydration of n-propanol is a reaction catalyzed by Brensted acid sites. We have employed this reaction to
screen the catalytic properties of the hierarchical derivatives of SSZ-13. Under our conditions (T = 205 °C, P = 1
bar, W/F° of 27.2 kg mol™ s), the protonic form of the parent has an initial conversion of 94 %, but it decreases
fast with time on stream (TOS) (Figure 5.14). After 10 minutes of TOS, the conversion falls to about 30 %. All
etched samples have a similar initial conversion, between 85 and 95 %, with sample CHA-8-50-5 having the
highest (97 %) initial conversion.
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Figure 5.14. The n-propanol conversion (X/%]) with time on stream (TOS/min) for the H-SSZ-13 parent
and some NH,F etched derivatives (T = 205 °C, P = 1 bar, W/F° = 27.2 kg mol ™ s).

The parent sample exhibits significant propene selectivity, yielding also small amounts of dipropyl ether and
propanal. Heavier products (C,.) are observed in the outlet gas in very small quantities <0.03 %, which is
consistent with a previous study, where heavier products are yielded at higher reaction temperatures.[39] In our
experiments, these products appeared in detectable amounts at temperatures above 230 °C. The parent sample’s
selectivity toward propene decreases with the decrease of the conversion (Figure 5.15). In general, the etched
samples show higher selectivity to propene than the parent, as selectivity decreases in the order CHA-20-50-20>
CHA-20-50-5> CHA-8-50-5> CHA-20-25-20> CHA-20-0-20> H-557-13.
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Figure 5.15. Propene selectivity (y-axis) as a function n-propanol conversion (x-axis) for parent and etched

samples.

Coke content in the exhausted catalysts is estimated by thermogravimetric analysis (Table 5.4), as the mass loss
between 200 and 800 °C is attributed to coke removal. The total coke loss of the parent sample is 11.4 %. The
coke content in the etched samples is slightly higher, ranging between 12 and 14.5 %.

Table 5.4. Results of thermogravimetric analysis of exhausted catalysts used in n-propanol dehydration.

Total coke loss
Sample (%)
200-800 °C
H-SS7-13 11.4
CHA-20-0-20 12.0
CHA-20-25-20 14.5
CHA-8-50-5 13.8
CHA-20-50-5 13.9
CHA-20-50-20 13.8
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3 Discussion

Relatively concentrated (40 wt/%) NH,F aqueous solution is used to obtain hierarchical SSZ-13 zeolites. The
etching conditions, including the liquid/solid ratio, treatment temperature, and time, are varied to obtain
materials with different physicochemical properties. Hydrothermal treatment with an aqueous ammonium
fluoride solution is a proven zeolite etching method.

The NH,F etching of SSZ-13 generates mesopores in all prepared samples, including the most mildly treated one.
For example, CHA-8-0-5 from series I show a slight increase in the mesopore volume (Vieso = 0.06 cm3 g™)
compared to the parent zeolite (Vimeso = 0.04 cm? g™). The tuning of etching parameters allowed to increase
mesoporosity and retain the basic characteristics of parent zeolite in terms of crystallinity, micropore volume,
and acidity. For instance, sample CHA-20-50-20, which represents this series of samples, its mesopore volume
increases to 0.13 cm? g”. A much higher mesopore volume is observed in the sample subjected to partial
amorphization. For instance, the CHA-100-50-20 sample reached a mesopore volume of 0.98 cm?3 g” but the
micropore volume dropped to 0.08 cm3g™.

The most significant changes in the physicochemical properties are observed for the zeolites etched at 50 °C.
Their relative crystallinity is usually below go % and can drop to 9 % when a liquid/solid ratio of 100 is used. N,
physisorption data matches well with XRD analysis and changes in the chemical composition analyzed by ICP-
AES. The samples of series III (I/s = 100) have a loss of micropore volume after 5 minutes of etching (0.17 cm3g’
1), and after 20 minutes of etching, the micropore volume drops to 0.08 cm? g™ when compared with the parent
zeolite (0.27 cm3g™). In contrast, the samples prepared at lower temperatures (0 and 25 °C) have a well-preserved
micropore volume or even higher than the parent zeolite. For instance, several samples exhibit a micropore
volume from 0.28 to 0.32 cm? g”. We attribute the last phenomenon to the dissolution of low crystalline or
amorphous material present in the sample. The etching at 50 °C causes amorphization, revealed by the lower
intensity of the XRD peaks and a loss of micropore volume. The etching at this temperature generates amorphous
material that could remain, thus causing a pore blockage.

Micrographs obtained by SEM reveal changes in the surface morphology of the etched samples (Figure 5.3). In
the case of SSZ-13, the small intrinsic pores (0.38 nm) impose diffusion limitations to the water-fluoride species.
Consequently, the etching reaction is concentrated at the crystal surface, and the dissolution rate rises at an
elevated temperature (50 °C). Thus, the treatment at 50 °C (CHA-100-50-20) resulted in foam-like particles after
only 20 min of treatment (Figure 5.4C). Micrographs from series I samples show the etching is generally started
from the surface and removes parts of the crystal vulnerable to NH,F dissolution, defect zones, and
nanocrystalline domains. A similar type of dissolution in a fluoride medium has already been reported.[40,41]
The number of “holes” created by NH,F is multiplied for the series II and IIl samples, showing more intense
zeolite dissolution at a higher I/s ratio. Finally, increasing the etching time also leads to the deeper dissolution of
zeolite crystals (Figure 5.4A and B).

The results of chemical composition analysis (Table 5.2) show a non-selective extraction of framework cations.
Even the most deeply treated series I and II samples have a Si/Al ratio of 11, which is not substantially different
from the parent material. The changes in the framework composition of series III samples are still in this range
when the treatment is performed at o and 25 °C. Only samples CHA-100-50-5 and CHA-100-50-20 treated at
50 °C show substantial dealumination related to an almost total loss of crystallinity. The EDX results imply the Al
is not evenly distributed within the etched crystals. In addition, the surface of the crystals is more attacked since
it contains less aluminum, particularly in the case of partially amorphous samples. Such a type of dissolution is
most probably due to the diffusion limitation of water-soluble fluoride anions through the pores of SSZ-13. This
is also observed in the work of Bolshakov et al. while treating ZSM-5 with NH,F solution.[42]
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Solid-state *’Al MAS NMR is used to evaluate the state of Al in the etched samples (Figure 5.7, Table 5.2). Overall,
the samples from series I and II show preserving of the chemical shift intensities with respect to the parent, i.e.,
no substantial changes in the state of Al take place during the fluoride etching. Furthermore, the data collected
show that the NH,F etching does not contribute to the octahedral extra framework aluminum formation. The
acidity measurements show that the Bronsted acid site's concentration is preserved for the series I and I samples,
further confirming the NMR data. The samples from series IIl have lower Bronsted acid site concentrations (Table
5.3). The concentration of Lewis acid sites is increased for all three series of samples, which is attributed to the
etching reaction products.

The catalytic activity of parent and modified zeolites is tested in the dehydration of n-propanol. Primary alcohols
undergo dehydration via the E2 elimination mechanism, where dipropyl ether are intermediates of acid-catalyzed
dehydration of alcohols.[43] Here, dipropyl ether is observed as a minor product of the reaction along with
propanal, while the propene is yielded with high selectivity (>90 %). Ethers normally form as major products at
temperatures lower than 200 °C. Propanal formation indicates some oxidation reaction occurs along with
dehydration and dehydrogenation reactions. The parent and treated samples’ initial activity is similar, i.e., in the
range of 85-95 %, reflecting a similar number of available active sites. Differences are observed with the extension
of the time on stream, where the etched samples, as a function of the treatment conditions, showed lower
deactivation. Oligomers (C,.) and coke formation are most likely the cause. Oligomers are formed at the
beginning of the reaction in small amounts (~0.9 %). After the first 2 min, their conversion is reduced (0.03 %).
The etched samples also have a higher selectivity towards propene; this is most likely due to generated
hierarchical porosity and the small changes in the Si/Al ratio. As known, the dehydrogenation reaction of n-
propanol yielding dipropyl ether takes place mainly on the flat surface of the catalyst, whereas the dehydration
reaction is restricted to the pores.[44] Therefore, the increased porosity in hierarchical zeolites promotes the later
reaction. Zhi et al. described these mechanisms of dimer formation and alkoxide formation during n-propanol
dehydration over ZSM-5.[45] A dehydration reaction is also inhibited by the presence of water, which is the co-
product competing with alcohol reactants for BAS.[45,46]

The etched catalysts showed extended lifetime and higher coke content to the parent. The improved activity of
etched derivatives is certainly related to the enhanced accessibility to active sites, together with the preserved
Brensted acidity. Previous spectroscopic data suggest the large carbonaceous species from the near-surface region
of the crystals.[47,48] Thus, the deactivation is slower, with the sample having a higher external surface due to
introduced mesopores.

Previous studies of NH,F or HF buffered with NH,F etching focused on medium-pore (10 MR) zeolites like MFI
and FER and large-pore (12 MR) zeolites like FAU, LTL, MOR, and Beta. [41,49-52] Compared with those studies,
the dissolution of the small-pore SSZ-13 shows some differences. For instance, Qin et al. also used 40 wt/% NH,F
solutions to etch ZSM-5 upon similar experimental conditions. They reported rapid and abundant mesopore
formation in the case of ZSM-5.[41] We attribute the slower dissolution rate of SSZ-13 to the small pore size. The
diffusion of hydrated bifluoride ion through the 8 MR window of the chabazite cage is restrained. Thus, only the
surface defects are the available sites where the dissolution can start. Consequently, the surface etching
dominates the dissolution process when mild etching conditions are employed. The last statement is supported
by the preserved micropore volume in most of the treated samples. The substantial micropore volume loss is only
noticeable in extreme cases, i.e., when the etching temperature is 50 °C, accelerating the etching reaction, and
the liquid/solid ratio is high. Briefly, the dissolution rate of SSZ-13 is particularly lower compared with the larger
pore zeolites.
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4 Conclusion

Hierarchical zeolite SSZ-13 is successfully obtained by post-synthesis etching with a 40 wt/% NH,F water solution.
The effect of each parameter influencing the zeolite dissolution, i.e., the temperature, liquid/solid ratio, and time,
is studied, and the conditions of etching optimized. Using ambient temperature and low liquid/solid ratio (8 and
20) leads to hierarchical SSZ-13 derivatives with retained intrinsic characteristics. More precisely, the crystallinity,
micropore volume, and the number of Brensted acid sites are similar to the parent zeolite. Consequently, these
hierarchical materials showed improved catalytic stability in the dehydration of n-propanol. Solely an extended
treatment at 50 °C resulted in a partial amorphization of the zeolite and alteration of its physicochemical
properties.

The results of this study revealed some particularities of the dissolution of small-pore zeolites in a fluoride
medium. The dissolution rate is lower, although a relatively concentrated NH,F solution is used, which is
attributed to the constrained diffusion of hydrated bifluoride ions through the small pore channels. Consequently,
the mesopore generation always starts from the crystal surface and penetrates further into the crystal's bulk. This
particularity of SSZ-13 NH,F etching is probably valid for all small pore zeolites.
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1 Introduction

Dealumination by acid leaching is one of the earliest methods used for the demetallation of zeolites. Removing
aluminum from the zeolite framework is first reported by Barrer and Maki in 1964.[1] They performed
dealumination of clinoptilolite by refluxing in hydrochloric acid.[2] Dealumination by treating with acids
increases the framework Si/Al ratio but makes minor changes to the zeolite porosity.[3] In certain zeolites the
majority of the aluminum in the framework can be removed, thereby enhancing the hydrophobicity and
hydrothermal stability of the zeolites.[4] For example, aluminum is completely removed from pentasil-type
zeolites.[5-7] Dealumination yields defect sites denoted as “hydroxyl nest” (silanol nest), as four SiOH groups are
generated per one Al removed.[2]

One of the most well-known examples is the dealumination of zeolite Y yielding an ultra-stable (US) zeolite Y
derivative, which is an invaluable industrial cracking catalyst.[4] FAU-type zeolite cannot be directly synthesized
with a Si/Al ratio higher than 3, at least not in an economically feasible manner.[8] Hence to obtain high-silica
zeolite Y, i.e., ultrastable zeolite Y (USY), dealumination methods are beneficial. The increased Si/Al ratios lead to
decreased density of the acid sites, which enhances their acidity and activity in catalytic processes. However,
inconsistent remarks can be found in the literature about the thermal stability of dealuminated zeolites. Zeolites
containing low concentrations of aluminum are, in general, more thermally and chemically stable.[8] However,
acid leaching decreased the thermal stability of mordenite[9], still, some authors claim higher thermal stability
of acid leached zeolites.[10] Higher concentrations of framework defects deteriorate zeolites’ thermal
stability.[10] The mechanism description was provided by Kerr, who showed the presence of water during
thermal treatment plays a major role in ultra stabilization.[11]

However, dealumination can sometimes prompt structure and significant porosity losses.[12] The acid site loss,
mesopores with broad range distribution, the formation of inaccessible mesopores are important limitations of
the dealumination process.[13] Thus, Van Nierkerk et al. found that dealumination by nitric acid was linked to a
partial loss of crystallinity.[5]

Field of zeolite post-synthesis dealumination methods by acid leaching is expanding to various mineral and
organic acids. It is contemplated that the mineral acids solubilize silica more readily than organic acids, which
contributes to losses of structure.[12] Complexing agents have also been employed successfully in zeolite
dealumination.[10] EDTA, acetylacetone, tartaric, and oxalic acid have been successfully applied for the
dealumination of zeolites.[2]

In this chapter, we report the influence of chromic acid treatment on zeolites with various framework topologies
(8 MR, 10 MR, 12 MR). The potential of this strong acid as a zeolite dealumination agent hasn’t been previously
studied and the selected zeolites are chosen to study the effects of the chromic acid as a function of the pore size.

Chromium (VI) is a strongly oxidizing agent and exists only in oxo species CrO,, CrO,* and CrO,F,.[14] CrO,
forms different ions in water depending on the pH, above 6, CrO, forms CrO,*, a yellow tetrahedral chromate
ion. Between pH of 2 and 6, HCrO, and Cr,0O,* (dichromate) are in equilibrium. And at pH values below 1 H,CrO,
is formed. The equilibria are the subsequent[15]:

HCrO, = CrO,” + H* K, =10%?
H.CrO, = HCrO, + H* K, =41
2 HCrO, = Cr.0,* + H.0 K; =10??

However, the existence of HCrO, is a matter of debate and at low concentrations of Cr*! (~0.2 m), HCrO, is
expected to be a minor species.[16] Chromium (VI) can also form deep red ions Cr;0,,> and Cr,0,;> at high highly
concentrated solutions.[17] The structures continue the pattern set by Cr,O,> in having chains of CrO, tetrahedra
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sharing corners. CrO; consists of infinite chains of corner-sharing tetrahedra - O - CrO, - O - and there are only
Van der Waals forces between the chains.[18,19] The structures are determined for solid-state salts.

O 1.770DA O
\ 0 / 110ay°
O,,—'Cl'{fa'(l)“\\ Cr---0

d 1.62(HA o)

Figure 6.1. Structure of the dichromate ion found in Rb,Cr,0, (from [15]).

Figure 6.2. Structures of Cr,0,* and Cr;0,,> (from [20]).

Data available indicate the possible exitance of anions containing more than two chromium atoms. Polyacids
including Cr (VI) can be expressed by the formula H.Cr,Os5n+:. The value of n is presumed not to exceed 4, making
Cr,0,5> [20,21]

Chromium trioxide is used alone or as an additive to other acids and used as an oxidizing agent in a number of
etching solutions. Specifically, H;PO,/CrO; for oxide removal from ALO; or preferential etching and cleaning of
Si with HF/CrO;.[22]
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2 Results

2.1 X-ray diffraction

XRD patterns of parent and treated zeolites are depicted in Figure 6.3A-C, with relative crystallinity indicated
for every pattern. Diffractograms of NH,-CHA (Figure 6.3A) treated with chromic acid solutions (0.1-2 wt/%)
are highly crystalline; a small loss of crystallinity is observed after treatment with 10 wt/% solutions.

Patterns of MFI treated with chromic acid are also highly crystalline (Figure 6.3B), showing relative crystallinity
up to 99 % with samples etched with solutions of 0.1-1 wt/%. A minor decrease of crystallinity (97 %) in samples
MFI-2 and MFI-10 is observed.

X-ray diffraction patterns of LTL treated with chromic acid presented in Figure 6.3C. Again, the zeolites treated
with 0.1-1 wt/% acid solutions are highly crystalline. A small loss of crystallinity is observed after using a 2 wt/%
solution, while the sample obtained with 10 wt/% solution treatment is almost entirely amorphous.
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Figure 6.3. X-ray diffraction patterns of the series of A) CHA, B) MFI, and C) LTL treated samples, with
relative crystallinity percentages indicated for each sample.
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2.2 N, physisorption

Textural properties of all the samples are assessed by nitrogen physisorption, and the obtained isotherms are
depicted in Figure 6.4A-C. All parent samples, NH,~-CHA, NH,-MFI, and NH,-LTL, exhibit an I (a) type isotherm
with an Hy4 hysteresis loop. Type I (a) isotherm is characteristic for microporous materials, evident by the high
uptake are the low relative pressure (p/p.) region, while the H4 hysteresis loop characterizes slit-shape pores.

The isotherms of CHA etched derivatives (Figure 6.4A) show isotherm and hysteresis loop identical with the
parent material. The etched samples exhibit an increase in the micropore volume adsorption, i.e., revealed by the
higher uptake at the low relative pressure.

The etched MFI samples (Figure 6.4B) exhibit isotherms similar to the parent, with samples MFI-o0.5 and MFI-1
showing a small increase of micropore volume, whereas samples MFI-2 and MFI-10 lost a little bit microporosity.

All etched LTL (Figure 6.4C) samples show a loss of micropore volume with some differences. The samples
treated with 0.1-2 wt/% solutions show minor losses, while the micropore volume loss of 10 wt/% treated sample
is substantial. The samples also exhibit a small increase at the high relative pressure region, indicating the
development of mesopores.

The porosity assessments of all the samples are summarized in Table 6.1.
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Figure 6.4. N, physisorption isotherms of A) NH,-CHA, B) NH,-MFI, and C) NH,-LTL with their etched
derivatives. Note: the y-axis starts at higher values of Vi to highlight the changes in the micropore area.
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2.3 Physicochemical analysis

Analysis of physisorption data and chemical analysis are summarized in Table 6.1. The three framework types
showed different susceptibility to the chromic acid etching.

Parent CHA-type zeolite has a micropore volume of 0.27 cm3g™ and mesopore volume of 0.04 cm3g™. The etched
samples exhibit an increase of micropore volume with no present changes of the Viyeso. The Vinicro increases to 0.29
cm? g7 with a sample treated with 0.1 wt/% (CHA-0.1) and up to 0.32 cm?3 g™ for the sample treated with 10 wt/%
(CHA-10). Mesopore volume in all the treated samples is 0.04 cm?® g™ and the external surface (Sper) slightly
increases. The etched CHA samples also exhibit changes in the chemical composition measured with ICP-AES.
Sample CHA-1 has a small increase of the Si/Al ratio (9.4), and the ratio increases with the raise of chromic acid
concentration, as a sample treated with 10 wt/% chromic acid exhibits a Si/Al ratio of 10.5.

Parent sample MFI has a micropore volume of 0.16 cm3g™ and mesopore volume of 0.04 cm3g™. The etched MFI
samples retain the same micropore and mesopore volume despite the concentration used (0.1-10 wt/%). The
specific surface area (Sger) also does not show any significant changes. The etched MFI samples, however, do
show a small change in the Si/Al ratio. The Si/Al ratio of the parent sample (NH,-MFI) is 19, while all samples
treated with chromic acid solutions of 0.1-10 wt/% have a ratio of 21.

The parent sample LTL has a micropore volume of 0.17 cm3g™ and mesopore volume of 0.05 cm3g™. The samples
treated with 0.1 and 0.5 wt/% acid solutions retain these properties. While samples treated with 1-4 wt/%
chromic acid show a small decrease of the micropore volume, having 0.16 cm3 g" Viuiero. However, the sample
treated with 10 wt/% shows a significant loss of the micropore volume, almost half of the initial value, having
Vimicro = 0.09 cm3 g™, The etched LTL samples also show a small degree of preferential dealumination. The sample
LTL-0.1-30 retains the Si/Al ratio of 3.0 as the parent sample; the samples treated with 0.1-2 wt/% acid solutions
show a small increase of Si/Al ratio, up to 3.2; while those treated with 4 wt/% solution shows significant
dealumination reaching a Si/Al = 6.1.
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Table 6.1. Textural properties of the parent and treated zeolites.

Sample Vmicro Vineso SgeT Si/Al
cmig’ cmig’ m>g™” mol mol™

CHA 0.27 0.04 700 9.0
CHA-0.1 0.29 0.04 735 9.4
CHA-o0.5 0.31 0.04 752 9.8
CHA-1 0.32 0.04 765 9.9
CHA-2 0.31 0.04 747 10.4
CHA-10 0.32 0.04 788 10.5
MFI 0.16 0.04 436 19
MFI-0.1 0.16 0.04 440 21
MFI-1 0.16 0.05 439 21
MFI-2 0.16 0.04 430 /
MFI-10 0.16 0.04 432 21
LTL 0.17 0.05 456 3.0
LTL-0.1-30 0.17 0.04 455 3.0
LTL-0.1 0.17 0.05 450 3.1
LTL-0.5 0.17 0.05 454 /
LTL-1 0.16 0.05 426 3.2
LTL-2 0.16 0.05 432 34
LTL-4 0.16 0.05 417 6.1
LTL-10 0.09 0.16 295 /

2.4 Scanning electron microscopy

The impact of chromic acid on the morphology of obtained zeolites is studied with a scanning electron microscope
as representative micrographs are presented in Figure 6.5A-F. Samples CHA-1 (Figure 6.5A) and CHA-2 (Figure
6.5B) show pristine surfaces of the typical SSZ-13 crystal cubic crystals with well-defined edges.

MFI crystals (Figure 6.5C-D) are much larger in size than SSZ-13 and zeolite L, having around 5 pm in length.
The crystals have a coffin-shaped morphology with intergrown crystals, ramps, and defects appearing on the
(010) surface.[23] Sample MFI-1 shows large parts of the crystals are removed, it is likely that some intergrown
crystals separated during chromic acid etching.

Typically, zeolite L exhibits a disc-like morphology with overgrown terraces on the pinacoidal face (Figure 6.5E-
F). The samples LTL-1 and LTL-2 show well-defined edges, and the faces of the crystal do not show visible traces
of chromic acid etching.
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500 Nm

Figure 6.5. SEM micrographs of CHA (A,B), MFI(C,D) and LTL (E,F) etched samples.

2.5 Transmission electron microscopy

Transmission electron microscopy is employed to gather more details on the morphology of the etched samples.
The LTL-0.1-30 sample exhibits the typical zeolite L. morphology. However, on the crystal surface, small holes of
10-20 nm size penetrating the crystal core are observed (Figure 6.6A). Upon higher magnification (Figure 6.6B),
a pore of 15 nm width starting from the crystal's surface and penetrating 50 nm in the crystal volume is visible.
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LTL-0.1-30

Figure 6.6. STEM micrographs of sample LTL-0.1-30 obtained by ADF (left) and BF imaging (right).

CHA-1 and CHA-2etched samples are also studied by TEM. The samples retain the parent crystal morphology.
The chromic acid etching didn’t produce any noticeable changes in the porosity or morphology in these samples.

Figure 6.7. TEM micrographs of samples CHA-1 (A) and CHA-2 (B).
2.5.1 STEM-EDX

The results of EDX analysis are summarized in Figure 6.8. The surface chemical analysis results indicate that the
sample LTL-0.1-30 is well washed since only small amounts of Cr are detected (0.4 wt/%). The Si/Al ratio of 13
reveals that a preferential dealumination occurs on the crystal surface.

Element wt/%
(¢} 17.2
F 0.3
Al 5.5
Si 76.2
K 0.2
Ca 0.2
Cr 0.4
Total 100

BF(frame1)
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Figure 6.8. STEM EDX results and analysis.
2.6 Solid-state NMR spectroscopy
2.6.1 *’Al MAS NMR

*’Al MAS NMR was performed to check the state of aluminum after the etching. The parent chabazite sample,
NH,-CHA (Figure 6.9A) exhibits three peaks related to octa-, penta- and tetra-coordinated aluminum. The etched
samples exhibit the same peaks with a small increase of intensity of octacoordinated aluminum. The content of
octacoordinated Al in the parent CHA sample is determined to be 10.7 % (Table 6.2); the etched samples contain
a minor increase of octahedral Al, with sample CHA-10 having the highest content of 14 %.

The parent sample NH,-MFI (Figure 6.9B) exhibits a single peak at ~60 ppm related to tetra-coordinated
aluminum, the peak pointing to octahedral species is not visible from the spectra. Still, it is found it contains 1.1
% (Table 6.2). The etched samples show some increase in the Al content, which is determined to be between
1.6 and 2.3 %.

NH,-LTL (Figure 6.9C) exhibits only the peak related to tetra-coordinated Al at ~60 ppm. The samples etched
with solutions 0.1-2 wt/% have a visible increase of the octacoordinated resonance peak. The sample etched with
10 wt/% solution has a significant decrease of both resonance peaks related to octa- and tetra-coordinated Al,
indicating significant preferential dealumination. Among the samples etched with 0.1-2 wt/% acid solutions, the
content of Al''is 0.8-5.2 % (Table 6.2).

A CHA-10 B C o LTL-10
MFI-10
CHA-2
MFI-2 LTL-2
CHA-1
LTL1
MFI-1
CHA-0.5 LTL-0.5
MFl-0.1 LTL-0.1
CHA-0.1
LTL-0.1-30

R ——

| I DL DL B B B B | | L I NN BN LA B N | 1T 111111
100 80 60 40 20 0 -20 -40 100 80 60 40 20 0 -20 -40 100 80 60 40 20 O -20 40

&ippm] &(ppm] &ippm]
Figure 6.9. *’Al MAS NMR spectra of A) CHA, B) MFI, and C) LTL series of samples.
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Table 6.2. Results of extraframework aluminum (AI'") content expressed in percentages (%), obtained
from *’Al MAS NMR spectra.

Sample A
%
NH,-CHA 10.7
CHA-o0.5 12.0
CHA-1 12.5
CHA-2 13.3
CHA-10 14.0
NH,-MFI 1.1
MFI-0.1 1.6
MFI-1 2.0
MFI-2 2.2
MFI-10 2.3
NH,-LTL 0.1
LTL-0.1-30 0.8
LTL-0.1 1.0
LTL-0.5 4.5
LTL-1 4.9
LTL-2 5.2
LTL-10 2.8

2.6.2 ?9Si MAS NMR

9Si MAS NMR is used to study the coordination of silicon in the zeolite framework. Figure 6.10 depicts spectra
of the parent LTL zeolite and one etched derivative, LTL-1. The both samples exhibit four peaks at chemical shifts
(6) -110, -106, -100, and -95 ppm corresponding to Si(4Si, oAl), Si(3Si, 1Al), Si(2Si, 2Al) and Si(1Si, 3Al),
respectively.[24] The etched sample LTL-1 exhibits increased intensities of the peaks corresponding to Si(4Si,
0Al), Si(3Si, 1Al), and decreased intensity of the peak corresponding to Si(1Si, 3Al).

*Si{'"H} cross-polarization NMR gives qualitative information on the silanol species in zeolites. The spectra of the
parent LTL and LTL-1 samples are depicted in Figure 6.10. The parent sample exhibits peaks at -110, -106, -100,
and -96, corresponding well to the peaks observed in Figure 6.10, indicating peaks related to Si-O-Al and Si-O-
OH bonds overlap in the *Si MAS NMR spectra for both samples. Sample LTL-1 exhibits intensity decrease of the
peaks at -95 and -110 ppm related to Si(1Si,30H) and Si(1Si,0OH) and a small increase of the peak centered at -
100 corresponding to Si(2Si,20H). The results of *Si{'"H} cross-polarization NMR suggest the treatment of LTL
with 1 wt/% chromic acid doesn’t contribute to the formation of silanol groups.
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Figure 6.10.%°Si MAS NMR spectra of parentLTL and etched LTL-1 (left) samples and their *°Si{'H} cross-
polarization spectra (right).

29Si MAS NMR of both CHA samples reveals three peaks at chemical shifts (§) -109, -103, and -98 ppm,
corresponding to Si(4Si, oAl), Si(3Si, 1Al), Si(2Si, 2Al), depicted in Figure 6.11. Sample CHA-1 has lower
intensities of all three peaks compared to the parent sample NH,-CHA. **Si{'"H} cross-polarization NMR is also
depicted in Figure 6.11. The figure shows that the parent sample (NH,-CHA) having some broad peaks between
-110 and 9o ppm; however, sample CHA-1 shows an increase in the peak intensity at -109 ppm. This peak is
related to Si(4Si, 0OH), indicating some silanols develop in the chabazite sample treated with 1 wt/% CrO;.

NH -CHA
NH,-CHA M

r T T T T T T T T T T T 1 r T T T T T T T T T T T 1
-80 -90 -100 -110 -120 -130 -140 -80 -90 -100 -110 -120 -130 -140

& vpm) & vpm)
Figure 6.11. **Si MAS NMR spectra of parent(CHA) and etched (CHA-1) samples (left) and their *°Si{"H}
cross-polarization spectra (right).

2.7 Acidity characterization by FTIR
2.7.1 CHA

The etched CHA-type zeolites' acidity is studied by IR spectroscopy using deuterated acetonitrile (CD;CN) probe
molecule. CD;CN adsorbed on acid sites is detected in the 2400-2200 cm™ spectral window (Figure 6.12). The
deconvolution of the 2360-2170 cm™ spectral range reveals five peaks (Table 6.3), four sharp at 2324, 2316, 2295,
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2283, 2265 cm™, and a broad one centered at 2214 cm™. The 2283 cm™ peak is attributed to CD;CN interacting
with silanols observed on a purely siliceous material MFI-type material.[25] The 2324 cm™ peak corresponds to
CD.CN interacting with Lewis acid sites[26] while the 2265 cm™ corresponds to physisorbed CD;CN. The 2298
cm™ peak results from CD;CN interacting with Brensted acid sites, while the attribution of the 2310 cm™ peak is
a matter of debate and could be due to CD,CN interacting with either weak Lewis acid sites[27] or weak Brgnsted
acid sites.[28]

/ N\ NIII—CHA

I T T T T T T T T T T T T T T T T T T T 1 I T T T T T T T T T 1
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 2400 2350 2300 2250 2200 2150

®lcm’] ®lcm’]
Figure 6.12. The room temperature IR spectra of the hydroxyl groups in activated parent CHA and etched
derivatives (left). IR spectra of acid sites perturbed by interaction with d;-acetonitrile after RT diffusion
(right).

The acid site concentrations, Bronsted (cg), and Lewis (c;) are summarized in Table 6.3. The accessibility of
Bronsted acid sites increased in all etched samples. Samples CHA-1 and CHA-2 also exhibit increased Lewis acidity,
except for the sample treated with 0.5 wt/%. Here, we define the accessibility index (ACI) as the number of acid
sites (cp + ¢1) detected by CD;CN adsorption divided by the total amount of acid sites in the zeolite, based on the
measured aluminum content (Alicp).[29] In the parent NH,-CHA, ACI is 0.47. The etched zeolites CHA-0.5 and
CHA-1 have increased ACI, 0.57 and 0.78, respectively. While CHA-2 shows decreased accessibility, which is
related to the substantial dealumination and increased amount of extraframework Al in this sample

Table 6.3. Concentrations of Bregnsted and Lewis acid sites in the parent NH,-CHA and CHA samples
evaluated by in situ IR spectroscopy monitoring of probe molecules.

Sample Alicp Cs CL Cp + CL ACICD3CN
pmol g™ pmol g™ pmol g™ pmol g™ -
CHA 1234 401 176 577 0.47
CHA-o0.5 1141 503 158 661 0.57
CHA-1 1141 654 247 901 0.78
CHA-2 1080 447 269 716 0.41
2.7.2 MFI

The in situ infrared (IR) spectroscopy in the hydroxyls range (3500-3700 cm™) of the parent MFI shows two
bands, 3744 cm™and 3610 cm™ (Figure 6.13). The band at 3744 cm™ is assigned to Si-OH, freely vibrating on the
external crystal surface and the mesopore area. The parent sample also exhibits a low-intensity peak at 3730 cm”
' assigned to Si-OH in defects.[30] The band at 3610 cm™is attributed to the acidic bridging hydroxyl Si(OH)AI
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groups. The etched samples MFI-o0.5, MFI-1, and MFI-2 exhibit the same peak; only sample MFI-2 shows a small
intensity decrease of the Si(OH)AI band.

Pyridine adsorbed on acid sites is detected in the 1700-1400 cm™ spectral window (Figure 6.13). The band
centered at 1570 cm™ is related to pyridine interacting with Brensted acid sites, while the band at 1462 cm™ is
related to Lewis acid sites.

NH4—MFI NH, -MFI
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Figure 6.13. The room temperature IR spectra of the hydroxyl groups in activated parent MFI and it’s
etched derivatives (left). IR spectra of acid sites perturbed by interaction with pyridine after desorption
at 200 °C (right).

IR spectra of pyridine remaining adsorbed after desorption at 200 °C are used to quantify the Brensted and Lewis
acid sites, and the results are presented in Table 6.4. The concentrations of Brensted and Lewis acid sites increase
with respect to the parent zeolite. Sample MFI-1 exhibits the highest concentration of BAS, 431 pmol g, while
sample MFI-o0.5 has equal concentration as the parent sample, and MFI-2 has lower. The parent sample has a low
LAS concentration, 19 pmol g™ The etched samples MFI-1 and MFI-2 show increased concentration of LAS, up to
30 pmol g". Accessibility index (ACI) is defined as the number of acid sites detected by the probe molecule
adsorption divided by the total amount of acid sites in the zeolite provided by the aluminum content.[29] The
samples MFI-o.5 and MFI-1 show increased accessibility to the acid sites.

Table 6.4. Concentrations of Bronsted and Lewis acid sites in the parent and etched MFI samples evaluated
by in situ pyridine IR spectroscopy monitoring.

Sample Alcp Cs (o CB+CL AClpy
pmol g™ pmol g™ pmol g™ pmol g™ -
NH,-MFI 612 418 19 437 0.71
MFI-o0.5 556 418 23 441 0.79
MFI-1 556 431 30 461 0.83
MFI-2 556 362 30 392 0.71
2.7.3 LTL

The acidity of the parent zeolite and its etched derivatives is studied by in situ infrared (IR) spectroscopy of their
-OH stretching vibrations (Figure 6.14). The band at 3746 cm™ is assigned to Si-OH, freely vibrating on the
external crystal surface and the mesopore area. The parent zeolite exhibits a low-intensity peak at 3730 cm™,
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commonly assigned to Si-OH in defects.[30] The band at 3634 cm™is attributed to the acidic bridging hydroxyl
Si(OH)AI groups and the broadband centered around 3250 cm™ to hydroxyl groups located in the cancrinite
cage.[31,32]
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Figure 6.14. The room temperature IR spectra of the hydroxyl groups in activated parent zeolite L and it’s
etched derivatives (left). IR spectra of acid sites perturbed by interaction with pyridine after desorption
at 150 °C (right).

IR spectra of pyridine remaining adsorbed after desorption at 150 °C are used to quantify the Brensted and Lewis
acid sites, and the results are presented in Table 6.5. The concentrations of Brensted and Lewis acid sites increase
with respect to the parent zeolite. Etched samples LTL-o0.5, LTL-1, and LTL-2 show increased BAS concentration
in regard to the parent LTL. The concentrations of LAS in samples LTL-0.5 and LTL-2 are lower, despite the
presence of extraframework Al, determined by *?Al MAS NMR (Figure 6.9).

Accessibility index (ACI) is defined as the number of acid sites detected by the probe molecule adsorption divided
by the total amount of acid sites in the zeolite provided by the aluminum content.[29] The accessibility index
(AClIpy) of chromic acid-etched samples is higher with respect to the parent material.

Table 6.5. Concentrations of Bronsted and Lewis acid sites in the parent and etched zeolite L samples
evaluated by in situ pyridine IR spectroscopy monitoring.

Sample Alcp cB L CB+ CL AClpy
pmol g™ pmol g™ pmol g™ pmol g™ -
NH,-LTL 3156 412 233 645 0.20
LTL-0.5 3076 507 194 701 0.23
LTL-1 3000 469 245 714 0.24
LTL-2 2859 435 167 602 0.21
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3 Discussion

Chromic acid in a wide range of concentrations is applied for etching of different types of industrially available
zeolites, SSZ-13 (NH,-CHA), MFI-55 (NH,-MFI), and zeolite L. (NH,-LTL). The concentration of chromic acid is
varied (0.1-10 wt/%), while the reaction's temperature and time remained the same. The chosen industrial
zeolites have different framework topology, pore size, and Si/Al ratios. The selected zeolites are chosen to study
the effects of chromic acid as a function of the pore size.

Almost all the zeolites withstand the reaction with chromic acid quite well and mostly retain their crystallinity.
MFI type zeolite has the highest values of relative crystallinity even after etching with 10 wt/% concentrated acid
(rel. cryst. 97 %). While sample CHA-10 has relative crystallinity of 89 %, and LTL-10 is almost fully amorphized.
LTL-10 is almost fully amorphized and suffers from a substantial loss of micropore volume, almost half the value
of the parent zeolite L. The amorphization likely occurs in LTL-10 is due to a combination of its low Si/Al ratio
and the large pores. Other LTL samples obtained from chromic acid etching (0.1-1 wt/%) are well crystalline,
having 98-101 % relative crystallinity. Samples obtained with 2 and 10 wt/% concentrated acids have a loss of
relative crystallinity, having 91 and 9 %. However, all the LTL samples obtained suffer from micropore volume
loss, evident from the N, physisorption isotherms presented in Figure 6.4. For instance, MFI samples obtained
from 2 and 10 wt/%, even though highly crystalline, also suffer from micropore volume loss. All the modified
CHA samples exhibit an increase in their micropore volume. It is likely that the anions yielded in the chromic acid
are too large to enter the 8 MR of the chabazite framework. The crystals are only etched from the external surface,
which also causes an increase in the measured external surface (Sger).

The chromic acid etching causes preferential dealumination shown by chemical composition analysis, removing
Al from the framework and leading to increased Si/Al ratio. Though in most cases, it is far from a substantial
increase in the Si/Al ratio. The CHA-10 has a 10.5 Si/Al ratio, while for the parent CHA it is 9.0. The MFI-10 sample
has Si/Al = 21, while the parent MFI has a Si/Al = 19. Only sample LTL-4 has a significant increase in the Si/Al
ratio, it is 6.1, which is double the Si/Al ratio of the parent LTL. Dealumination of LTL is also confirmed by *’Al
MAS NMR (Figure 6.9C). LTL-10 shows significant intensity loss of the peak related to tetrahedral aluminum,
i.e., framework aluminum. Other LTL samples obtained with chromic acid of lower concentrations 0.1-2 wt/%
show the formation of extraframework aluminum. The same effect is observed with CHA and MFI samples;
however, LTL has the highest increase of Al"!, which for sample LTL-2 is 5.2 %. CHA and MFI etched samples
have an Al increase of up to 2.3 %, even for the most concentrated acid solutions.

*Si MAS NMR is employed to study the effect of chromic acid treatment on the short-range ordering in the
zeolites. The dealumination of the zeolite framework leads to the formation of silanol defects. The 2Si{*"H} cross-
polarization spectra of LTL-1 doesn’t show a spectacular increase of the silanol defects in respect to the parent
LTL sample (Figure 6.10). CHA-1 sample does show a clear signal related to silanol defects detected in its **Si{'"H}
cross-polarization spectra (Figure 6.11).

The acidity measurements show the Bronsted acid site's concentration is preserved to a great extent, which is
expected since the studied samples' dealumination is mild. CHA samples show higher concentrations of BAS,
which we attribute to the dissolution of low crystalline parts in the sample. MFI etched samples (MFI-o0.5, MFI-1)
show higher accessibility index values and higher BAS concentrations despite having a lowered concentration of
framework aluminum, detected by ICP-AES.
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4 Conclusion

Commercial zeolites with CHA, MFI, and LTL framework topology are subjected to etching with chromic acid
solutions with concentrations ranging between 0.1 and 10 wt/%. Results indicate that according to the size of the
pore opening, 8 MR and 10 MR zeolites are more resistant to etching with chromic acid than 12 MR zeolite.

The chromic acid etching doesn’t introduce substantial secondary porosity. The treatment leads to a small
increase of the Si/Al ratio, indicating some preferential dealumination. The acidity of the samples is well
preserved as measure by in situ FTIR spectroscopy. The acid treatment leads to the formation of extraframework
Al species; however, if a dilute acid is used, the yielded AI"' species are usually around 1 %.
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Chapter 7

1 Conclusions

Zeolites are important industrial catalysts; their unique shape-selectivity is the basis of important applications,
but also a pitfall limiting their efficiency. Overcoming or decreasing the diffusion limitations in zeolites is
important to improve their catalytic and separation performance. The present Ph.D. thesis reports work on the
preparation of zeolites with increased porosity via post-synthesis methods of modification. The work aims to
create secondary porosity (mesopores) connected to the native microporosity without altering the intrinsic zeolite
properties. Three zeolite types (LTL, CHA, MFI) are studied to achieve this goal by optimizing already published
methods and novel etching solutions.

The Ph.D. thesis includes 7 chapters: a short introduction to the goals of the study (Chapter 1), a literature
overview (Chapter 2), a technical part including the materials and methods (Chapter 3).

Chapter 4 compares the etching abilities of NH,F and NH,HF, solutions in the hierarchization of zeolite
L. Etching with an aqueous NH,F solution is an established method for demetallation of zeolites. Our study
showed that NH,F can be replaced with NH,HF.. The latter can be used in much lower concentration since it is a
steadier source of the HF,™ anions, which are shown to dissolve Si and Al from zeolites indiscriminately. The most
important finding of our study can be summarized as follows:

e The etching with 1 and 2 wt/% NH,HF. yields hierarchical derivatives similar to those obtained with 20 and
40 wt/% NH,F.

e The etched samples generally have preserved microporosity and crystallinity, while mesopores are generated.

e The Si/Al ratio is mostly preserved, and the NH,HF, and NH,F solutions don’t contribute to EFAl formation,
except in cases when samples are prepared at elevated temperatures.

e The zeolite acidity is preserved while showing high accessibility to probe molecules due to the generated
mesopores.

e The catalytic activity and catalyst lifetime in the dealkylation of TiPBz is improved, which is attributed to

preserved acidity and generated mesopores.

The results show that a substantial decrease in the fluoride agent used can be achieved by using the
NH,HF, in low concentrations, 1-2 wt/%, a welcome feature for practical applications. Lowering the
NH,HF, concentration also slows down the dissolution process and better controls the zeolite
hierarchization.

Chapter 5 focuses on optimizing the concentrated ammonium fluoride solution in etching a small pore
SSZ-13 zeolite (CHA-type). Yielding a hierarchical SSZ-13 through post-synthesis methods has also been shown
to be a challenging task. The optimization of SSZ-13 etching is done through NH,F (40 wt/%) etching varying
the liquid-solid ratio, time, and temperature. The NH,F etching of SSZ-13 generates mesopores in all prepared
samples, including the most mildly treated one. The tuning of etching parameters allowed to increase
mesoporosity and retain the basic characteristics of parent zeolite in terms of crystallinity, micropore volume,
and acidity. The most important results can be summarized as follows:

e  Using ambient temperature and low liquid/solid ratio (8 and 20) leads to hierarchical SSZ-13 derivatives with
retained intrinsic characteristics.
e FEtching at 50 °C causes amorphization, revealed by the lower intensity of the XRD peaks and a loss of

micropore volume.
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e The results of chemical composition analysis show a non-selective extraction of framework cations. Even the
most deeply treated samples treated with 1/s of 8 and 20 have a Si/Al ratio of 11, which is not substantially
different from the parent material.

e The EDX results imply the Al is not evenly distributed within the etched crystals. In addition, the surface of
the crystals is more attacked since it contains less aluminum, particularly in the case of partially amorphous
samples.

e The acidity measurements show that the Brensted acid site's concentration is preserved, further confirming
the NMR data.

e The catalytic activity of parent and modified zeolites is tested in the dehydration of n-propanol. The parent
and treated samples’ initial activity is similar, reflecting a similar number of available active sites, however,
differences are observed with the extension of the time on stream, where the etched samples, as a function
of the treatment conditions, showed lower deactivation.

o The etched catalysts showed extended lifetime and higher coke content to the parent. The improved activity
of etched derivatives is attributed to the enhanced accessibility to active sites, together with the preserved
Bronsted acidity.

The results of this study revealed some particularities of the dissolution of small-pore zeolites in a fluoride
medium. The dissolution rate is lower, although a relatively concentrated NH,F solution is used, which is
attributed to the constrained diffusion of hydrated bifluoride ions through the small pore channels.
Consequently, the mesopore generation always starts from the crystal surface and penetrates further into
the crystal's bulk. This particularity of SSZ-13 NH,F etching is probably valid for all small pore zeolites.
Chapter 6 brings about a novel etching method applicable to conventional zeolites. In the present study,
we used three different zeolites (CHA, MFI, LTL) with 8, 10, and 12 MR pore openings and etched them with
chromic acid solutions in concentrations ranging 0.1-10 wt/%. Almost all the zeolites withstand the reaction with
chromic acid quite well and mostly retain their crystallinity, with the exception of some severely etched LTL

samples.

e The chromic acid etching causes preferential dealumination shown by chemical composition analysis,
removing Al from the framework and leading to increased Si/Al ratio. Though in most cases, it is far from a
substantial increase in Si/Al ratio.

o  The etched sample show formation of extra framework aluminum species as observed by *?’Al MAS NMR, but
to a limited extent.

e The acidity measurements show the Brgnsted acid sites' concentration is preserved to a great extent, which

is a consequence of relatively mild dealumination.

Overall, the results indicate that according to the size of the pore opening, 8 MR and 10 MR zeolites
are more resistant to etching with chromic acid than 12 MR zeolite. Chromic acid in its aqueous solution
forms large anions, most likely too big to enter the 8 MR windows of the SSZ-13 zeolite.
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2 Prospects

The etching with NH,HF, solutions should be expanded to other zeolite types, including medium and small pore
zeolites.

The work presented in chapter 5 reveals the difficulties associated with diffusion limitation during wet etching.
The NH,F etching of small pore zeolites needs further elucidation in terms of dissolution profile, type of generated
mesopores, and micro-mesopore connectivity.

The pioneering work on chromic acid etching opens the door for its application in post-synthesis treatments of
zeolites. This topic needs further developments and deeper analysis of the experimental parameters, e.g, the
chromic acid concentration, time, and temperature etching on zeolite properties.
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Increasing the porosity of zeolites

Zeolites are important industrial catalysts; their unique shape-selectivity is the basis of important applications,
but also a pitfall limiting their efficiency. Overcoming or decreasing the diffusion limitations in zeolites is
important to improve their catalytic and separation performance. The present Ph.D. thesis reports work on the
preparation of zeolites with increased porosity via post-synthesis chemical etching. The work aims to create
secondary porosity (mesopores) connected to the native microporosity without altering the intrinsic zeolite
properties. Three zeolite types are studied: a small pore SSZ-13 (CHA), a medium pore ZSM-5 (MFI), and a large
pore zeolite L. (LTL). Zeolite L study compares the etching abilities of NH,F and NH,HF, solutions in the
hierarchization of zeolite L. The results show that NH,F can be replaced with NH,HF,. The etching with 1 and 2
wt/% NH,HF, solutions yield hierarchical derivatives similar to those obtained with 20 and 40 wt/% NH,F
solutions. Thus by replacing NH,F with NH,HF, a substantial decrease in the used fluorine is achieved. SSZ-13 is
etched with 40 wt/% NH,F, which generates mesopores in all prepared samples. The results reveal the mesopore
generation starts from the crystal surface due to the constrained diffusion of hydrated bifluoride ions through the
small pore channels. Chromic acid etching of zeolites with different pore opening (8, 10, 12 MR) reveals that this
dissolution process is dependent on the size of the pore opening as 8 MR and 10 MR zeolites are more resistant
to etching with chromic acid than 12 MR zeolite. In general, the chromic acid does not generate substantial
mesopore formation. The number of accessible acid sites in etched derivatives is close to the parent material,
although some preferential dealumination is observed.

Augmentation de la porosité des zéolithes

Les zéolites sont des catalyseurs industriels importants ; leur sélectivité basée sur la forme unique de leurs pores
est a lorigine de plusieurs applications importantes. Cependant, la seule présence des micropores limitent le
transport de réactifs et de produits et par la suite entrave l'efficacité de zéolites. Surmonter ou réduire les
limitations de diffusion dans les zéolites est important pour améliorer leurs performances catalytiques et leurs
capacités séparation. Le présent sujet de doctorat rapporte la préparation de zéolites avec une porosité accrue par
la méthode de post-synthése « etching ». Ce travail vise a créer une porosité secondaire (mésopores) liée a la
microporosité native sans altération des propriétés intrinseques de zéolites. Trois types de zéolites de différentes
tailles de pores sont étudiés : petit pore SSZ-13 (CHA), pore moyen ZSM-5 (MFI) et grand pore zéolite L. (LTL).
L'étude de la Zéolite « L » consiste sur la comparaison des capacités de solutions NH,F et NH,HF, dans la création
des mésopores. Les résultats obtenus montrent que NH,F peut étre remplacé par NH,HF,. L’utilisation des
solutions de NH,HF, a 1 et 2 % en masse aboutit a la création d’une (méso-) porosité similaire a celles obtenus
avec des solutions de NH,F a 20 et 40 % en masse. Ainsi, en remplagcant NH,F par NH,HF,, on observe une
diminution substantielle de la quantité de fluor utilisée. SSZ-13 est traité avec 40 % en masse de NH,F, ce qui a
généré des mésopores dans tous les échantillons préparés. Les résultats obtenus révelent que la génération de
mésopores commence a partir de la surface du cristal, en raison des contraintes de diffusion d'ions bifluorure
hydratés a travers les petits canaux de pores. Le traitement de zéolites de différentes tailles de pores (8, 10, 12
MR) avec I'acide chromique révéle que ce processus de dissolution dépend de la taille de I'ouverture des pores car
les zéolithes a 8 MR et 10 MR sont plus résistantes au traitement a I'acide chromique qu’une zéolite a 12 MR. En
général, I'acide chromique ne géneére pas de mésopores substantielles. Le nombre de sites acides accessibles dans
les dérivés obtenus par « etching » est proche de celui du matériau d'origine, bien qu'une certaine désalumination
préférentielle soit observée.



