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PREFACE

Zeolites are extensively employed in industries ranging from
petroleum refining to environmental remediation due to their
exceptional adsorption capacity and catalytic properties. These
crystalline porous aluminosilicates, better known as ‘Molecular
Sieves’ are invaluable in various industrial, environmental, and
agricultural applications. From purifying water to catalyzing
chemical reactions, zeolites play a pivotal role in addressing global
challenges and advancing technological innovations. Earlier studies
based on bulk commercial zeolite catalysts have revealed limitations
during its use for industrial purposes, such as the need for large
quantities, requirement of harsh reaction conditions, and low
selectivity towards desired products, diffusion resistance in
micropores etc. Inception of nanocrystalline and hierarchical zeolites
address these limitations as they possess high surface area, more
number of active sites and enhanced accessibility of inner active sites
through uniform mesopores, potentially enabling catalysis of
reactions involving bulky substrates. These benefits prompted this
investigation into metal-modified nanocrystalline and hierarchical
zeolites as novel materials for catalyzing aromatic acetylation under

milder experimental conditions.

For applicability of zeolites in fine chemical synthesis, there has to
be perfect control over the size of crystals within aggregates during

the synthesis of zeolites so that it can address the pressure drop issue



during reactor loading. This study has fine-tuned the hydrothermal
method to tailor crystal size and its aggregation. Hierarchical zeolites
were synthesized by introducing the exo-template after initiating the
crystallization process, aiming to customize hierarchical porosity
efficiently. This study adopts a greener route with minimum
experimental conditions for the industrially important acetylation
reaction using modified and hierarchical zeolites. Furthermore, the
dielectric response of metal-modified zeolites were also

investigated.

The whole thesis is divided into seven chapters. A brief outline of

these chapters is given below:

Chapter 1 overviews metal-modified and hierarchical zeolites. This
chapter also provides a comprehensive account of the dielectric
study of metal-modified zeolites. It highlights the gap in research on
the comparative analysis of rare earth and transition elements
incorporated zeolites. The objectives of the present work are also

furnished at the end of the chapter.

Chapter 2 details the materials and methods employed for the
preparation, characterization, and catalytic evaluation of these

metal-modified and hierarchical nanocrystalline zeolites.

Chapter 3 consists of three sections. The first two sections describe
the synthesis and characterization of metal-modified ZSM-5 and
zeolite beta, and the third section is the catalytic evaluation of these

zeolites by testing the efficiency for acetylation of toluene.



Section A describes the acidic properties, textural properties, and
structural parameters of metal-modified nanocrystalline ZSM-5.
UV-Visible spectra revealed the presence of several metal-oxide
species in the samples in addition to respective cations. The
modification changes both the texture characteristics and acidic
properties, as indicated by the analysis of TPD and nitrogen
adsorption studies. XRD measurements confirm that the

modification does not alter the lattice stability and crystallinity.

Section B provides a detailed study of metal-modified
nanocrystalline zeolite beta. According to XRD data, metal loading
raises the lattice strain but does not change the zeolite structure. UV-
Visible spectra show that metal ions is found in zeolite beta
structures as metal oxides and cations. Skeletal vibration patterns in
FTIR spectra are comparable to typical zeolite adsorption peaks. The
TPD and surface area analysis proves that modification alters the

acidic and textural characteristics.

Section C describes the testing of metal-exchanged zeolite beta and
ZSM-5 for acetylation of toluene by optimizing experimental
settings to the bare minimum, emphasizing lower temperatures and
lower catalyst concentrations. Among all the modified samples, the
ZSM-5 and zeolite beta samples treated with Ce showed a catalytic

conversion of above 90% for AC;O.

Chapter 4 consists of three sections: the first two sections describe

the synthesis and characterization of hierarchical ZSM-5 and zeolite



beta, and the third section is the catalytic evaluation using these

zeolites.

Section A describes the development of hierarchical porosity in
nanocrystalline ZSM-5 by using PMMA powder in the aged
precursor solution. This novel synthesis method lowers the
occurrence of internal defective silanols which is confirmed by
infrared and Raman spectroscopy. The thermogravimetric analysis
also confirms the interaction of PMMA and TPAOH for providing

hierarchical porosity via reducing internal defective silanols.

Section B describes the synthesis of hierarchical zeolite beta by
hydrothermal approach, utilizing PMMA as an additional structure-
directing agent. The resultant zeolite beta displays XRD patterns and
FTIR spectra similar to those obtained from nanocrystalline zeolite
beta. The zeolite beta synthesized with the inclusion of PMMA
showcases a distinctly narrow distribution of mesopores with

augmentation of the mesoporous surface area and mesopore volume.

Section C describes the evaluation of the catalytic efficiency of
hierarchical ZSM-5 and zeolite beta in catalyzing the acetylation of
2-MON. Hierarchical ZSM-5 and zeolite beta possessing uniform
mesopores displayed significant conversions of AC>O with
exclusive selectivity towards the kinetic product 1AC-2MON
isomer. This observation is attributed to the fact that increase in
regularity of mesopore surface facilitates interactions between

reactant molecules and active sites occur.



Chapter 5 describes the dielectric properties of cerium-doped zeolite
beta. At room temperature, synthesized cerium-doped zeolite beta
and zeolite beta exhibit significant ultrahigh dielectric constants, 26k
and 7k, respectively. The chapter discusses the dependence of AC
conductivity, impedance, and modulus properties of these materials

on temperature and frequency.
Chapter 6 accounts for the significant findings of the research work.

Chapter 7 discusses the scope of further work on metal-modified
nanocrystalline zeolite catalysts in fine chemical synthesis. The
enhanced properties of the metal-modified and hierarchical zeolites
can be a green alternative for synthesizing chemicals. The very high
dielectric constant values of the metal-modified zeolites indicate that

they can be used to develop high-quality dielectric materials.

A comprehensive bibliography is provided at the end of each
chapter.
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Abstract

Nano dimensions unveil a canvas of limitless possibilities.
Decreasing the size of zeolite crystals to nanometer dimensions
improves their characteristics by boosting surface area and
minimizing diffusion path length. Research is focused on preparing
zeolites with dispersed metal ions, especially high-silica zeolites,
which are applauded for their effectiveness as catalysts in various
chemical reactions. The development of hierarchical zeolites with
secondary pore structures has been notable over the last decade.
Additionally, zeolites doped with extra framework cations are found
to exhibit excellent dielectric properties. This study investigates the
fundamental aspects of metals in zeolites and hierarchical zeolite
structures, discussing their applications for catalyzing reactions. The
synthesized zeolites undergo a thorough characterization by FTIR,
XRD, FESEM, UV-Visible spectroscopy, surface area, and surface
acidity measurement. Furthermore, a comprehensive investigation
into the sustainable catalytic reactions facilitated by these metal-
modified zeolites, analyzing how metals in zeolites impact the
selective acetylation of toluene under minimal experimental
conditions. The study showcases innovative strategies for enhancing
the catalytic activity through developing hierarchical porosity in
nanocrystalline ZSM-5 and beta. Adding PMMA during nucleation
minimizes internal defective silanols and successfully creates

hierarchically porous ZSM-5 zeolite. However, the zeolite beta



synthesized with PMMA addition features narrowly distributed
mesopores and microporous structure. This study also evaluates the
effectiveness of hierarchical ZSM-5 and zeolite beta in the selective
acetylation of 2-MON. Improved homogeneity of mesopore
features and active site environments enhances selective catalytic
behavior, highlighting the significance of heteroporous structures in
zeolite catalysis. The study delves into the dielectric characteristics
of cerium-doped zeolite beta employing broadband spectroscopic
methods. The introduction of cerium induces significant variations
in dielectric readings, leading to remarkably high dielectric constants
compared to unmodified zeolite beta. Insights gained from
impedance and modulus analyses contribute to the progression of
zeolite-based charge storage device technologies. The study
suggests that the research could lead to improvements in fixing
defects in zeolites and in making specific organic compounds for
medicines using zeolite catalysts. It also hints at potential uses for
zeolites as dielectric materials. Understanding the dielectric
properties of zeolites provides crucial insights for researchers and

engineers to design applications beyond catalysis.

Key words: Zeolites, Nanocrystalline, Catalysis, Acetylation,
Hierarachical zeolites
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Chapter 1

A Profound Exploration into Metal-Loaded
and Hierarchical Zeolites

Abstract

Nano dimensions unveil the limitless possibilities of ordinary matter
exposing its extraordinary appeal. Reducing zeolite crystals to nanometer
dimensions immensely enhances their properties by increasing the surface
area and shortening of diffusion paths. Research is focused on preparing
nano crystalline zeolites with dispersed metal ions, especially high-silica
zeolites, which are highly regarded for their effectiveness as catalysts in
various chemical reactions. The development of hierarchically porous
zeolites with secondary pore structures have been much sought after
research work by chemists over the last decade. Additionally, an
exploration into the dielectric properties of zeolites with extra framework
cations unravelled the capabilities of it as a capacitor which can lead to an
umpteen number of applications in near future.

This chapter gives an introduction to the fascinating world of zeolites,
fundamental aspects of incorporation of metals in zeolites and the
importance of hierarchically porous zeolites, discussing their applications
in catalyzing reactions. Furthermore, it explores the dielectric and electric
properties of zeolites. This chapter also highlights existing research gaps
and outlines the objectives of the current study.
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1.1 Zeolites: A Comprehensive Journey Through History

Zeolites are naturally occurring crystalline aluminosilicates with
three-dimensional =~ microporous  structures  consisting  of
tetrahedrons of alumina and silica. The first systematic report on the
discovery of zeolite was in 1765 by Axel Fredrik Cronstedt
(Swedish mineralogist); he discovered crystals of the mineral
stilbite and described them as “boiling stones” because of their
ability to retain water within their structures even at high
temperatures for a considerable period. They are highly porous and
can capture water in tiny holes, releasing significant steam when
heated. Therefore, ‘zeolite’ originates from the Greek words zeo (to
boil) and lithos (stone).(1) Analcime, erionite, clinoptilolite,
mordenite, laumontite, and heulandite are the other universally
plentiful zeolites found in alkaline environments of volcanic areas.
Although these materials exhibit exciting properties as catalysts and
adsorbents, they have some limitations because of their structural
irregularities.(2) For better activity, scientists have tried to
synthesize zeolites since 1950. The absence of analytical
instruments, like X-ray diffraction (XRD), led to a large gap
between its discovery and synthesis. However, Robert Milton from
Union Carbide discovered a facile method for synthesizing zeolites
using alkaline aluminosilicate gel. Simultaneously, Richard Barrer
found another effective synthesis strategy at a temperature range
between 60 - 450 °C by using different hydroxides. In 1961, Barrer

and Denny (3) tried the synthesis using organic bases instead of
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inorganic ones. This led to the usage of quaternary ammonium salts

for the synthesis.

As indicated in Figure 1.1, the primary structure has Si or Al
occupying the center of the tetrahedron and oxygen atoms occupying
the corners. A precise structural hierarchy exists in the framework of
zeolites. The tetrahedra of aluminium and silicon oxides are the
primary building units. They are linked through bridging oxygen
atoms leading to the secondary building units. The interconnection
of these secondary building units produces three-dimensional
structures such as cube, hexagonal prism, truncated octahedron,
etc.(4) These tertiary units are interconnected, resulting in the final
hollow quaternary structure encompassing different pores depending
on its constitution. Figure 1.2 illustrates the evolution of the zeolite
framework. Faujasite structures result from connecting three-
dimensional units of truncated octahedra with hexagonal prisms.
Similarly, sodalite is generated by exclusive fusion of tertiary
truncated octahedron units. Zeolite A takes shape through the
arrangement of truncated octahedra with cubic units. The diverse
zeolite structures are distinguished by the varying interconnections

and the different sizes of pores formed.(3,5)
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Figure 1.1. Primary building units of zeolites
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The Structure Commission of the International Zeolite Association
has allotted different codes for each framework type. A three-letter
code is recognized by the International Union for Pure and Applied
Chemistry (IUPAC).(6) Now, almost 230 frameworks are known.
The exciting properties exhibited by zeolites are due to the
replacement of tetravalent silicon with trivalent aluminium. The
charges on the aluminium tetrahedra are stabilized by incorporating
cations into the structure. Open porous systems with cages, voids,
and channels are created by interconnecting the silica and alumina
tetrahedra. These pores are probably of nano dimension and can trap
different cations and molecules such as carbon dioxide, ammonia,

and water.

The zeolites are classified in different ways based on factors such as
silica/alumina ratio (Si/Al), pore size, channel system, etc. They are
categorized as low silica zeolites (Si/Al < 5), medium silica zeolites
(Si/Al varies from 5 to 10), and high silica zeolites (Si/Al >10) based
on the Si/Al ratio. One-dimensional (such as AFI type), two-
dimensional (such as MOR), and three-dimensional (such as MFI)
zeolites are the classifications of zeolites based on the channel
systems. They can also be categorized into extra-large pore zeolites
(formed by more than 12 membered rings with pore diameter 0.8-
1.0 nm), large pore zeolites (formed by 12 membered rings with pore
diameter 0.6-0.8 nm), medium pore zeolites (formed by ten

membered rings with pore diameter 0.45-0.60 nm) and small pore
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zeolites (formed by eight-membered rings with pore diameter 0.30-

0.45 nm).(7) The pictorial representation is given in Figure 1.3.

Figure 1.3. Classification of zeolites

1.2 Synthesis of Zeolites

Synthesis of zeolites is a new era of enduring research since their
applicability is growing enormously. The creation of natural zeolites
takes decades, whereas synthetic zeolites can be prepared within
days. The synthesis process has a history since the 1950s. Scientists
synthesized a wide variety of zeolite frameworks through arduous

effort. Different synthesis routes used for the same are listed below.
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1.2.1 Ionothermal Synthesis

The synthesis of zeolites using ionic liquids is referred to as
ionothermal. The procedure utilizes ionic liquids as both the solvent
and the structure-directing template. The most challenging task after
the synthesis is to remove solvents and templates from the products.
Although the ionothermal method produces good quality crystals
with better control of composition, it has disadvantages such as
severe operating conditions and the creation of toxic chemical

species.(8)
1.2.2 Alkali Fusion Method

In this method, silica and alumina-rich materials from the earth’s
crust or industrial byproducts are decomposed using alkali, resulting
in soluble aluminate and silicate salts. The fused products were
mixed with water at an appropriate temperature for effective
crystallization. Here, the alkali acts as an activator for the
synthesis.(9) Although this method consumes more energy, it gives
birth to high-purity anhydrous zeolites. Moreover, the raw materials
are available cheaply and do not require any purification procedure

before synthesis.(10)
1.2.3 Ultrasound Energy Method

Zeolite with tunable properties can be synthesized using ultrasound
waves with 20 kHz to 2 MHz frequencies. The plan shows a higher

rate of crystal growth and proper distribution of particle size, and it
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does not need any complex facilities. Moreover, the method is
simple, quick, and keeps nucleation under control. Ultrasound
energy permits the quick crystallization of zeolites by generating
active radicals.(11,12) Ultrasonic irradiation of the reacting mixture
imparts the growth and collapse of bubbles, termed cavitation.
Cavitation promotes the purity of crystals and the secondary

nucleation rate.(13)
1.2.4 Microwave-Assisted Synthesis

Applying microwave radiation in the synthesis results in the
formation of zeolite crystals characterized by particle sizes smaller
than 10 nm and exhibiting high purity. The high-frequency electric
field generated by microwaves provides a high temperature for
efficient synthesis.(14) Resonance or relaxation of microwaves leads
to quick heating.(15) Usually, microwave-assisted synthesis is used
with other synthesis methods to reduce the particle size and increase
the nucleation rate. Although different factors affect microwave
methods, such as Si/Al ratio, alkalinity, and temperature, the
advantage of the microwave method is its relatively short time for
synthesis. A patent was claimed in 1988 by Mobil for the successful
synthesis of zeolites using microwave irradiation by considering its

ability to produce tiny crystals with high efficiency.(16)
1.2.5 Sol-Gel Method

It is a process of formation of three-dimensional network structures
from inorganic colloidal suspension. The gelation of this colloidal

suspension is a crucial factor in the synthesis. This method provides
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better control of the pore characteristics and particle size. The lower
equipment cost and convenient operating system make this synthesis
procedure more suitable for zeolites. Several researchers have
adopted this method in conjunction with the hydrothermal or

microwave-assisted method for increasing the crystallinity.(17)
1.2.6 Hydrothermal Synthesis

Hydrothermal synthesis is a well-accepted primary route for zeolite
synthesis. Water is used as the solvent, and a base acts as a
mineralizer.(18) The environmentally benign nature, enhanced
reactivity, low energy consumption, and formation of unique
condensed and metastable phases make this method superior to
others. Moreover, this method produces high-quality zeolite crystals

with proper control over their composition.

Cundy CS and Cox PA (19) delineate the attributes of hydrothermal
synthesis as follows: a mixture of amorphous materials containing
alumina and silica along with a structure-directing species is the
primary medium. When the mixture is heated to a temperature
exceeding 100 °C in a sealed autoclave, the amorphous material
transforms into a crystalline product, passing through a stage
referred to as the "induction period," during which only a minimal
proportion of crystalline products is observed. Subsequently,
crystalline zeolites are generated from an equal mass of amorphous
reactants. The Si-O and Al-O bonds in the amorphous precursors

convert into Si-O-Al linkages in the crystallized zeolite.
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1.3 Properties of Zeolites

The huge success of this fine-tunable novel class of catalysts in
academe and industry is explained by a deep inquiry into its
exceptional properties. The most striking properties that can be listed
are their microporous crystalline structure, high ion exchange
capacity, internal acidity, high thermal stability, high inner surface
area, and tall shape selectivity with uniform pore dimensions, etc.,
which make these zeolites unique among inorganic oxides in their

applications. The properties are depicted in Figure 1.4.

Chemical
stability

Shape

Acidity ,’\_ selectivity

/
Properties
‘ of zeolites
0 Thermal
stability

Surface
arca lon

exchange

capacity

Figure 1.4. Properties of zeolites
1.3.1 Shape Selectivity (Molecular Sieving)

Alumina and silica-alumina combinations had been used widely as
heterogeneous acid catalysts before the induction of zeolites. They
have wide pore diameters ranging from 10 A to 100 A. Since zeolites

have pore diameters of less than 10 A with different-sized pores, they
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have good molecular sieving properties. The sieving efficiency
depends on the number of tetrahedra in a ring. The permeability of
molecules through the pores is subjected to geometric or steric
limitations. Molecules with dimensions smaller than a particular size
can enter and react with the internal catalytic sites that usually reside
within the pores. Moreover, only those molecules that can leave the
pores appear as final products. Shape selectivity can be categorized
based on the interaction of reactants, products, and reaction
transition states with the pore system.(20) Examples of shape-

selective reactions are represented in Figure 1.5.

» Reactant selectivity

Only those reactant molecules that can diffuse through the internal

catalyst sites proceed to product formation.

> Product selectivity

Only molecules of a specific size and shape that can leave the pore
system appear as products. When some of the molecules formed
within the pore are too bulky to exit from the pore, they deactivate
the catalyst by pore blocking or are converted into less bulky

molecules.

> Restricted transition-state selectivity

This type of selectivity is observed in those reactions where the
reactants and products do not face any accessibility restrictions in
the pores, but the formation of the transition state is restricted. The

reaction proceeds through the pathway that has a transition state that

10
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fits in the pore system. The products obtained from transition states
bigger than the pore system are not obtained as such transition states

are restricted by the pore system.

> Molecular traffic control

Molecular traffic control occurs in zeolites having more than one
type of pore system in different directions. Here, starting materials
can enter the catalytic sites through a pore system, while products
can diffuse through another type of pore system in another direction.
The deployment of different pore systems in different directions thus

minimizes counter diffusion.

M—ﬁﬂ;

s, o ij I[/ ::::\.\,;}.]—-I oo

Reactant Selectivity Product selectivity

Transition state selectivity Molecular traffic control

>

Figure 1.5. Shape-selective reactions and molecular traffic control

1.3.2 Ion Exchange Capacity

Negative charges are developed on the zeolitic framework by
substituting silicon with aluminium atoms. They are neutralized by

acidic protons bonded to the oxygen or by other cations. Moreover,

11
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these protons or cations can be exchanged by other cationic species.
When the cationic species are transition or rare-earth elements, the
zeolites become catalytically superior.(21) The higher cation
exchange capacity and excellent environmental adaptability make
zeolites the most critical inorganic cation exchangers and effective
adsorbents in water treatment. They can challenge other industrial
cation exchange resins in the treatment of wastewater. The cations
on the zeolite drop out of their sites and are replaced by other cations

from the electrolytic solution when it comes into contact with it.(22)
1.3.3 Surface Area

One of the most striking properties of zeolites is their high surface
area and pore characteristics. Different synthesis procedures
generate zeolites with peculiar arrangements of fundamental
building units, leading to various pore systems and varying surface
areas.(23) Pores of molecular dimensions are responsible for the
adsorbing of molecules. The presence of inherent micropores
produces some diffusion constraints when applied to specific
reactions. Introducing heteroporosity fixes the problems posed by
diffusion constraints in micropores. Furthermore, different
functional groups, acid sites, and active ions are incorporated at the
zeolite surface, permitting catalytic conversion of bulkier guest

molecules.(24)

12
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1.3.4 Lewis and Bronsted Acidity

Another versatile property of zeolites is their resourceful acidity. The
acidity makes it very attractive in various genres of reactions. The
neutralization of negative charges in the zeolite framework is
affected by protons produced by the dissociation of water molecules
and the hydroxyl groups subsequently get attached to the aluminium
atoms. Such protons bring about proton donor acidity or Bronsted
acidity. The electron-accepting acidity or Lewis acidity is created by
removing occupied water molecules via high-temperature treatment.
Now the tetravalent aluminium converts into trivalent. The vacant
orbital made in the aluminium can act as a Lewis acid center.(25)
The schematic representation of Lewis and Bronsted acidity is

depicted in Figure 1.6.
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Figure 1.6. Representation of acidity of zeolites
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1.3.5 Chemical and Thermal Stability

The excellent thermal stability of zeolites is, undoubtedly, one of the
main factors in their selection as catalysts for high-temperature
processes. Temperatures as high as 650 °C have no impact on most
zeolites. The thermal stability of zeolites with a high Si/Al ratio is
as high as 1000 °C.(26) Zeolites may be thermally regenerated by
burning carbon deposits at 600 °C.(4) When zeolites are heated past
the point of dehydration, the degree of structural order is not
substantially affected; their thermal stability may be assessed by
examining the stability of the geometry of the crystal lattice.(27)
Zeolites are assumed to remain stable when exposed to water or
water vapor in a natural setting. However, high water vapor pressure,
acidic surroundings, or basic environments can entirely or partially

destroy their crystalline structure.(28)
1.4 Applications of Zeolites

Zeolites exhibit distinctive features like high selectivity, efficient
adsorption, and ion exchange capabilities, excellent hydrothermal
stability, adjustable acidity and polarity, and low manufacturing
costs, making them the most applicable materials for various
industrial applications. Zeolites offer a green route for the synthesis
of many materials as they are an excellent replacement for corrosive
mineral acids. Such sustainable technologies are used for different
applications such as removing radionuclides, producing hydrogen,

post-treatment of exhaust from vehicles, converting and capturing

14
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carbon dioxide, converting biomass, separating oil and water
etc.(29) Demand for zeolites is rapidly growing in the petrochemical
industries and refineries. Zeolites have efficiently replaced
traditional thermal cracking methods as they result in better yields
and better product quality at a smaller cost. Zeolites act as
bifunctional catalysts, i.e., combining the functions of a cracking
catalyst and playing the role of a hydrogenation component, leading
to 100% conversion of heavy crude oil fractions. The efficiency of
zeolites has also been proven for the conversion of methanol using a
two-bed process into high-quality, aromatics-rich gasoline and

olefins.

Large-scale acid-catalyzed organic syntheses like selective
alkylation of aromatics are done in the gas phase. Compared to the
conventional homogeneous catalysis approach in which AICl; is
used as the Friedel-Crafts catalyst, this procedure has several
economic and environmental advantages like 95% heat recovery at
a reaction temperature of 400 °C, little difficulty in separating and
recovering the catalyst, ease of renewability, absence of corrosion-

related issues, and no waste disposal concerns.(4)

Numerous forms of zeolites have been used as catalysts in reactions
like hydrocracking, hydrodimerization, catalytic dewaxing, etc. The
wide variety of specific catalytic applications becomes possible due
to the combination of acid sites and pore size in favorable amounts.
Zeolites are utilized in automobile catalytic converters to reduce

nitrogen oxide (NOx) emissions and thus it has become an
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indispensable part of the DENOX process. The pharmaceutical
industry also evaluates zeolite catalysts for fine chemical
synthesis.(30) Zeolites are efficient substitutes for phosphates in
laundry detergents, making them crucial in the detergents sector.
They act as excellent soil conditioners to retain water in the soil and
are also added to fertilizers to enable nutrient availability. To sum it
up, zeolites play a vital role in broad areas such as catalysis,
adsorption, ion exchange, environmental remediation, detergent and

cleaning products, and food and agriculture sectors.
1.5 High Silica Zeolites

High silica zeolites have a Si/Al ratio of more than 3:1. The high
silica concentration makes them more robust and resistant to
chemical deterioration at high temperatures and in acidic
environments, making them suitable for a wide range of industrial
applications. They are frequently employed as catalysts in the
petroleum sector for processes such as hydrocracking, isomerization,
and alkylation, as well as in chemical manufacturing sectors. They
can also be used for gas/liquid separation and adsorbents in air
purification. High silica zeolites are adsorbent materials with high
thermal stability and low hydrophilicity. FER, MFI, TUN, MWW,

and BEA are examples of high silica zeolites.
1.5.1 ZSM-5

Argauer and Landolt synthesized a beneficial variety of zeolites

called the ZSM-5 (Zeolite Socony Mobil-5), which Mobil Oil
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Corporation patented in 1972. These zeolites were originally made
available as petrochemical catalysts by Mobil Group. Its chemical
formula is NanAlnSig6.10192.16H2O (0<n<27). The framework
structure of ZSM-5 is built up of pentasil blocks (Figure 1.7).(31)

The structure is defined by the arrangement of six smaller building
units (Figure 1.8 a), which then combine to form larger pentasil-like
structural units (Figure 1.8 b). The configuration of these chain
groups (Figure 1.8 c¢) results in the development of layers of
tetrahedrons (Figure 1.8 d), resulting in the typical porous nature of
ZSM-5 zeolites. The organization of the secondary building units
produces a microporous framework consisting of straight channels
interconnected by sinusoidal channels within the MFI zeolites. The
straight [010] channels have elliptical apertures with 10-membered
rings with 0.51 x 0.55 nm in internal diameter. The sinusoidal [100]
channels have an inner dimension of 0.54 x 0.56 nm and are

surrounded by a circular 10-member ring.(6,32)

Figure 1.7. Pentasil building unit of ZSM-5
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(a) (b) (c) (d)

Figure 1.8. (a) Secondary building unit of ZSM-5 (b) Pentasil units
(c) Tertiary units: chain type arrangement of pentasil groups (d)
layers of pentasil units

1.5.2 Zeolite Beta

Wadlinger et al. were the first to synthesize zeolite beta (1967).
Zeolite beta is the first high silica zeolite (Si/Al = 10 to 100) and the
framework type in it is referred to as BEA structure. BEA structure
generally refers to uniform large pored high silica zeolite with a
unique interconnected network of channels and cages. The structure
is synthesized using tetracthyl ammonium cations as an organic
template in a gel containing alkali metals. The typical formula for

zeolite beta is Nay [AlxSis4-nO128], where n = 7.

Lohse U et al.(33) synthesized zeolite beta using tetracthyl
ammonium ion (TEA™) cation. The ion-exchange process on zeolite
beta at 25 °C demonstrated the ability to exchange cations into the

pore system that are large enough up to the size of TEA". This result
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suggests that the channels in zeolite beta have at least 12 fused rings

surrounding them.

An intergrowth structure of different but distinct closely related
polymorphs i.e. polymorph A and polymorph B are commonly found
in zeolite beta. Several stacking sequences from a single
centrosymmetric layer are used to produce these polymorphs. The
centrosymmetric 2-dimensional layer is formed by expanding 16 T-
atoms in the plane in two directions via a 12-membered ring structure
in a secondary construction unit. The top and side views are

schematically represented in Figure 1.9.(34)

Figure 1.9. Secondary building unit (a) top view (b) and side view
(c) of centrosymmetric layer of zeolite beta

The straight channels have elliptical apertures, while the sinusoidal
channels have circular openings. The pore size of the consecutive
channels is the only distinction between polymorphs (a) and (b). The

openings of the straight channels are 6.0 x 7.3 nm in the tetragonal
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system and 6.8 x 7.3 nm in the monoclinic system. The view of the

zeolite beta framework along [100] is depicted in Figure 1.10.(35,36)

Zeolite Beta: Polymorph A Zeolite Beta: Polymorph B

Figure 1.10. Schematic representations of the zeolite beta structure
1.6 Metal Ions in Zeolites

The capacity of zeolites to take part in ion-exchange processes is one
of their key characteristics. As previously indicated, the
isomorphous replacement of silicon with aluminium atoms produces
negative charges on the zeolite lattice, which are typically balanced
by Bronsted acidic protons as well as other exchangeable cations
(Na*, K", Mg*", and others) in the zeolite matrix channels or cages.
Replacing them with transition metal ions can significantly alter the
chemical characteristics of zeolites, making them energetic and

effective.(37)

It is a common practice to modify zeolites with various metals to
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create materials with multiple applications. Ion exchange and wet
impregnation are the approaches most frequently employed to
incorporate metals into zeolites. Wet impregnation is used for high
silica zeolites with lower cation exchange sites. It is employed to
obtain the desired metal concentrations. Small amounts of solutions
containing the desired quantity of metal are typically used for the
wet impregnation of zeolites. The slurry is equilibrated for even
distribution of cations across the zeolite surface and subsequent
solvent removal by rotary evaporation is done. Controlling the
amount of metal in the zeolite is simple because no washing process
is involved. Despite being widely used, according to reports, most
impregnation causes more significant agglomeration of metal

particles.

The cation substitution by ion exchange process is usually done by
immersing zeolites in a solution that contains the target metal ions.
Then the process is repeated to attain a significant degree of
substitution. Then it is thoroughly washed to eliminate the excess
metal salt trapped inside the pores of zeolites. The cations occupy
the charge-compensating sites by coordinating with the surface
oxygen as a result of high-temperature treatment. The cations are

uniformly distributed through channels using this technique.(38)

1.6.1 Modification of Zeolite Beta and ZSM-5 for Refinery
Applications

Zeolite beta and ZSM-5 have been modified with alkali, alkaline
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earth metals, transition elements, noble metals, and their compounds
to enhance the catalytic properties for petrochemical applications.
The most common reactions are fluid catalytic cracking,
hydrocracking, dewaxing, aliphatic alkylation, reforming,
hydrogenation, aromatization, oxidation, biomass-transformation,
isomerization, oligomerization, transformation of aromatics and

conversion of methanol to hydrocarbons, etc.

Due to their unique chemical characteristics, such as their capacity
to store and release oxygen in molecular sieves, skeletal, thermal,
and hydrothermal stability, etc., metal-exchanged zeolites are also
very effective catalysts or catalytic promoters. Zeolite beta was
modified by Gnanapragasam S et al.(39) using La, Ce, Ga, and Zn.
Transition metals in trace quantities affect the characteristics of
zeolitic frameworks and trigger redox activity. However, the extreme
acidity produced by the modification catalyzes side reactions.
Hexane isomerization and cracking on zeolite beta modified with
LaxO; and CeO: have excellent potential for isomerizing linear
alkanes to branched alkanes. The prevention of coke deposition is
also observed by modifying zeolites with rare earth oxides, which
leads to novel, long-lasting solid catalysts.(40) Dalla Costa BO et
al. (41) converted glycerol to acrolein using zeolite beta-containing
lanthanum. The production of acrolein was found to be higher at
lower temperatures and so was the selectivity of the catalyst. The
enhanced activity of zeolite beta-containing lanthanum is attributed

to the creation of new acid sites.
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The incorporated cation plays a vital role in catalyzing distinct
reactions. Pt and Pd on zeolite beta efficiently catalyze the
hydrogenation of toluene. Here the zeolite acts as a bifunctional
catalyst, i.e., the catalytic support aids in the adsorption of toluene
on the acid surface and the metallic component serves as a sites for
hydrogen adsorption.(42) The ring-opening of bicyclic molecules is
an essential reaction in industry. Zeolite beta modification with Ru
increases its Bronsted acidity and encourages isomerization and ring
opening of decalin.(43) The Ru and Pt doping of zeolite beta
significantly enhances the yield of diethyl ether during the catalytic
dehydration of ethanol and here the catalyst acts as a chemical
promoter. The presence of ideal weak acid sites leads to the higher
intrinsic activity of the catalysts, resulting in increased diethyl ether
yields.(44) Pd nanoparticles supported by zeolite beta showed 100%
oxidation of naphthalene to carbon dioxide. In this case, the porosity
of the catalyst is related to the increased activity of beta catalysts.
They discovered that the capacity of the catalyst to oxidize
naphthalene is correlated with its apparent surface area. It is
generally known that zeolite beta has an exceptionally high exterior
surface area because of the intergrowth of two polymorphs in its
structure. As a result, achieving complete oxidation of naphthalene
to CO2 is possible at lower temperatures using Pd-based

nanoparticles supported by zeolite beta.(45)

Copper and magnesium were incorporated into zeolite beta to enable

the etherification of fluidized catalytic cracking of gasoline and it

23



Chapter 1

promotes the reduction of olefin and improves ethanol
conversion.(46) Aho A et al. (47) tried the upgradation of pine wood
oil using iron-modified zeolite beta. Compared to non-catalytic
pyrolysis, the deoxygenation processes over the modified zeolites
were more pronounced. High-silica zeolite beta treated with Zn was
found to be a good catalyst for the aromatization of light alkanes.
The mechanism of the enhanced aromatization depends on the
presence of metal sites and Bronsted acid sites available for C-H
activation. The presence of metal species has a significant impact on
the activation of the C-H bond by Bronsted acid sites, as shown by
H/D exchange experiments of alkanes with Zn-modified zeolite
beta.(48) Transformation of acetone into hydrocarbons was done by
Cruz-Cabeza AJ and coworkers (49) using zeolite beta with different
metal cations such as Cr, Mn, Fe, Co, Cu, Ni, Zn, Al, and Pb. New
Lewis acid sites were produced while the Bronsted acidity was
reduced by the ion exchange process, especially for medium- and
high-strength sites. The samples that were exchanged with Co**,

Ni%*, and Cu?* had the largest populations of Lewis sites.

Many processes have benefited from the active catalytic properties
of transition metals supported on zeolite ZSM-5. The characteristics
of the metals and the acidic zeolite sites affect the efficiency and
selectivity of the catalyzed reactions. Platinum on zeolite is a very
effective and stable catalyst for hydrocracking, hydroisomerization,
and hydrocarbon reforming. Treesukol P et al. (50) explored the
interaction between platinum atoms and H-ZSM-5 highlighting the
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crucial function of the acid site of zeolite in the catalytic process.
They identified two distinct interactions. Firstly, platinum bonds
with zeolitic oxygen, prompting electron transfer from H-ZSM-5 to
the platinum atom. Secondly, electron transfer from the platinum
atom to the acidic proton of H-ZSM-5 resulting in electron
redistribution within the platinum atom. HZSM-5, modified with
cerium oxide and tungsten hydride, exhibits enhanced activity in
converting methanol to hydrocarbons. Additionally, it enhances the
transformation of residual fluid catalytic cracking gas into propylene
and paraxylene.(51) Catalytic cracking of naphtha was attempted
using Ce and Zr-loaded HZSM-5. The number of weak acid sites was
shown to rise in the Zr-loaded HZSM-5, whereas the number of
strong acid sites remained the same. On the other hand, in the Ce-
loaded sample, the number of both strong and weak acid sites
increased. The increase in acid sites was found to be prominent by
the separate loading of Ce and Zr than by the simultaneous loading
of both metals.(52) The adsorptive removal of thiophene from
benzene is achieved using ZSM-5 zeolite loaded with Ce, La, Ag,
and Ni.(53)

1.6.2 Modification of Zeolite Beta and ZSM-5 for

Pharmaceutical and Chemical Applications

Zeolite beta and ZSM-5 have been altered to catalyze diverse
organic processes in the chemical and pharmaceutical sectors.
Adding specific elements or groups leads to notable enhancements

in qualities such as reactivity, selectivity, and acidity.
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Zeolite beta is employed as catalysts for the Fries rearrangement of
phenyl acetate. This reaction yields hydroxyl acetophenones, a
crucial pharmaceutical and fine chemical intermediary. The bivalent
cations like calcium and zinc occupy the charge-compensating sites
in zeolite beta, which requires only one positive charge. The
resulting excess charge is indirectly compensated through
electrostatic interaction with the surrounding bivalent cations
leading to the formation of bridged cation-oxygen species.(54)
Yadav MK et al. (55) used rare earth and transition metal ions,
including lanthanum, silver, cerium, cobalt, iron, manganese,
copper, nickel, strontium and zinc-modified zeolite beta to study the
hydration and acetylation of limonene and o-pinene. This study
demonstrates that the increased Bronsted acidity catalyzed the
hydration and acetylation reactions. Thakur R et al.(56) investigated
the feasibility of transalkylation of toluene over cerium-modified
zeolite beta kinetically. The exchange of monovalent cations for
polyvalent cations results in the creation of concentrated acidic sites
rather than distributed acidic sites, which enhances the activity of

modified zeolite.

Kareem M et al. (57) used ion-exchanged HZSM-5 in the
disproportionation reaction of toluene to produce benzene and p-
xylene. H' ions of ZSM-5 are exchanged with Ni, Cr, Mg, Bi, and
Zn ions during the ion exchange process. The Ni-exchanged catalyst
exhibited maximum conversion and selectivity to p-xylene when
compared to Mg and Cr-exchanged ZSM-5. The poor performance

of chromium-exchanged zeolite is ascribed to the superior oxidizing
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ability of Cr, which oxidized the coke built up on the surface of the
catalyst and reduced the size of the pore mouth responsible for
selective diffusion. However, the utilization of Cr-ZSM-5 as a
catalyst can facilitate the oxidation of alcohols and benzylic
methylene groups using t-butyl hydroperoxide. Several secondary
benzylic alcohols may be converted using extremely little Cr-ZSM-
5 and aqueous t-butyl hydroperoxide in toluene. Chromium partially
leaches out while heating Cr-ZSM-5 in toluene with t-butyl
hydroperoxide. The leached chromium is re-adsorbed onto the
zeolite when the system is cooled to room temperature.(58) Co**
exchanged beta and ZSM-5 zeolites have been used to epoxidate
styrene and a-pinene in air.(59) Formylation of amines is a valuable
process in synthetic organic chemistry because formamides are
helpful intermediates in synthesizing several pharmaceutically
essential molecules. According to Tajbakhsh M et al., (60) copper
oxide nanoparticles supported on HZSM-5 zeolite effectively

synthesize formamides by increasing its Lewis acidity.

The Strecker synthesis is a method for producing amino nitriles,
which are adaptable intermediates for the hydrolysis of nitriles to
produce amino acids. The strong and weak acid sites decrease in
quantity and increase in strength by ion exchanging with tin. Tin ions
by their polarising and inductive effects weaken the OH bonds of
bridging hydroxyl groups and hence increase the acidity.(61)
Niobium oxide-modified zeolite beta samples improve the alkylating

capacity of resorcinol.(62)

Zeolite beta and ZSM-5 treated with Cu (I) or Sc (III) are effective
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catalysts for cycloadditions, multicomponent processes, and
Mukaiyama-type aldolization. The incorporation of scandium
initiates intense Lewis acidity that can stimulate various organic

processes.(63)

1.6.3 Modification of Zeolite Beta and ZSM-5 for Pollution

Abatement

Selective Catalytic Reduction (SCR) and breakdown of NOx
(DENOX) are the two inevitable processes taking place in an
automobile to protect the environment. Several attempts have been
made for the removal of NOx and SOx using many metals modified
by ZSM-5 and zeolite beta. [ron-modified ZSM-5 and beta are well-
known efficient catalysts for NoO breakdown and the SCR of NOx
by ammonia. Only a tiny portion of cationic sites in beta-zeolite are
occupied by active Fe**. Hosting Cu®* in the vacant cationic sites
enhances the reducibility of iron in the Cu-Fe/ZSM-5
catalyst.(64,65) Additionally, Fe-ZSM-5, modified by noble metals
(Pt, Rh, Co, and Pd), are found to be effective catalysts for Selective
Catalytic Oxidation (SCO) of ammonia with O to generate NO,
N0, and Ny, and the oxides are subsequently reduced to N».(66—68)

Zeolite beta, supported by copper, iron, and cerium, is one of the
most effective catalysts for the urea/NH3-(SCR) process. The type of
copper species in the catalyst is responsible for this superior activity.
Copper can be found in the matrix as CuO clusters or as Cu (II)

species. The Cu (II) ions support strong NOx conversion to NO at
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high temperatures and CuO clusters are responsible for the reduction

of NO at low temperatures.(69)

Gao F et al. (70) studied the catalytic activity of aged zeolite Fe-beta
for fast NH3-SCR and oxidation of NO. Another study on Ag/Cu
modified ZSM-5 revealed that NOx decomposition by the
Ag(I)/ZSM-5 catalyst happens more quickly than that by the
Cu(I)/ZSM-5 catalyst. The remarkable chemical stability of silver
ions and their efficient interaction with NO in its excited electronic
state are responsible for this observation.(71) Another comparison of
the activities of Cu/La exchanged ZSM-5 shows that Cu/ZSM-5
matrix exhibits more activity for SCR of NO than La/ZSM-5 and
HZSM-5.(72,73)

Odorous emissions may significantly impact the quality of life. As a
result, treating gaseous emissions is a crucial step in safeguarding
the environment and the general population. Szynkowska and
colleagues (74) investigated the oxidation of the pungent nitrogen-
containing chemical, trimethylamine, using the zeolites ZSM-5 and
beta, modified with Cu. It was demonstrated that Cu/ZSM-5 has

excellent oxidizing power.
1.7 Nanocrystalline Zeolites

Nanocrystalline zeolites are materials characterized by crystal
dimensions smaller than 100 nm. Reducing the crystal size
diminishes the diffusion path lengths and increases the ratio of the

external surface area to the total surface area of the zeolite. This
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makes the active sites on the external surface more accessible
compared to those inside the zeolite pore network.(75) Particle size
reduction shortens diffusion paths, increases catalyst activity, and

prolongs catalyst life.
1.7.1 Synthesis of Nanocrystalline Zeolites

Nanoscale zeolites are synthesized by a hydrothermal method
similar to conventional micron-sized crystals. Synthesis occurs
within sealed containers without the introduction of additional
reactants. The final crystal size is regulated by the number of nuclei
in the system, emphasizing the critical role of nucleation. Abundant
nucleation results in tiny crystals, whereas a scarcity of viable nuclei
leads to the formation of larger crystals.(76) The process of
nucleation has been thoroughly investigated by the scientific
community. According to Larsen SC (75), the lower synthesis
temperatures promote nucleation over crystal growth. Apart from
hydrothermal synthesis, supercritical fluid-assisted crystallization
can also be used for synthesizing nanocrystalline zeolite beta, which
has several technological benefits for chemical engineering and
separation technology.(77) To synthesize nanocrystalline zeolites,
various techniques involving the use of different structure directing
agents, different sources of silica viz. silica gel, cellulose, dextrose,

rice husk, etc. may be used.(46,78-85)
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1.7.2 Modification of Nanocrystalline Beta and ZSM-5

If the crystal size is decreased to nanoscale, it may drastically change
the physicochemical properties of zeolites. Exchanging the acidic
protons within the channels of nanocrystalline ZSM-5 zeolites with
diverse metal cations has the potential to redistribute the relative
count of Bronsted and Lewis acid sites on the catalyst. Additionally,
this process can lead to modifications in the effective pore
characteristics.(86) Several factors such as textural characteristics,
acid strength, and metal concentration determine the efficiency of
the metal-modified nanocrystalline catalysts. It is crucial to locate
the active site and understand the reaction mechanism in the metal-
containing catalysts since doing so might hasten the development of
more effective heterogeneous catalysts for this procedure. The
catalytic qualities of the metal-modified catalysts will rely on some
of these parameters, including the type of metal ion, coordination
number, oxidation state, location on the support, and method of
production. Metal-modified nanocrystalline zeolites can take up the
dual role of a catalyst and also of an additive. One of the advantages
of using nano-sized zeolite catalysts is the selectivity imparted.
Nanocrystalline zeolite beta with Mo-Ni and W-Ni were employed
in the hydrodesulfurization and hydrodearomatization processes in
the petroleum refinery. These catalyzed processes yielded greater
amounts of the desirable liquids while considerably reducing the
undesirable gaseous products. This can be partly explained through

the short diffusion route and the higher concentration of active sites
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on the outside, which serve to inhibit secondary cracking of the
product molecules. Similarly, the superior external surface area of
the nanocrystalline HZSM-5 zeolite containing Mo and Ni resulted

in better activity in the catalytic conversion of rapeseed 0il.(87,88)

Rather than employing metal as extraframework cations in zeolite
beta, researchers have dealuminated =zeolites to incorporate
tetrahedrally coordinated metal as Lewis acid catalysts for various
redox reactions. Chang CC and colleagues (89) introduced a facile
seeding technique to produce beta nanocrystals containing tin by
effectively reducing the crystallization time. The resultant zeolite
beta, infused with tin, demonstrates significant catalytic activity in
facilitating the isomerization reactions of pentose, triose, and hexose

sugars.

The addition of rare earth elements and transition metals into
nanocrystalline ZSM-5 introduces supplementary functionalities,

which has garnered growing interest in research.

The incorporation of cerium into ZSM-5 could improve thermal
stability, potentially at the expense of reducing the strength of acid
sites. The decrease might be due to dealumination in the ZSM-5
structure and the dehydroxylation of Bronsted sites caused by
elevated calcination temperatures. Additionally, the leaching of
strong acidic sites could reduce coke formation and enhance the
overall stability of the catalyst.(90) Another study shows that CeO>

nanoparticles applied onto high surface area nanocrystalline ZSM-5
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are effective for the electrochemical oxidation of methanol. The
electrocatalytic activity is attributed to the interconversion of the
oxidation state of cerium induced by the application of low
potential.(91) Incorporation of iron into nanocrystalline ZSM-5
results in the coexistence of various Fe species within the zeolite
structure, including isolated Fe**, small oligomeric FexOy clusters,
and large Fe;Os particles. This leads to zeolites with smaller
crystallites, wider pore sizes, and shorter diffusion path lengths.
Moreover, the acid strength is enhanced through the formation of
new acid sites. These factors collectively contribute to the improved
catalytic activity observed in the conversion of methanol to
gasoline.(92) Ion exchange of silver with nanocrystalline ZSM-5 is
used as a bio-implant material by coating with hydroxyapatite. The
augmented external surface area of silver exchanged nanocrystalline
ZSM-5, along with its abundance of surface silanol groups,
contributes to improved interaction with hydroxyapatite. Moreover,
the heterogeneous distribution of silver ions promotes the
heterogeneous growth of hydroxyapatite within the nanocrystalline

ZSM-5 matrix.(93)

By employing wetness impregnation, metallic species are introduced
into nanocrystalline ZSM-5, ensuring a favorable dispersion of
metals. This dispersion is facilitated by the ample external surface
area provided by the nanocrystalline zeolitic support. The
introduction of zinc into nanocrystalline ZSM-5 induces notable

alterations in its textural and acidic characteristics. These changes in
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acidity result from the emergence of new acid sites.(94)
Heteroatomic nanocrystalline ZSM-5 has been synthesized by
integrating metals like Ce and La into the framework sites of
zeolites, specifically to the tetrahedrally coordinated Si or Al sites.
The multiple pH-adjusting synthesis yields hydrothermally
incorporated Ce/La ZSM-5. These metals can exist in the form of
hydroxides under basic conditions, thus facilitating their
incorporation into the zeolite framework. The synthesized Ce/La-
ZSM-5, according to observations, have an unusual microsphere
morphology made wup of several cubic prism-shaped

nanocrystallites.(95)
1.8 Hierarchical Zeolites

Once zeolites were limited to the concept of microporous
aluminosilicates, but over time they have evolved significantly
through extensive modifications. Zeolites with at least one additional
level of porosity, in addition to the intrinsic micropore system that
characterizes zeolites, are referred to as "hierarchical zeolites.”
Different strategies for adjusting heteroporosity have been
conceptualized as a result of the great demand for hierarchically
porous zeolites in a variety of applications.(96) The techniques for
synthesizing hierarchical zeolites are broadly classified as

destructive and constructive methods (Figure 1.11).
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Destructive strategy
# Desilication

7 Dealumination

» Irradiation

[ —

Constructive strategy

» Templating methods

# Silanization

¥ Crystallizationon
amorphous materials

» Structuring of zeolites

Microporous zeolites Hierarchical zeolites

Figure 1.11. The different methods for the synthesis of hierarchical
zeolites

The destructive method is a widely used top-down approach,
involving the dissolution of framework atoms and the creation of
mesopores by breaking down pre-existing microporous zeolites. The
primary techniques employed are desilication and dealumination.
Desilication typically involves the use of sodium hydroxide in the
presence of quaternary ammonium cations and ammonium fluoride
to remove silicon atoms. Dealumination, on the other hand, utilizes
compounds like ammonium hexafluorosilicate, oxalic acid, and
silicon tetrachloride for the removal of aluminum atoms. Despite
their ease of use in industry, both dealumination and desilication
methods have certain drawbacks, such as the formation of irregular
mesopores through partial dissolution of the framework and entails
substantial loss of zeolite material. Another destructive method is
through irradiation, employing high-energy heavy 2**U ion beams,
followed by treatment with HF to induce amorphization in zeolites,

resulting in the formation of a secondary porous structure.
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Constructive methods focused on synthesizing hierarchical zeolites
are some of the most innovative techniques in this field. Researchers
have investigated templating methods aimed at generating secondary
porous structures. The term templating is described as the use of
macro or meso pore-generating substances to direct the formation of
the additional porosity desired. Such exo templates are mixed with
micropore directing template and silica-alumina precursor during the
crystallization of zeolites. Hard templates such as caramel, beach
wood, starch, carbon materials, and various polymers have been
employed to introduce secondary porosity. Additionally, soft
templates like cationic polymers and ionic liquids have proven to be

effective in producing hierarchical zeolites.(97-100)

The investigation into the development of hierarchical porosity in
nanocrystalline zeolites is of significant importance. Templating
methods have been effectively integrated, with particular emphasis
on the design of nanocrystalline hierarchical zeolites. In the presence
of a surfactant such as cetyltrimethylammonium bromide (CTAB),
microporous zeolites are subjected to acid and basic treatments,
which enable the controlled introduction of intracrystalline
mesoporosity in zeolite beta. However, this approach initiates
desilication and dealumination on the external surface and grain
boundaries of ZSM-5 and zeolite beta.(101) Zeolite beta with a
hierarchical structure was synthesized using silanized protozeolitic
nanounits through the application of phenylaminopropyl-

trimethoxysilane and CTAB. Examination of this material unveiled
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a reduction of zeolitic crystallinity, yet it exhibited a significant
degree of mesoporosity.(102) The facile approach for synthesizing
nanocrystalline hierarchical silicalite-1 and beta, utilizing styrene
butadiene rubber without the need for an aging process, yielded a
high-quality long-range macropore arrangement. The existence of
macropores within the hierarchical zeolite results in enhanced
conversion rates during the acylation process of anisole.(103,104)
Hydrothermal synthesis of nanocrystalline hierarchical ZSM-5 in the
presence of polydiallyldimethylammonium chloride resulted in
pores of larger dimensions while preserving the crystal size and
crystallinity to a considerable extent. The synthesized material
demonstrated effectiveness in the selective alkylation of phenol with
cyclohexene.(105) The utilization of Triton X-100 as a mesopore
template in the synthesis of hierarchical ZSM-5 yields disc-like
zeolite nanostructures with added mesoporosity while preserving the
microporosity. The resulting ZSM-5 showed excellent activity in the

selective oxidation of benzyl alcohol.(106)
1.9 Defects

Defects that are prevalent in solid materials can be classified into
four types: point defects, linear defects, two-dimensional defects,
and volume defects. Point defects such as vacancies and impurities,
enhance internal energy while decreasing structural stability. Linear
defects, such as dislocations, weaken crystals and disrupt bonds.
Volume defects, such as precipitates, inclusions, fractures, voids,

and pores, impact solid characteristics during production, whereas
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two-dimensional defects affect mechanical strength and chemical

reactivity.

Defect sites have an essential role in determining the stability and
performance of high silica zeolites. A defect is a change in the
crystalline structure that disrupts the ideal symmetry expected from
the periodic arrangement of TO4 building units. Networks containing
only SiO4 units are neutral networks whereas, the presence of AI**
in a Si*" oxide (O*) network provides a negative charge on the
framework that has to be neutralized by an extra-framework positive
charge. When the extra-framework positive charge, i.e. a proton
connected to oxygen in the Si-O-Al bond, becoming Si-O(H)-Al,
leads to the production of Bronsted acid sites, also referred to as
bridging hydroxyls. such defects initiate the origin of remarkable

properties.(107,108)

Silanols (Si-OH) are defects in the internal or exterior structure of
zeolites. While external silanols are necessary to satisfy the valency
of oxygen atoms after crystal formation ceases, internal silanols are
often the result of unbalanced charges in the zeolitic framework.
These silanols have a lower acid strength than the Bronsted acid

sites.

Isolated silanols are frequently found near crystal terminations.
Other defects caused by the absence of one or more T-O-T bonds
include geminal, vicinal, bridging silanols, and clusters. Their

configurations can also change somewhat due to clustering, as
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shown in silanol nests generated by a vacancy caused by a missing
T atom. Defects provide an alternate method for compensating for a
charge imbalance in the zeolite structure. They are produced by (i) a
variety of synthetic processes, the kind and quality of the reagents,

and (i1) post-synthesis treatments applied to the zeolite.

Typically, zeolites are synthesized at high pH utilizing hydroxide
ions as mineralizing agents. However, it is widely known that this
causes defects in the zeolites. Conversely, the production of zeolites
may be performed at near-neutral pH utilizing fluoride ions as
mineralizing agents. Defects are not observed in this situation.
Defects also result from the dissolution of zeolite crystals. The Si/Al
ratio, temperature, and leaching period play essential roles in crystal
dissolution in zeolites. The presence of aluminium in the framework
reduces crystal dissolution by providing a negative charge. This
charge can shield aluminium-rich materials from hydroxide ion
attack. As a result, zeolites with low Si/Al ratios are generally well
protected from defects due to dissolution. The production of soluble
ionic species also increases leaching at high pH levels. Furthermore,
defects in catalysts can occur during catalytic processes. It is well
known that zeolite framework defect locations are prone to retaining
coke precursors. As a result, defects are frequently seen as degrading
the fundamental zeolite qualities. This results in the destruction of

active sites and the cessation of activity.

The research works associated with the generation and healing of

defects are reviewed below.
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Prodinger S et al. (109) investigated the effects of treating a
silylating chemical, trimethylchlorosilane, with BEA zeolites
containing well-defined silanol nest concentrations to selectively
eliminate silanol defects. The defect sites in the Ga/ZSM-5 were
annealed by ammonium hexafluorosilicate treatment, indicating that
mesopore formation and reducing defects in zeolites are highly
beneficial for delaying catalyst deactivation.(110) Qin Z et al. (111)
used oxalic acid and ammonium fluoride to create point defects in
mordenite zeolite crystals. It is discovered that inherent defects cause
the extraction of misoriented nanodomains, but oxalic acid-induced
defects create tiny irregular mesopores. The resulting hierarchical
zeolite has significantly increased mesopore volume, the spatial
distribution of mesopores, and excellent accessibility to micropore
acid sites. Grosskreuz I et al.(112) extensively studied defect
formation and curing by changing the synthesis parameters and
starting materials. Starting materials containing fluoride do not
produce any defects in MFI zeolites, whereas, those containing
boron produce MFI zeolites with incurable silanol defects since the
deboronation creates silanol defects by removing tetrahedral atoms.
Since high silica zeolites are being increasingly used in membranes
for separation processes, silanol defects inside MFI channels
significantly impact the permeability and diffusion of water. This is
because adsorbed water and silanol defects interact strongly.
Consequently, catalytic processes and separation techniques are

affected by the research on silanol defects.(113)
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1.10 Friedel-Crafts Acylation

Friedel-Crafts acylation is a much acclaimed and frequently
employed technique for synthesizing aromatic ketones which are
used as essential building blocks in flavor, pharmaceutical, paint,
and agrochemical industries. This method involves introducing acyl
groups into aromatic compounds, leading to the production of
aromatic ketones. Lewis acids (such as iron trichloride, zinc
chloride, titanium tetrachloride, tin tetrachloride, and aluminium
trichloride) or powerful protic acids such as sulfuric acid and
hydrofluoric acid are typically used to catalyze electrophilic
acylation. While using metal halides, the hydrolysis of the complex
generated between the ketone produced and the metal halide
demands more catalysts than stoichiometric amounts, leading to
catalyst loss and the creation of large quantities of corrosive waste.
The advantage of using heterogeneous catalysts lies in the fact that
they can be easily retrieved and reused, causing no corrosion or
unwanted by-products. Materials like zeolites, metal oxides, and
heteropolyacids are effective catalysts for Friedel-Crafts acylation.
Zeolite catalysts offer advantages over traditional ones in acylation

processes.(114) Here is a list of a few of these benefits:

» Zeolites possess a wide range of clearly defined crystalline
structures that vary in dimensions, shape, and channel diameter.
This offers high shape selectivity at various levels such as

reactant, product, and transition state selectivity.
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» The enhanced surface area facilitates easy access for more

number of reactant molecules to the active sites.
» Presence of Lewis and Bronsted acidity.

» Ability to tailor the strength and concentration of acid sites

(Lewis and Bronsted).

» Maneuvering the catalytic activity by cation exchange with

suitable metals.
1.10.1 Acylation of Toluene

Acylation of toluene is a significant chemical reaction that includes
adding an acyl group to the benzene ring of toluene. One of the most
common applications of acylation of toluene is the synthesis of
benzyl acetate, a common industrial solvent. Benzyl acetate is
widely used in the food and beverage industries as a flavoring agent
and as a fragrance in the perfume industry. 4-methyl acetophenone
holds significant importance in the flavor and fragrance sector. It
contributes to creating the lilac scent in acacia soap and is crucial in
numerous food flavorings, enhancing the taste sensation.
Furthermore, it reacts with morpholine in the presence of sulfur to
yield 4-(p-tolyl-thioacetyl)-morpholine, an important initiator used

in polymer manufacturing.

Zeolites have demonstrated their unique catalyzing property for
acylating less-activated aromatic rings like toluene.(115-117) The

Friedel-Crafts acylation reaction mechanism involves either free
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acylium ions or an adduct of the catalyst and acylating agent,
depending on the reaction conditions.(118) Das D and Cheng S(119)
described the use of heterogeneous zeolite-catalyzed acylation, in
which an adduct is formed when an acylating agent interacts with the
surface acid sites. The first acylation of an aromatic substrate,
toluene, over CeNaY zeolite with straight-chain carboxylic acids
was reported by Chiche et al. (120). The conditions were extremely
harsh, like heating in an autoclave at 150 °C for two days. However,
using carboxylic acid as an acylating agent is not beneficial for
acylation since it would leach out the metal atom in the framework
of the catalyst.(121) Similar to this, while having a high potential
acylating agent activity, acetyl chloride is rarely used due to the
catalytic activity being reduced by hydrogen chloride emission
during the acylation reaction.(122) When less reactive acylating
agents, are utilized, the efficiency of the reaction is lowered,
especially for low-activated aromatic rings, like toluene. However,
the quick catalyst deterioration caused by "coke" deposition within
the micropores severely restricts the application of these materials in

industrial operations.
1.10.2 Acylation of 2-methoxynaphthalene (2-MON)

Acetylation of 2-MON is particularly interesting since it is used in
the pharmaceutical industry. It occurs mainly in 1-position and 6-
position, resulting in 1AC-2MON and 6AC-2MON. The effort to
selectively acylate 2-MON holds promise in producing 1-acetyl-2-
methoxynaphthalene (1AC-2MON) a crucial intermediate with
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particular relevance in phenylation reactions. Beyond its
involvement in phenylation, this intermediate holds potential for
diverse applications in organic compound synthesis, emphasizing its
significance in organic chemistry. Additionally, research shed light
on the formation of 6-acetyl-2-methoxynaphthalene (6AC-2MON),
highlighting its critical role as a precursor in the synthesis pathway

of naproxen, a well-established anti-inflammatory medication.

Due to environmental concerns, substituting traditional
homogeneous catalysts with solid acid catalysts is imperative in the
industrial sector. Zeolites have been proven to be viable alternatives
to liquid acids in various cases due to their shape-selective
characteristics and strong renewability. However, distinct product
distributions were achieved over acidic zeolites depending on the
type of framework. The shape-selective properties of zeolites were
used to explain these differences. Researchers continuously have
been focusing on the usage of zeolites for the Friedel-Crafts
acylation of 2-MON over zeolite catalysts.(119,123-126) Many
researchers have faced severe pore size constraints while using
zeolites as a catalyst for acylation. It has been discovered that
industrially significant processes like acylation over hierarchical
zeolites result in excellent catalytic activity and less catalyst

degradation.

1.11 Dielectric Study of Zeolites

A dielectric substance is an electrical insulator that can get polarized

in an applied electric field. The dielectric material prevents the flow
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of electric charges when an electric field is applied to it. Instead, it
aligns its internal electric dipoles (pairs of opposite charges) in the
direction of the field. This alignment decreases the overall electric
field within the dielectric material while increasing the electrical

capacitance.

The complex permittivity (E:*) is the primary factor influencing
dielectric properties, which characterizes how a material responds to
an electromagnetic field. The complex permittivity, also known as
complex relative permittivity, is mathematically represented in

equation 1.1.

*

g =g —jXg (1.1)

In the above equation, j = -1. Here &’ denotes the fundamental part
referred to as the dielectric constant or dielectric permittivity. This
parameter signifies the ability of a material to store an electric field.
On the other hand, &" represents the imaginary part, known as the
loss factor. The loss factor is a measure of the energy dissipated

when exposed to an external electric field.(127)

The permittivity (€;) is the primary parameter for dielectric studies
(Equation 1.2) and it specifies the behavior of materials when

subjected to an electromagnetic field.

el = <pd (1.2)

r SoA
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€0 1S vacuum permittivity, d represents the thickness of the sample
material, A is the electrode area, and C, represents the

capacitance.(128,129)

Equation 1.3 can be used to obtain the static conductivity (DC) at

low frequencies from the AC conductivity measurements.
Ouc (W) = wegge"(w) = ape + Ko™ (1.3)

Conductivity (o) measures the ability of a material to conduct
electric current. ® indicates the angular frequency. The parameter K
represents an empirical value, while n represents the high-frequency

slope of the AC conductivity, which ranges from 0 to 1.

An essential property of a dielectric substance is its ability to be
polarized in an electrostatic field while dissipating minimum energy
in the form of heat. The lower the dielectric loss of a material, the
more influential the dielectric material is. The energy dissipated can
be quantified as tan 9J, the ratio between the loss factor (imaginary
part) and the dielectric constant (real part) and it is given by
equation 1.4:

" 1
tand = — =
Ep/ RCpw

(1.4)

R represents the resistance.

Impedance is the resistance offered by the matrix to the electric flow,
which considers the phase variations between the input voltage and

the output current. Impedance, represented by the symbol Z*, which
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accounts for the frequency-dependent electrical resistance of the

system, containing Z' and Z" as in equation 1.5.(130,131)
7" (w)=Z'"(w) +jZ"(w) (1.5)

Impedance spectroscopy is an efficient tool to investigate the
electrical properties of materials that are influenced by dopant,

composition, distribution of dopant, and its texture.

The complex electric modulus is a useful and crucial quantity for
examining the relaxation mechanism and the electric transport
phenomenon in materials. Complex electric modulus M” is defined
as the inverse of the complex relative permittivity &* given in

equation 1.6.

M* =2

— =M +jM" = jwC,Z" (1.6)

where M’ represents real part and M" represents imaginary part. C,
is the vacuum capacitance. Examining the imaginary component of
the electric modulus often yields clearer insights into charge
transport within the material. Analyzing its frequency and
temperature dependence facilitates a more precise and

straightforward inference of polarization processes.(132)

Broadband dielectric spectroscopy methods can provide fresh and
essential knowledge on the translation and reorientation motion of

molecules in various amorphous, crystalline, and liquid crystal
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systems, which ultimately explains the behavior of zeolite as a

dielectric. Here is a review of some of the earlier works.

Deshpande and Bhaskar (133) investigated the dielectric
characteristics of ZSM-5 and found that these characteristics are
crucial in defining the nature of zeolite. Dielectric spectra of
Heulandite zeolite reveal two loss peaks (two relaxations), which
shifted to a higher frequency as the temperature increased, showing
that the two relaxations are thermally stimulated processes. The
studies revealed that the presence of different molecular and ionic
species significantly impacts their ionic conductivity and several
dielectric relaxation events.(134) Dielectric studies can be used to
study the interaction of the adsorbed gas molecules with the cations
that are non-covalently bonded to the zeolite lattice. Low-frequency
and high-frequency impedance studies in H-form zeolites examine
protons' translational and local mobility. Adsorbed gas molecules
can bring about changes in the results of electrical conductivity
thereby it can be used as probes for sensors.(135) Zhou W (136)
examined the response of NaA zeolite to various thermal
pretreatments by observing its dielectric response. The crystal
structure transition and the acceptable structural evolution of zeolite
are identified by fitting and calculating the dielectric characteristics
of zeolite with an appropriate model. Dielectric studies can be used
for sensing the change in thermal aging resistance of
nanocomposites. The dielectric strength test discovered that nano

doping of zeolites with low-density polyethylene could dramatically
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improve the breakdown field strength and stability of both DC and
AC indicating higher resistance to thermal aging.(137) The dielectric
behaviour of zeolite clinoptilolite is significantly altered by adding
silver iodide to it, and the capacity value of the silver-modified
zeolite is  abnormally  high  with  increased sample
conductivity.(138,139) Lowered charge compensating cations are
responsible for the decreased dielectric constant for high silica
zeolite at room temperature. When the temperature is high,
intensifying cationic motions will improve the dielectric
behaviour.(140) The dielectric behavior of zeolite such as Na-Y, Na-
X, and Ca-A with frequency for a variety of humidity levels and at a
variety of temperatures was reported by Haidar AR and Jonscher
AK.(141) Some ions are liberated to participate in the conduction
process when water molecules interact with the cations of the zeolite

structure.
1.12 Existing Gaps

According to the literature review presented in the preceding
sections, research on the synthesis and catalytic activity of metal-
modified zeolites and hierarchical zeolites is of great interest in both
the academic and industrial sectors. The reason for extensive
research in this field is due to the huge demand for environment-
friendly and highly active catalysts for organic reactions such as
Friedel-Crafts acylation. The purpose of the synthesis and
characterization of hierarchical zeolites is to increase pore

characteristics while preserving crystallinity and other intrinsic
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qualities as such. The current thesis focuses on the synthesis,

characterization, and evaluation of metal-modified nanocrystalline

and hierarchical zeolites ZSM-5 and beta, with specific objectives to

overcome the following existing gaps:

>

No comparative study has been reported on the characterization
of nanocrystalline ZSM-5 and zeolite beta modified with

transition and rare earth elements.

Studies have not yet been done till date to heal the defects in
hierarchical zeolite ZSM-5 by utilizing Polymethylmethacrylate
(PMMA) as a template for imparting mesoporosity.

Till date, hierarchical zeolites have not been synthesized by
introducing the exotemplate PMMA after the initiation of the
crystallization process, aiming to efficiently customize

hierarchical porosity.

Friedel-Crafts acylation in the presence of zeolites has been
extensively researched. However, there have been only a few
publications on the catalytic activity of metal-modified

nanocrystalline ZSM-5 and zeolite beta.

To date, no research has been published on the acetylation of
toluene in the presence of metal-modified nanocrystalline
zeolites without the use of a solvent and requiring the least

experimental conditions.
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To date, no research has been published on the selective
acetylation of 2-MON in the presence of hierarchical zeolites at

low temperatures without using a solvent.

An extensive literature survey about zeolites revealed that no
detailed studies have been conducted on the dielectric,
impedance, and modulus properties of zeolites doped with

cerium ions at different temperatures.

1.13 Objectives

The following are the primary goals of the current work

>

To synthesize Ce, La, Nd, Fe, Cu, and Zn-modified
nanocrystalline ZSM-5 and zeolite beta

To determine the -crystallinity, morphology, composition,

surface area, pore size distribution, and acidity of these catalysts.

To adopt a novel synthetic pathway to hierarchical ZSM-5 with

fewer defects.

To fabricate hierarchical zeolites through a novel route by
introducing PMMA (secondary template) into the reaction

mixture after the initiation of crystallization.

To determine the crystallinity, morphology, composition,
surface area, and pore size distribution of these hierarchical

zeolites.
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To assess the catalytic activity of metal-modified nanocrystalline

zeolites for acetylation of toluene.

To determine the catalytic activity of nanocrystalline

hierarchical zeolites in the acetylation of 2-MON.

To study the dielectric properties of zeolite beta incorporated

with cerium ions.
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Chapter 2

Materials and Methods

Abstract

The specifications of the materials used and the experimental methods
followed for the synthesis and modification of ZSM-5 and Zeolite beta are
given in this chapter. It also discusses various analytical techniques for
characterizing the synthesized zeolites and methods to investigate their

catalytic reactions. The code names for various ZSM-5 and zeolite beta
samples are also mentioned in this chapter







Chapter 2

2.1. Introduction

The previous chapter summarized recent advances in the synthesis

and applications of nanocrystalline, metal-modified nanocrystalline,

and hierarchical zeolites. This chapter explains the materials and

experimental methodologies used in the current investigation to:

a. Synthesize nanocrystalline metal-modified ZSM-5 and zeolite

beta

b. Synthesize nanocrystalline hierarchical ZSM-5 and zeolite beta.

c. Characterise the synthesized nanocrystalline and hierarchical

ZSM-5 and zeolite beta.

d. Assess the catalytic activity of metal-modified nanocrystalline,

hierarchical ZSM-5, and zeolite beta as solid heterogeneous

catalysts in Friedel-Crafts acetylation reactions.

2.2. Chemicals

Table 2.1. List of chemicals used for the present study

Name of chemical Molecular Manufacturer and
formula CAS number

‘(ﬂ‘f}rf)“m“m isopropoxide AI[O(CH(CHs):]s | Merck & 555-31-7
Tetrapropylammonium
hydroxide (TPAOH) Ci2H2NO Merck & 4499-86-9
Tetraethyl orthosilicate .
(TEOS) Si(OC,Hs)4 Merck & 78-10-4
Tetraecthylammonium
hydroxide (TEAOH) C8H21NO Merck & 77-98-5

71




Chapter 2

Ammonium Chloride

NH.4Cl1

Fischer Scientific &

12125-02-9
Tron (IIT) Nitrate Fe(NOs): 9,0 | Al Aeg’i‘ff‘ 7782-
. . Fisher Scientific &
Zinc (II) Nitrate Zn (NO3)2.6H0 10196-18-6
. Alfa Aesar &
Lanthanum (IIT) Nitrate La(NOs):.6H.O 10277-43-7
. Sigma-Aldrich &
Copper (II) Nitrate Cu(NOs3)2.3H,0 10031-43-3
. . Alfa Aesar &
Cerium (IIT) Nitrate Ce(NO3)3.6H,O 10294-41-4
. . Alfa Aesar &
Neodymium (III) Nitrate Nd(NO3)3.6H,O 16454-60-7
Toluene CsHsCH3 SRL & 108-88-3
i/irgic\‘gloxynaphthalene (2- CiH100 Merck & 93-04-9
Acetic anhydride (AC,0) (CH;CO) 0 Merck & 108-24-7
Methyl methacrylate CHO Fisher Scientific &
(MMA) SR 80-62-6
. Fisher Scientific &
Polyvinylalcohol (PVA) [CHCH(OH)]» 9002-89-5
Disodium hydrogen Fisher Scientific &
phosphate (DSP) Na;HPO, 7558-79-4
Benzoyl Peroxide (BPO) (CoHsCOpO, | Fisher Boientific &

2.3 Instrumentation and Analytical Techniques

2.3.1 X-ray Diffraction (XRD)

XRD is a fast, non-invasive technique used to identify crystalline

substances and measure the dimensions of unit cells. XRD patterns

were obtained on a Rigaku 2000 diffractometer using Cu-Ka

radiation to confirm and analyze the materials synthesized in this

study.
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The average crystallite size of zeolite samples was calculated using

the Debye Scherrer formula, i.e., equation 2.1.

_ Ka
- BcosH

2.1)

Where L is the average crystallite size, A, is the wavelength of the X-
ray (1.54 A), 0 the Bragg diffraction angle, and P is the full width at
half maximum (FWHM) of the observed peaks.

The percentage crystallinity or crystallinity index can be evaluated

using XRD results by utilizing the following equation 2.2.

Total area of crystalline peaks

Crystallinity index =

Total area of all amorphous and crystalline peaks

(2.2)

The magnitude of crystal defects, i.e., the dislocation lines per unit

volume of samples, is indicated by & value using equation 2.3.

1
§ = = (2.3)

The lattice strain, €, is calculated using equation 2.4.

S (2.4)

" 4tan®

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a method for identifying chemicals and detecting the
functional groups in molecules. Molecules absorb specific IR

frequencies based on the energy required for the vibration of the
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particular bond. The FTIR approach allows for the simultaneous
collection of absorption and transmission data across the spectral
range. Solid samples are analyzed by mixing the zeolite with KBr
and pelletizing it under high pressure using a hydraulic press. The
current research recorded the FTIR spectrum of the catalyst on a

Shimadzu IR Spirit.

2.3.3 Ultra Violet- Visible spectroscopy (UV-Visible
Spectroscopy)

Using UV-Visible spectroscopy, one can obtain the absorbance
spectra of a solid or in solution. A compound's or substance's ability
to absorb light energy or electromagnetic radiation, which drives
electrons from their ground state into their first singlet excited state,
is known spectroscopically. The UV—Visible energy region in the
electromagnetic spectrum corresponds to a wavelength of 800-200
nm. The Beer-Lambert Law (Equation 2.5) is the fundamental
principle of absorbance spectroscopy. A is absorbance (unitless,
generally expressed as arb. units or arbitrary units) for a single
wavelength, € is the molar absorptivity of the substance or molecule
in solution (M™! cm™), b is the path length of the cuvette or sample

holder (usually 1 cm), and c is the concentration of the solution (M).
A = ¢bc (2.5)

UV-visible spectroscopy was carried out on the Shimadzu 1900i
spectrophotometer after dispersing zeolite samples in ethanol using

a sonicator.
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2.3.4 Scanning Electron Microscopy (SEM)

SEM is an indispensable technique to study the morphology of a
substance. The technique that images the surface of a material in a
raster scan pattern by scanning it with a focused beam of high-energy
electrons. Nonconductive samples tend to accumulate charge on
being scanned by the electron beam. The build-up of charge can lead
to scanning errors and image distortions. The nonconductive
samples are prepared for conventional SEM analysis by coating
them with an electrically conducting material such as gold, platinum,
tungsten, or graphite. Additionally, to be analyzed by conventional
SEM, samples must be stable in a vacuum of 10 - 10 torr. The
SEM instrument used in the present work was SEM (HITACHI SU
6600).

2.3.5 Energy Dispersive X-ray Analysis (EDX)

EDX is a reliable method for determining elemental composition
of samples. The fundamental working principle of EDX is the
capacity of high-intensity electromagnetic radiation (X-rays) to eject
"core" electrons, which are not in the outermost shell-from an atom.
The EDX instrument used in the present work was Jeol 6390LA/
OXFORD XMXN.

2.3.6 Nitrogen Adsorption/Desorption Isotherm Analysis

Nitrogen adsorption/desorption is an essential method for estimating

Brunauer-Emmett- Teller (BET) surface area and Barrett-Joyner-
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Halenda (BJH) pore size distribution of materials. BET theory is
based on the concept that multilayer adsorption occurs infinitely
when a non-corrosive gas, such as nitrogen, adsorbs on an adsorbent.
The pore size is determined by putting the data from the nitrogen
adsorption and desorption branches of the isotherm to BJH analysis.
All pores are assumed to be filled with adsorbate liquid before
desorption due to capillary condensation. The pores are believed to

be cylindrical and non-interacting.

The t-plot method is a well-known approach for measuring the
micro- and mesoporous volumes and specific surface area of a
sample by comparing it to a reference adsorption isotherm of a
nonporous material with the same surface chemistry. It is commonly
used to determine the microporous and mesoporous volumes of
porous materials such as hierarchical zeolites. In the present work,
nitrogen was made to adsorb and desorb at 77.8 K using BELSORB.
Before recording the adsorption measurements, the sample was

vacuum-degassed at 473 K for 5 hours.
2.3.7 Surface Acidity Determination of Solid Catalysts
2.3.7.1 FTIR of pyridine sorbed samples

Acid sites on a solid surface make it suitable for catalyzing chemical
reactions depending on their nature and strength. The different types
of acid sites are Lewis acid sites that can accept an electron pair and
Bronsted acid sites that can donate a hydrogen ion. In this study,

pyridine was used as a probe molecule; as an aromatic base, it can
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be co-ordinately bonded to the Lewis acid site, and it can also be

converted to the pyridinium ion to detect the Bronsted acidity.

A drop of pyridine is added to a few milligrams of the samples for
the differentiation of Lewis and Bronsted acidity, and it is then aged
in a hot air oven at 60 °C for around 3 hours. When heated,
unadsorbed pyridine evaporates, whereas adsorbed load remains at
acid sites. The KBr wafer approach was then used to record FTIR on

an IR Spirit spectrometer.
2.3.7.2 Ammonia-temperature programmed desorption (TPD)

The ammonia-TPD method can determine the amount and strength
of acid sites. The number of acid sites is calculated by counting the
number of base molecules chemisorbed on the acid sites. In addition,
the enthalpy change of desorption, or adsorption heat, and the
equilibrium constant offer an indicator of intrinsic acid strength. A
specific approach of ammonia-TPD is proposed for experimental

ease of reproducing findings.

The adsorption and desorption of ammonia molecules are assumed

to occur under the following conditions:

(1) The intercrystalline zeolite surface exhibits homogeneity, and the
quantity of ammonia adsorbed during the experiment is lower than

what is required for monolayer coverage.
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(i1)) No ammonia is readsorption during the desorption phase, and
(ii1) there is no lateral contact among the molecules of adsorbed

ammonia.

The quantity of ammonia that is desorbed at progressively higher
temperature intervals is seen in the ammonia thermogram profile.
This fits the distribution of the total acid strengths of surface acidity.
Two peaks may be seen in the thermograms of samples at both high
and low temperatures. Ammonia desorption from strong acid sites is
represented by the intensity of the high-temperature desorption peak,
while base desorption from weak acid sites is represented by the low-
temperature peak. The low-temperature acid sites correspond to the
physisorbed ammonia. In contrast, the high-temperature acid sites
consist of chemically bonded ammonia with the catalysts, also
known as chemisorbed ammonia. The acid sites on the zeolite
materials were measured using BELCAT-M. The following
procedure was used for ammonia TPD: Each TPD experiment
utilized 0.1 g of sample. It was performed after the catalyst sample
had been dehydrated for 1 hour at 500 °C in helium gas (30 cm® min-
1. The temperature was reduced to 100 °C, and NH3 was adsorbed
by exposing the sample to a stream containing 10% NH3 in helium
for 1 hour at 100 °C. After that, it was flushed with helium for 1 hour
to eliminate the physisorbed NH3. The desorption of NH3; was
performed in a helium gas flow of 30 cm® min™ by increasing the
temperature to 600 °C at a heating rate of 10 °C min"' and monitoring

NHj3 desorption with a Thermal conductivity detector (TCD).
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2.3.8 Al Magic Angle Spinning Nuclear Magnetic Resonance (Al
MAS NMR)

The MAS NMR method utilizes the fast rotation of the sample at the
"magic" angle in relation to the applied magnetic field to eliminate
chemical shift anisotropy and broadening from dipole-dipole
interactions. Otherwise, spinning sidebands will be present if the

spinning speed is greater than the frequency width of the spectrum.

In this work, the chemical shifts of aluminium are determined by
collecting solid-state ?Al MAS NMR spectra obtained using
ECX400-Jeol 400-MHz high-resolution FT NMR spectrometer.

2.3.9 Transmission Electron Microscopy (TEM)

TEM is a microscopic technique in which an intense high-energy
electron beam is passed through an ultra-thin (200 nm) specimen.
These electrons that pass through the sample are viewed through the

detector, generating a two-dimensional projection of the sample.

The image captured in bright field imaging mode provides contrast
information about the sample, indicating that thicker sections or
areas with a more significant atomic number are darker and vice
versa. The dark and light fields of TEM images can characterize the

particle size, shape, and crystal structure.

Selected Area Electron Diffraction (SAD or SAED) is one of the
most prevalent experimental techniques that use electron diffraction
for material research and solid-state physics. SAED patterns,

especially when combined with proper analytical software, can be
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used to determine the crystal structure, orientation, and lattice
constants. It is also beneficial in inspecting crystal flaws and in
studying material textures. The morphology of the samples was

investigated using a TEM Talos F200.
2.3.10 Thermogravimetric Analysis (TGA)

Using a thermo-analytical technique called TGA, one can measure
weight change of material quantitatively as a function of temperature
(in a scanning mode and at a constant heating rate) or time
(isothermally and with a constant mass loss). The technique provides
information regarding the thermal stability of the material, its purity,
the presence of volatile components, and the kinetic parameters of
the reactions taking place in the sample. The method is widely used
for material characterization, corrosion studies, and compositional
analysis. Temperature resolution of weight loss can be improved by
slowing down the heating rate and reducing the sample weight. The
sample weight can be varied from 2 to 50 mg. TGA is done by using
the STA7200 HITACHI thermal analysis system. The temperature
was increased from 100 °C to 700 °C with a rate of 5 °C/min followed

by cooling.
2.3.11 Raman Spectroscopy

Raman spectra were collected using a LabRAM HR Evolution
Raman microscope equipped with a microscope (objective: 50x) and
a thermoelectrically cooled CCD camera. The spectra were acquired

three times for 40 seconds each using a 532 nm DPSS laser.
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2.3.12 Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS is a method used to analyze and characterize various
substances within a complex mixture. It combines the capabilities of
gas chromatography and mass spectrometry. Traditionally, GC
employs a flame ionization detector (FID) for detection. In the
present work, the progress of the reaction was monitored, and
products were identified and confirmed by using a combination of
gas chromatographic (GC) analysis (Hewlett Packard 5890), using
an OV-101 column (2 m length, 1/8 inch diameter) and FID detector.

2.3.13 Broadband Dielectric Spectroscopy (BDS)

BDS is a powerful analytical technique for studying electronic
dipoles within an electric field, such as dipolar molecules. Operating
across a broad frequency range, BDS probes the rotation and
relaxation dynamics of dipoles, offering insights into material
behavior under varying conditions. This analytical instrument
requires little supervision and can investigate a broad range of
pressures, temperatures, and electric field strengths. BDS uses
NOVOCONTROL Technologies GmbH & Co. Germany Model:
Concept 80.

2.4 Synthesis of Zeolite samples
2.4.1 Synthesis of nanocrystalline ZSM-5

In this synthesis, 0.1021 g AIP was slowly added to 6.3400 g
TPAOH (from Aldrich) and stirred for one hour at 25 °C using a

magnetic stirrer. Then, dissolve 10.4 g of TEOS (silica source)
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slowly in 15.0 g of deionized water. The components were mixed
well with constant vigorous stirring for 24 hours to hydrolyze the
TEOS. The above solution was concentrated at 60 °C at a pressure of
about 700 mmHg for 30 min. The resulting mixture was aged for 24
hours in an oven, which also caused the hydroxylation to occur. The
hydrolysis of TEOS led to the formation of a concentrated gel. The
obtained gel was then loaded into a Teflon-lined stainless steel
autoclave and crystallized using hydrothermal treatment at 175 °C
for 24 hours without stirring. The product was separated by
centrifugation, washed several times using double distilled water,
dried at 80 °C, and then calcined at 550 °C for 20 hours in the air to
remove residues of organic template TPAOH. Scheme 2.1 shows the

flow chart for synthesizing the nanocrystalline ZSM-5(NZSM-5).

| AIP and TPAOH |

Stirred for one hour

‘ Deionised water and TEOS ‘

l Stirred

‘ Concentrétion at 60 °C ‘

| Ageing (80 °C) and autoclave (175°C) |

| Calcination (550 °C) |

| Nanocrystalline ZSM-5(NZSM-5) |

Scheme 2.1. Flowchart showing the synthesis of nanocrystalline
ZSM-5
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2.4.2 Modification of Synthesized ZSM-5
2.4.2.1 Ion exchange with NH4Cl solution

The NZSM-5 zeolite was placed in 20 mL of 0.2 M NH4Cl aqueous
solution at 80 °C and stirred for 5 hours in order to convert it into H"
form. There were three different instances of the exchange
procedure. Subsequently, the zeolite experienced a washing process,
centrifugation separation, and three hours of drying at 110 °C. The
crystals that were obtained at this point were in the NH4" form. After
that, the sample was calcined for six hours at 550 °C to remove the
ammonia, leaving the H' on the catalyst to maintain the ionic charge

balance. The calcined sample is named HNZSM-5.
2.4.2.2 Modification by Ion Exchange with metal ions

H-NZSM-5 was mixed with metal nitrate solution (0.2 M) with 20
mL solution per 1.0 g of zeolite; then, it was stirred continuously at
80 °C for 5 hours. The ion exchange treatment was repeated three
times. The obtained solid was recovered by centrifugation, washed
with deionized water, and dried at 110 °C for 3 hours. Then, the
sample was calcined at a temperature of 550 °C for 5 hours. The
metal-modified nanocrystalline ZSM-5 samples were named
NZSM-5/M, where M=La, Ce, Nd, Fe, Cu, and Zn. Scheme 2.2
shows the flow chart for modification of the synthesized

nanocrystalline ZSM-5.
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P d ZSM-5
g ot ‘ Metal nitrate solutions

i:?;? i (NZSM-5)
- Q;XQ l Stir(80 °C, 5h) hours)
1 Ammonium (
‘M Drying (110 °C) I
Stir(80 °C, 5h) hours)

HNZSM-5 ] l
| Calcination (550 °C) |
NZSM-5/M
(M=La, Ce, Nd, Cu, Fe, Zn)

[ Drying (110 °C)

l

“ Calcination (550 °C) ‘ [

Scheme 2.2. Flow chart for the modification of NZSM-5
2.4.3 Synthesis of Nanocrystalline Zeolite Beta

This synthesis took 11.5014 g of TEAOH solution in a
polypropylene bottle, and 0.2033 g AIP was added. After that, the
mixture was stirred using a magnetic stirrer for 30 minutes at room
temperature. 15.0 g of deionized water was added dropwise,
followed by 10.4 g of TEOS. The solution was stirred continuously
for approximately two hours at room temperature to obtain a clear,
hydrolyzed sol. The aforementioned transparent solution was
concentrated for 30 minutes at 80 °C and a high pressure of 700 mm
Hg in a rotary evaporator. The resultant concentrated sol was aged
in a hot air oven at 90 °C for 72 hours; at this stage, it took on a very
faint grey color with turbidity, signifying the beginning of
crystallization. After that, the resultant sol is placed in a Teflon-lined

stainless steel autoclave and hydrothermally treated at 170 °C for 40
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hours in order to crystallize. Centrifuged, the product was dried in a
hot oven and calcined in air for 20 hours at 600 °C. The resultant
nanocrystalline zeolite beta is named NBZ. The synthesis steps are

depicted in scheme 2.3.

Scheme 2.3. Steps involved in the hydrothermal synthesis of NBZ
2.4.4 Modification of Beta with Metal Ions

1.0 g of resulting NBZ was stirred with 20 mL (0.2 M) of metal
nitrates (lanthanum, cerium, neodymium, copper, iron, and zinc) and
thoroughly stirred at 80 °C for five hours. Centrifuged to obtain the
solid. After being cleaned with deionized water, the mixture is put in
a petri dish and dried for three hours at 110 °C. Following that, the
product was burnt for 6 hours at 600 °C. The entire modification
procedure was repeated 3 times. The sample obtained is designated
as NBZ/M, where M=La, Ce, Nd, Fe, Cu, and Zn. Scheme 2.4

illustrates the whole process of modification.
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Scheme 2.4. Steps involved in the metal modification of NBZ

2.5 Catalytic Activity of Metal-Modified Nanocrystalline ZSM-5
and Zeolite Beta for Acetylation of Toluene

The liquid phase acetylation of toluene catalyzed by the synthesized
nanocrystalline zeolites was carried out in a Teflon autoclave under
autogenous pressure for three hours. Transfer 8:1 of toluene: AC>O
and the 0.1 g of nanocrystalline zeolites into the autoclave and raise
the temperature to 60 °C. Identify the products using gas
chromatographic (GC) analysis and an FID detector.

2.6 Synthesis of Nanocrystalline Hierarchical Zeolites by Dual
Template Method

2.6.1 Synthesis of PMMA

The polymerization of MMA was carried out in a three-necked flask

in a nitrogen atmosphere by free radical polymerization. The method
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for PMMA synthesis involves mixing 40 mL of MMA, 0.3 g of BPO,
1.0 g of PVA, and 10.0 g of disodium hydrogen phosphate in 200
mL of water in a 500 mL three-necked round bottom flask. The
mixture was agitated at a temperature of 80 °C. Nitrogen was
continuously pumped into the flask during the process. The product
was filtered, rinsed, and dried to obtain solid PMMA. Scheme 2.5

illustrates the method of preparation.

e

BPO

Scheme 2.5. Method of preparation of PMMA

2.6.2 Synthesis of Defect-Free Nanocrystalline Hierarchical
ZSM-5

Nanocrystalline hierarchical ZSM-5 zeolites were prepared using the
hydrothermal method. For this, 0.1021 g AIP was added to 6.3400 g
TPAOH by stirring using a magnetic stirrer at room temperature.

10.4000 g TEOS was dissolved in water by slow dropwise addition.
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The components were mixed well with constant vigorous stirring to
hydrolyze the TEOS. The above solution was concentrated and aged
in a hot air oven, enabling hydroxylation. The obtained gel was then
loaded into a Teflon-lined stainless steel autoclave with x g (x=0.5,
1.0, 1.5, and 2.0) of synthesized PMMA powder and crystallized
using hydrothermal treatment at 175 °C for 36 hours without stirring.
The product was separated by centrifugation, washed several times
using double distilled water, dried at 80 °C, and then calcined at 550
°C for 20 hours in the air to remove residues of TPAOH and PMMA.
The hierarchically porous zeolite obtained is named NZ xP. The
nanocrystalline ZSM-5 synthesized without incorporating the

polymer is named NZ.
2.6.3 Synthesis of Nanocrystalline Hierarchical Zeolite Beta

In this synthesis, 0.2033 g AIP was added to 11.5014 g of TEAOH
solution in a polypropylene bottle and then stirred at room
temperature using a magnetic stirrer for 30 minutes. 15.0 g of
deionized water was added dropwise, followed by 10.4 g of TEOS
dropwise. Now, constantly stir it for about 24 hours to hydrolyze it
to a transparent solution. The above solution was concentrated at 80
°C at a high pressure of about 700 mmHg for 30 minutes. The
resulting mixture was aged 72 hours in a hot air oven at 90 °C, where
hydroxylation occurs. The obtained concentrated gel with a slightly
grey color is then loaded into a Teflon-lined stainless-steel autoclave
with x g of synthesized PMMA as it has to be added at the
crystallization step (The synthesis is conducted with x=2.0 g, 1.5 g,
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1.0 g and 0.5 g of PMMA). The zeolite beta is crystallized using
hydrothermal treatment at 170 °C for 48 hours without stirring. The
product was separated by centrifugation, washed several times using
double distilled water, dried at 80 °C, and then calcined at 550 °C for
20 hours in the air to remove residues of TEAOH and PMMA. The
obtained samples are NBZ xP, where x =2, 1.5, 1.0, 0.5. The zeolite
beta synthesized without adding PMMA is named NBZ.

2.7 Catalytic Activity of Nanocrystalline Hierarchical ZSM-5
and Zeolite Beta

The acetylation of 2-MON catalyzed by the synthesized
nanocrystalline zeolites was executed under autogenous pressure.
The reaction mixture consists of 2-MON (0.03 mol), acetic
anhydride (0.15 mol), and nanocrystalline zeolite as a catalyst. The
aliquots of the reaction mixture are occasionally withdrawn. GC

analysis identified and confirmed the products.
2.8 Conclusions

The methods outlined in this chapter are powerful for studying
zeolites. These have been successfully applied in the present work,
as described in the subsequent Chapters. The synthesis methods
involved in the preparation of nanocrystalline ZSM-5, metal-
modified nanocrystalline ZSM-5, nanocrystalline zeolite beta,
metal-modified nanocrystalline zeolite beta, PMMA,
nanocrystalline hierarchical ZSM-5 using PMMA, nanocrystalline
hierarchical zeolite beta using PMMA are given in detail in this

chapter.
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Chapter 3

Investigations into Metal-Modified
Nanocrystalline Zeolites

Abstract

In this chapter, a thorough examination is conducted on metal-modified
nanocrystalline zeolites ZSM-5 and beta. The synthesized zeolites undergo
characterization through FTIR, XRD, FESEM, UV-Visible spectroscopy,
surface area, and surface acidity measurement. Furthermore, a
comprehensive investigation delves into the sustainable catalytic reactions
facilitated by these metal-modified zeolites, analyzing how metals in
zeolites impact the selective acetylation of toluene under minimal
experimental conditions.
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Section A

Studies on Metal-Modified Nanocrystalline ZSM-5

3A.1 Introduction

ZSM-5 is an acclaimed microporous aluminosilicate zeolite with
extensive use in the catalysis of organic reactions, water and air
purification, petroleum refining, etc. Zeolites are also excellent ion
exchangers. Aluminium ions in the zeolitic framework instead of
silicon ions result in negative charges in the zeolite lattice which are
neutralized by alkaline or alkaline earth metals.(1) These additional
framework ions can swap with other cations, such as rare-earth
elements or transition elements with varying oxidation states. The
ZSM-5 crystallographic unit cell contains 96 T sites (comprising Si
or Al), 192 O sites, and different quantities of compensating cations,
depending upon the Si/Al ratio, which spans from 12 to infinity. The
higher Si/Al ratio of ZSM-5 indicates less aluminium content, which
in turn suggests that the ion exchanging capacity of ZSM-5 is less.
So, this poses a challenge to researchers in improving the properties
of ZSM-5, thereby creating a wide window for customizing new
materials for different uses. Another significant task assigned to
present-day researchers is reducing the zeolite crystal size to less
than 100 nm, increasing the total surface area and thereby increasing
effective adsorption. A combination of increased surface area and
intercrystalline voids makes it ideal for wvarious industrial

applications since it permits the use of large reactant molecules.
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Over the past ten years, numerous researchers have worked to
modify zeolites with various elements. However, most of them have
concentrated their research on the catalytic capacity rather than the
location and coordination state of additional framework ions within
structures.(2—5) After a thorough review of the literature, it was
found that there are no systematic studies dealing with extensive
modification of nanocrystalline ZSM-5(NZSM-5) using copper,
zinc, iron, cerium, lanthanum, and neodymium. The study also
exhaustively compares the properties of modified nanocrystalline
ZSM-5 with rare earth and transition elements. Examining the
impact of these metal ions on textural, spectral, acidic, and structural

parameters is the primary goal of this chapter.
3A.2 Results and Discussion

The synthesis of NZSM-5 and the procedure for its metal
modification (NZSM-5/M) is explained in detail in Sections 2.4.1
and 2.4.2 of Chapter 2. The formation of the NZSM-5 zeolite phase
is confirmed by FTIR analysis. Figure 3A.1 depicts the FTIR spectra
of NZSM-5 and NZSM-5/M samples. Table 3A.1 gives different
types of vibrations and corresponding frequencies of vibrations

(1400 cm™ to 500 cm™) of synthesized samples.

The FTIR vibration patterns of NZSM-5/M closely resemble those
of the NZSM-5, suggesting that modification with metal ions causes
minimal structural alterations in NZSM-5. This is attributed to the

weak interactions between the cations and the framework. The band
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around 550 cm’!, corresponds to the external bonds of double five
ring (vibrations of the secondary structural unit, i.e., pentasil). There
is a reduction in the intensity of this band for NZSM-5/M compared
to NZSM-5 that can be attributed to slight crystallinity loss. The
vibrational absorption peak at around 1100 cm™ is attributed to the
internal asymmetric stretching of O-Si-O or O-Al-O linkages. The
frequency associated with this band is sensitive to the Si and Al
content of zeolite and shows some slight displacements in NZSM-
5/M. Furthermore, it signifies that the NZSM-5 framework remained

largely unaltered following metal modification.(6,7)
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Figure 3A.1. FTIR spectra of NZSM-5 and NZSM-5/M samples
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Table 3A.1. The mode and frequency of each vibration for NZSM5

and NZSM-5/M

Sample Frequencies of vibrations (cm™)
External Internal External [Double five
asymmetric|asymmetric | symmetric| rings of
stretching | stretching | stretching [MFI zeolite
NZSM-5 1221 1124 804 555
NZSM-5/Fe 1223 1115 797 545
NZSM-5/Cu 1223 1094 808 544
NZSM-5/Zn 1226 1104 799 547
NZSM-5/La 1224 1103 807 555
NZSM-5/Ce 1221 1113 806 554
NZSM-5/Nd 1223 1114 798 546

Absorbance (a.u)

— NZSM-5
— NZSM-5/Ce
—— NZSM-S/Zn
— NZSM-5/Fe
—— NZSM-5/Cu

NZSM-5/La
|— NZsSM-5/Nd

Absorbance (a.u)

220 300 400 S00 600 700 800
Wavelength (nm)

220

T
300

T
400
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Figure 3A.2. UV-Visible spectra of NZSM-5 and NZSM-5/M
samples with deconvoluted bands of NZSM-5/Fe (inset)

The NZSM-5 exhibits no absorption in the UV-visible band (Figure

3A.2). It indicates the absence of electronic and charge transfer

transitions. The spectrum of NZSM-5/M shows peaks at various
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wavelengths. The charge transfer transition from O to Zn?" sites is
indicated by the peak at 250 nm in the NZSM-5/Zn sample.
However, a small absorption band of about 380 nm was found,
attributed to d-d transition.(8) A band at 250 nm for NZSM-5/Cu
shows copper ion interaction with zeolitic oxygen.(9,10) The
effective dispersion of copper is proven by the fact that there are no
bands at 430-560 nm, which is attributed to dimeric, oligomeric, or

aggregated copper oxide.(11-16)

The bands of NZSM-5/Fe were relatively broad, making it difficult
to obtain information regarding the distribution of different iron
species. The spectrum obtained is similar to those of iron-substituted
ZSM-5 in the literature.(17,18) Several characteristic electronic
bands can be detected in the 220-800 nm range, which can be
attributed to the different iron species, by fitting to deconvoluted
Gaussian sub-bands (in the inset of Figure 3A.2). Fe(Ill) ions that
are isolated and in either tetrahedral or octahedral coordination are
identified by the band at 250 nm. The oligonuclear Fe(Ill)xOy
clusters on the internal and external surfaces of zeolites are attributed
to the band ranging from 300 to 400 nm. The peak above 500 nm is
attributed to Fe>;O3 nanoparticles at the surface. The absorption band
observed at 275 nm signifies the integration of cerium ions into the
NZSM-5 matrix, attributed to the charge transfer from O to Ce’*.
Additionally, this band serves as confirmation of the effective
dispersion of cerium ions within the matrix, revealing a 4f-5d
transition occurring at this specific wavelength.(19-22) The UV-
Visible spectrum of NZSM-5/La indicates the coordination state of
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lanthanum ions. The lanthanum-doped materials have absorption
maxima at 250 nm due to the charge transfer transition of O* to
tetrahedrally coordinated La®" in the framework. The octahedrally
coordinated La*" in the framework is responsible for the absorption
peak at 290 nm.(23) The NZSM-5/Nd spectrum reveals peaks at
various wavelengths. The charge transfer transition from O to the f
orbital of Nd** is indicated by the peak in the NZSM-5/Nd at 260
nm.(24,25) Furthermore, as the sample contains unpaired f-orbital
electrons, an excitonic peak resulting from the transition between
different energy levels of the f-sub shell of Nd** can be observed
between 300 to 360 nm. According to the literature, absorbance
between 300 and 360 nm corresponds to transitions from 4lo to

4D12+4D3/2.(26,27)

The nitrogen adsorption isotherms for zeolite samples at 77K are
shown in Figure. 3A.3 and Table 3A.2 summarizes their textural
characteristics. The NZSM-5 sample exhibits an isotherm, primarily
of Type I, typical of only microporous materials. NZSM-5/M, on the
other hand, demonstrated a distinct hysteresis loop, a notable slope
for intermediate relative pressures, and a dramatic increase for p/po
greater than 0.8. This kind of isotherm is typical of mesoporous
materials, where intercrystalline porosity plays a significant role in
addition to the micropores where adsorption occurs. The presence of
micropores is verified by the steep increase in adsorption at low
relative pressures. The final calcination step during the synthesis

generates mesopores by the creation of intercrystalline voids
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between nanosized crystal domains.(28-31) Furthermore, the
incorporation of metal ions drives the zeolitic matrix to dissolve
smaller nanoparticles leading to redeposition onto larger ones
resulting in the merging of pores and the simultaneous formation of
mesopores(Ostwald ripening).(32,33) The delayed condensation

within these mesopores induces hysteresis in the system.

Volume adsorbed (a.u)

1

O NZSM-5 @ Adsorption
NZSM-5/La
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—— NZSM-5/Cu

—— NZSM-5/Zn
L 1 L ] ¥ L) L] ] L 1
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Relative pressure (p!pe)

Figure 3A.3. Nitrogen adsorption-desorption isotherm of NZSM-5
and NZSM-5/M samples
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Table 3A.2. Textural and acidic properties of NZSM-5 and
NZSM-5/M

Sample Total Pore External Total amount
surface volume | surface area of acid sites
area

(m%g™) cm®/g (m?g) (mmol/g of

ammonia)
NZSM-5 393.89 0.20 64.30 0.17
NZSM-5/La 370.34 0.19 28.32 0.32
NZSM-5/Ce 351.63 0.17 27.71 0.26
NZSM-5/Nd 367.95 0.19 40.17 0.49
NZSM-5/Fe 339.09 0.17 29.45 0.28
NZSM-5/Cu 374.06 0.16 43.41 0.27
NZSM-5/Zn 341.71 0.18 18.26 0.28

In the case of NZSM-5, the initial part of the t-plot (Figure 3A.4),
exhibits a sharp increase in pore volume at low thickness (t) values.
At high pressure region, a levelling of the plot is observed which
corresponds to the filling of the micropore with condensed
adsorbate. The metal modification of ZSM-5 is characterized by the
presence of both micropores and mesopores, as evidenced by the
deviation from linearity at the high-pressure region, which makes the
shape of the t-plot more complex. Capillary condensation and

micropore filling are responsible for the divergence from linearity.

When metal ions are added, the total surface area and pore volume
of NZSM-5/M samples decrease marginally. This decrease is due to
the partial blockage of pores by poorly dispersed, extra-crystalline
metallic species. It occurs due to the limited access to the internal

surfaces of zeolite samples. The form of the t-plot offers more proof
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that metal ion inclusion is the source of the pore blockage of zeolite
channels. As per literature, when the t-plot passes through the origin,
it indicates the lack of microporosity.(34,35) However, in this study,
the t-plots for all zeolite samples do not pass through the origin and
this proves the existence of micropores within the samples. This
observation confirms that introducing metal ions has not entirely

obstructed all micropores, indicating that some of them remain

accessible.
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Figure 3A.4. t-plot of NZSM-5 and NZSM-5/M samples
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Figure 3A.5 depicts the NH3-TPD profiles NZSM-5 and NZSM-5/M
samples. Table 3A.2 provides the acidity of zeolite samples. TPD
profiles of NZSM-5/M show the presence of peaks at 180 °C, 300-
400 °C, and above 500 °C, corresponding to weak, intermediate, and
strong acid sites. Low-temperature peaks correspond to acidity
imparted by physically adsorbed weak acid sites, whereas high-
temperature peaks correspond to chemisorbed strong acid sites. The
desorption of ammonia from strong Bronsted and Lewis acid sites is
indicated by the high-temperature peaks.(36) Weakly held ammonia,
most likely hydrogen bound, is responsible for the low-temperature
peak.(37) The intensity of the low-temperature peak decreased as the
degree of ion exchange increased, suggesting a reduction in weak
acid sites. Conversely, the intensity of the high-temperature peak
rose, indicating the further emergence of acid sites due to the ion

exchange process.

When metal particles are added, the acidity rises, indicating the
interaction of the metal species with the protonic sites in the NZSM-
5 zeolite. The peaks of NZSM-5/M exhibit slight widening and shift
towards the high-temperature region. It is evident from the TPD
profile that new peaks are found at intermediate temperatures,
indicating the generation of new acid sites. The TPD profile of
NZSM-5/Zn has a high-intensity low-temperature peak that widens
towards the intermediate region. Zinc loading increased the intensity

of the intermediate region compared to NZSM-5 due to the exchange
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of H" with Zn?". This suggests that Zn?>" ions interacted with
Bronsted acid sites on NZSM-5/Zn to form cationic Zn species that
coordinated with the oxygen atoms in the pore channel. Thus, the
stronger acidity of the acid center increases the electron cloud
density in the zeolite framework.(38) Incorporating copper into the
zeolite structure significantly improved the surface acidity of
NZSM-5. The desorption profile of NZSM-5/Cu depicts the
different types of acidities exhibited. The exceptional nature of the
peak of NZSM-5/Cu sample is due to the decomposition of copper
ammonia complex, resulting in a significant rise in intensity of the
desorption peaks of intermediate acid sites (300-400 °C).(39) On the
other hand, a significant increase in the intensity of peaks
corresponding to three desorption regions was seen in iron-modified
zeolites. NH3 desorbed from weak silanol (Si-OH) is the cause for
the peak at lower temperatures (usually < 200 °C). However, the
desorption peaks at higher temperatures (usually between 350 and
550 °C) are attributed to NH3, which is highly adsorbed on acidic
hydroxyl groups or Bronsted acidic sites.(40)

All three desorption peaks are present in the NH3-TPD profile of
NZSM-5/Ce, indicating the presence of weak Lewis and Bronsted
acid sites. The cerium-modified samples show more prominent
peaks corresponding to strong and moderate acid sites. The results
suggest that adding neodymium to the zeolite significantly raised the

surface acidity. As a result, extra ammonia chemisorption centers are

103



Chapter 3 Section A

formed when Nd is present on the surface of ZSM-5. The acidic
characteristics of lanthanum oxides are responsible for the increased
acidity of NZSM-5/La. The weak Lewis acidic nature of La*" is
responsible for the increased acidic nature of NZSM-5/La. The
bridging hydroxyl groups in the ZSM-5 channel entrances can
interact with La species, reducing the Bronsted acid sites of

zeolite.(41,42)
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Figure 3A.5. TPD profile of NZSM-5 and NZSM-5/M samples
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The SEM images of the nanocrystalline ZSM-5 and metal-modified
samples are furnished in Figure 3A.6. A typical spherical-shaped
MFT crystal structure made of an assembly of tiny crystallites is
obtained for NZSM-5.(43—45) The particle size ranges up to 100 nm
for both modified and unmodified samples, the larger aggregates
comprise of numerous individual or intergrown zeolite particles. The
average crystallite size of the NZSM-5 and NZSM-5/M samples
ranges from 10 to 50 nm, which agrees with the result obtained from
the Scherrer equation 2.2. This observation confirms the presence of
nanometric particles in all samples. The performance of a catalyst
betters when more of its reactive sites are exposed by attaining the
size of the nano range. The agglomerative morphology of the
nanoparticles of all zeolite samples leads to a spherical shape, and
some intercrystalline voids were seen both inside and on the surface
of the spheres. As zeolites are exposed to both their exterior and
interior surfaces due to their channel-like morphology, the metal
introduced produces spherical crystal aggregates with a rough
surface.(46—49) It is evident that following the ion exchange
treatment, the morphology of the ZSM-5 zeolite stayed essentially
unaltered. The particles are distributed as aggregate clusters at the

surface of NZSM-5, which is the only visible difference.
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100 nm

Figure 3A.6. SEM images of zeolite samples (a) NZSM-5 (b)
NZSM-5/La (¢) NZSM-5/Ce (d) NZSM-5/Nd (e) NZSM-5/Fe (f)
NZSM-5/Cu (g) NZSM-5/Zn
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27AIMAS NMR spectroscopy was used to obtain information about
structure integrity by studying the aluminium distribution (Figure
3A.7). The strong signal at 53 ppm is assigned to a tetrahedrally
coordinated aluminium framework, which can be found in all zeolite
samples.(39) The weak signal at 0 ppm shows the presence of
octahedral non-framework or extra-framework aluminium; it can be
found in zeolite samples such as NZSM-5 /Ce and NZSM-5/Cu. The
peak positions have slightly moved from their original positions. It
indicates that the NZSM-5 are primarily aluminosilicates with
tetrahedral framework, and NZSM-5/Ce and NZSM-5 /Cu possess
only a relatively minor amount of extra-framework Al species. This
confirms dealumination, during the modification process. In the case
of other metal-modified samples, the dealumination hardly takes
place; however, a tiny shift in the position of tetrahedral aluminium
is also visible. Increasing line width and decreasing peak intensity
are also observed in the NZSM-5/M; this is attributed to a rise in
local heterogeneity of the modified samples compared with the

unmodified ones.
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Figure 3A.7. >’ AIMAS NMR of NZSM-5 and NZSM-5/M samples

The presence of metal ions significantly alters the general properties
of the zeolite. Substantial evidence of modification includes the
blockage of pores, the intensification of acidic characteristics, and
the difference in absorption maxima in UV-Visible regions. While

incorporating these elements, XRD analysis emphasizes the
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crystalline characteristics of zeolite. The overall composition of the
synthesized samples is studied by the EDX analysis (Table 3A.3).
The ionic radius of incorporated ions can be partially linked to the

percentage incorporation of each element.(2)

Table 3A.3. The elemental composition of NZSM-5 and NZSM-
5M

Sample Atomic percentage of elements (%)
Si Al | O La |[Ce |[Nd |[Fe |[Cu |Zn
NZSM-5 | 3948 | 0.74 | 59.78 | -—- | -~ |- |- |- |-
NZSM-5/ 12922 1 0.53 | 69.72 | 053 | -—- | - |- |- |-
La
NZSM-5/ | 3193 | 048 | 66.93 | --- [ 0.66 | --- |- |- |-
Ce
NZSM-5/ | 3527 |1 0.64 | 61.04 | - | - | 215| - |- |-
Nd
NZSM-5/ | 3839 | 0.54 | 57.82 | - | - |- |3.24]| - |-
Fe
NZSM-5/ | 31.78 | 0.5 | 66.23 | --- |- |- |- 1.49 | ---
Cu
NZSM-5/ | 26.20 | 0.64 | 71.19 | - | - | — |- | - 1.97
Zn

Figure 3A.8 shows the powder XRD patterns of the NZSM-5 and
NZSM-5/M zeolites having different metal ions. The planes [313],
[303], [051], [031], [020], and [011], are linked to the observed
typical diffraction peaks at 20 = 24.44°, 23.96°, 23.14°, 14.82°,
8.82°, and 7.98° respectively. All these values correlate to the
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JCPDS card number, 00-037-0359, and the simulated XRD from
IZA. They are all indexed to the ZSM-5 structure.All these values
are indexed to the ZSM-5 structure and correspond to the JCPDS
card no: 00-037-0359 and simulated XRD from IZA. The XRD
results indicate the purity of the sample and ensure the MFI structure
of all the samples. The sharp peaks suggest that the ZSM-5 samples
possess good crystallinity. A slight decrease in peak intensity was
observed upon modification with metals compared to NZSM-5. No
signals corresponding to the metals or metal oxides were detected in
any NZSM-5 samples and this is due to insufficient metal loading or
the metal crystallites being too small for detection by XRD. This

indicates a high dispersion of the metals within the zeolite structures.

While comparing the XRD patterns of NZSM-5 and NZSM-5/M
zeolites, all of them showed similar diffraction peaks, suggesting
that the framework structures were not much affected by the loading
of metal ion species. XRD profile analysis was used to determine the
average crystal size, crystallinity, dislocations, and lattice strain of

zeolite nanocrystals using respective equations 2.1, 2.2, 2.3, and 2.4.

The average crystallite size and percentage crystallinity are given in
Table 3A.4. Meanwhile, a slight decrease in the percentage
crystallinity was observed in NZSM-5/M zeolites, this is ascribed to
the intermixing and high dispersion of metal ion species with the

zeolite.
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Figure 3A.8. XRD patterns of NZSM-5 and NZSM-5/M samples

The dispersion of the metal species dispersed on the external surface

of NZSM-5 are anchored at the cation-exchange sites, potentially

leading to distortion of lattice within NZSM-5

. Consequently, the

metal species interact partially with the NZSM-5 framework,
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influencing its lattice structure.(50) Even though the metal
modification leads to no substantial change in the crystal structure,

the lattice experiences a slight amount of strain.

When zeolite nanocrystals are synthesized, an average crystal size of
less than 40 nm is achieved. The acquired results indicate that the
hydrothermal synthesis method combined with the ion exchange
process, yields nanoparticles with an average size of less than 100
nm. The crystalline nature of the nanoparticle can be further assessed
by the dislocation density value (d) using the equation (2.3). The
magnitude of crystal defects, i.e. the dislocation lines per unit

volume of crystal, is tabulated in Table 3A.4.

The & value of NZSM-5 is 0.71x10° nm™. As depicted in Figure
3A.9, the o value of NZSM-5 is relatively tiny compared to the
metal-modified ones. The degree of crystallinity is high for NZSM-
5. Upon metal modification, the crystallinity decreases, which
indicates that metal-modified zeolite samples have more lattice
imperfections incorporated due to the deposition of nanometal

oxides, thereby causing a rise in the dislocation density.
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Table 3A.4. Structural parameters NZSM-5 and NZSM-5/M
samples

Dislocation Lattice
Crystallite density . Crystallinity
Sample . 3 strain o
size(nm) x10 (%) (%)
(nm?) ’
NZSM-5 37.55 0.71 0.88 80.95
NZSM-
5/Fe 13.75 5.29 1.73 75.53
NZSM-
5/Cu 13.43 5.57 1.56 70.30
NZSM-
5/70 14.50 4.76 1.33 71.10
NZSM-
5/la 13.10 5.82 1.67 73.41
NZSM-
5/Ce 11.72 7.28 1.56 68.56
NZSM-
5/Nd 12.53 6.36 2.24 62.28

The interconnection between defects and lattice strain is crucial, as
they are closely related. When a defect, such as a dislocation, is
present, the crystal lattice surrounding it undergoes elastic distortion
or strain. Diffraction peaks broaden as a result of these elastic fields,
and the degree of strain depends on the non-uniform lattice
distortions. There is a progressive decline of the elastic strain field
around dislocations from the dislocation core; the total effect of all
dislocations plays a major role in X-ray scattering. Strain is produced
by the uniform distribution of tension throughout the lattice, and
strain shifts the diffraction peaks. For instance, stresses and tiny
crystalline domains (size effects) in nanostructured materials cause

the diffraction profiles to expand.(51)
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Figure 3A.9. Variation of dislocation density with crystallite size

of NZSM-5 and NZSM-5/M samples

Lattice strain increases during modification with metal ions,

specifically by decreasing the crystallite size, leading to a lattice

shrinkage effect. The reduced crystallinity of the modified

nanocrystalline zeolite contributes to the increased lattice strain.

Figure 3A.10 illustrates the variation in crystallinity and lattice strain

based on data obtained from elemental composition identification.
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Figure 3A.10. Variation in crystallinity and lattice strain by the
elemental composition

Compared to metal-loaded zeolites, the NZSM-5 exhibits a greater
crystallite size, higher crystallinity, and lower strain. The loading of
metal ions in NZSM-5 increased the lattice strain but did not affect
the MFI crystal structure. The shift in crystal strain can be connected
to the size of the atoms or ions substituted in the zeolitic matrix, with
bigger the size higher the lattice strain. Furthermore, the greater
loading capacity of iron and neodymium ions in zeolite caused the
increase in the lattice strain seen in Nd** and Fe** exchanged NZSM-
5 compared to all other metal-exchanged NZSM-5 in this study. The
increased loading of Fe** cations can be attributed to the compact

ionic radius and elevated charge density of Fe*" cations compared to
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Cu?" and Zn?" within the pores which enable them to form stronger
bonds with the zeolite structure. Likewise, the reduced ionic radius
and heightened charge density of Nd*" cations, in contrast to La*"
and Ce*" within the pores, facilitate stronger binding to the zeolite

structure, leading to more significant loading into the framework.

The findings imply that the zeolites can effectively host various ions
without significant strain, enhancing their acidic, pore, and overall
properties. It suggests that the incorporation of metals into zeolite
crystals might cause small cracks to form mesopores. Putting cations
into the zeolite structure helps relieve strain, resulting in mesopore

formation.
3A.3 Conclusions

A substantial contribution is made by transition and rare earth
element-containing nanocrystalline zeolites to the field of catalysis.
This chapter depicts the modification of hydrothermally synthesized
nanocrystalline ZSM-5 by iron, copper, zinc, lanthanum, cerium,
and neodymium using the ion exchange method. A thorough
investigation of metal-doped nanocrystalline ZSM-5 sheds light on
the modifications made to the acidity, textural characteristics, and
structural parameters. According to the SEM results, every zeolite
sample has spherical crystals with less than 40 nm crystallite size.
The modified samples exhibit absorption in the UV-Visible region,
whereas the unmodified ZSM-5 does not. The TPD studies reveal a

substantial increase in the acidity of metal-modified nanocrystalline
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ZSM-5. XRD analysis confirms that metal modification affects the
crystallinity and lattice stability of the zeolite framework. According
to the N2 adsorption isotherm, the total surface area and pore volume
of ZSM-5 were slightly reduced with the impregnation of metal ions.
It can be said that the formation of hierarchical porosity in metal-
modified samples occurs due to the presence of slight lattice strain
within the crystallites. Therefore, the crystals attempt to relax this
strain, ultimately resulting in the formation of heteroporosity. The
results of the characterization suggest that zeolites can efficiently
host different metal ions, thereby tuning the nanocrystalline ZSM-5
to be excellent catalysts by improving their acidic properties,
bettering the porous nature, and at the same time retaining the

crystalline nature.
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Section B

Studies on Metal-Modified Nanocrystalline Zeolite Beta
3B.1 Introduction

Zeolite beta is one of the most widely used and first discovered
zeolites. It was synthesized even before Mobil patented ZSM-5. It
is characterized by the BEA structure and classified among large-
pore zeolites. It also possesses a three-dimensional channel structure
featuring rings containing 12 oxygen atoms. Its notable attributes,
such as excellent thermal stability, hydrophobicity, acid resistance,
high catalytic activity, and prolonged service life, render it
advantageous in various catalytic reactions. Several studies have
indicated that zeolite beta serves as a catalyst for diverse organic
reactions and plays a role in purifying water. The alteration of
catalytic activity and molecular sieving properties in zeolites is
recognized through cation exchange. Introducing transition metals
like copper, ironand zinc along with rare earth elements such as
lanthanum, ceriumand neodymiumhas been demonstrated as a
compelling approach to create effective catalysts for various
processes, including acetylation, selective catalytic reduction, dye
removal, aromatization, cracking, isomerization, hydration, and
decomposition.(7,4,52—68) Incorporating these elements to modify
zeolite beta significantly enhances its stability and activity in these

reactions.

Numerous investigations have provided insights into the structures
of active sites and reaction mechanisms, shedding light on the

connection between physicochemical properties and catalytic
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performance. The cation exchange process results in the deposition
of various entities within the micropore channels. These include
mono- and binuclear metal species and small oligonuclear clusters,
which act as active sites for various reactions. Based on the chosen
method of preparation, the quantity and nature of the metal species
formed differ. The preferred method for ion exchange is solution-
based due to its simplicity and ease of control. Nevertheless, a
significant challenge with this approach arises from the incomplete
exchange, as the pore channels hinder the diffusion of metal ion
precursors. The extent of exchange is influenced by variations in
diffusion paths, zeolite crystallite size, or changes in pore channel
structure, leading to alterations in the acidity and overall

performance of zeolite beta.

This chapter depicts the synthesis of metal-modified nanocrystalline
zeolite beta by ion exchanging with transition and rare earth
elements, focusing on elucidating the internal structure, morphology,
and texture. Several research efforts have concentrated on altering
the properties by exchanging diverse metal cations. Despite the
extensive exploration of metal cation exchange in nanocrystalline
zeolite beta, relatively few investigations have been conducted in
this domain. To the best of current knowledge, no studies in the open
literature directly compare and evaluate the enhancement of
properties of zeolite beta using La, Ce, Nd, Cu, Zn, and Fe. The
difficulty arises from the limited external surface area and the
scarcity of exchangeable positions, making it challenging to achieve
highly dispersed metal ions on the surface of zeolite beta. Special

attention is given to the effects of modification on acidic
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characteristics and textural properties to better understand the
presence of metal species within the zeolite structure and their role

in contributing to lattice strain and dislocations.

3B.2 Results and Discussion
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Figure 3B.1. XRD patterns of NBZ and NBZ/M samples with
simulated pattern

120



Chapter 3 Section B

The synthesis of NBZ and the procedure for its metal modification
(NBZ/M) is explained in detail in Sections 2.4.3 and 2.4.4 of Chapter
2. Figure 3B.1 displays the XRD patterns of synthesized samples
along with the simulated pattern. The simulated data was obtained
from the IZA website. The diffractograms of the NBZ and NBZ/M
reveal distinctive peaks at 20 = 6.98 to 8.31 and 22.46 to 23.86 that
indicate the zeolite beta of the BEA framework having good
crystallinity. The overlap of four peaks at 26 = 6.98 (100) plane,
polymorph A; 7.74 (101), polymorph A; 7.34 (110), polymorph B;
and 8.31 (111), polymorph B, causes the broad peak in the low angle
area (6.98 - 31). The overlap of peaks at 26 = 22.46 (311) plane,
polymorph Aj; 22.64 (422) plane, polymorph B; 22.65 (240) plane,
polymorph B; 23.03 (222) plane, polymorph B; and 23.86 (113)
plane, polymorph B is used to explain the broad peak at 22.46 to
23.86. Therefore, it proves the fact zeolite beta is an intergrown

hybrid of polymorphs A and B.(69)

The analysis of spectra of NBZ/Fe, NBZ/Cu, and NBZ/Ce reveals
the presence of additional peaks than those in NBZ in the range 26 >
30 °, which serves as an indication of the existence of bulk oxides
within the structural composition of these samples. This observation
implies that the metal ions and metal oxides in these particular
samples are not uniformly distributed or dispersed. There is a lack of
homogeneity in the arrangement of these particles, leading to the
emergence of distinct peaks in the pattern. Conversely, while

examining the pattern of NBZ/Zn, NBZ/La, and NBZ/Nd samples,
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the absence of such additional peaks suggests a different scenario. In
these cases, there is a notable absence of agglomeration of bulk
oxides within the structure, indicating that the metal ions and metal
oxides are perfectly dispersed. The lack of distinct peaks in the
pattern for these samples points towards a higher degree of
uniformity and homogeneity in the distribution of particles,
highlighting a more ideal dispersion. The intensity of the peaks is
reduced. This is due to the lowering of crystallinity in the ion
exchange process. The total crystallinity, crystallite size, and lattice
strain of samples are tabulated in Table 3B.1. The average crystallite
size and percentage crystallinity of NBZ and NBZ/M were
determined by using equations (2.1) and (2.2) respectively.

Table 3B.1. Structural parameters of NBZ and NBZ/M

Sample Crystallinity | Crystallite size | Lattice strain

(Y0) (nm) (%)

NBZ 77.75 17.20 1.63
NBZ/La 64.91 21.75 2.19
NBZ/Ce 59.74 10.57 2.72
NBZ/Nd 55.80 13.76 2.31
NBZ/Fe 52.22 16.35 2.08
NBZ/Cu 61.09 24.77 2.14
NBZ/Zn 66.45 13.77 2.28

The XRD pattern obtained for nanocrystalline zeolite beta and its
metal analogs features an average crystallite size below 30 nm.
Lattice strain is found to be increased during modification. The

primary sources contributing significantly to lattice strain in metal-
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modified nanocrystalline beta samples are identified as dislocations
and the excess volume at grain boundaries between metal oxides and
zeolites. In general, excessive lattice strain poses the risk of
diminishing the stability and structural integrity of zeolites,
potentially leading to framework collapse or distortion and
impacting their long-term functionality. At the same time, it is clear
from Table 3B.1 that incorporating metal ions in this study does not
lead to a substantial increase in lattice strain. Furthermore, the
positive aspect of the very slight increase in lattice strain is that it
induces alterations in the pore size and shape selectivity of zeolites,

further increasing their acidic and textural properties.

The formation of the zeolite beta phase is further confirmed by FTIR
analysis. The FTIR spectra of modified and unmodified samples are
shown in Figure 3B.2. FTIR spectroscopy is used to probe the
structure of zeolites. Significant bands are visible in the 500 cm™ to
1700 cm™ of NBZ and NBZ/M, together with additional bands at the
3450 cm™ and 1630 cm™ regions. The broad bands seen for all zeolite
beta samples are caused by stretching vibrations of the hydroxyl
groups at 3450 cm™! and bending vibrations of the water molecules
in the lattice at 1630 cm™ respectively. The 1097 cm™ absorption
peak in zeolite beta corresponds to the internal asymmetric stretching
vibration of the O-Si-O bonds or O-Al-O bonds and it is susceptible
to the aluminium content in the zeolite. The wavenumber rises as the
aluminium content decreases within the zeolite structure, thus
signifying a shift in the framework of NBZ/M.(70) Consequently,
this specific vibration band shifts towards higher wavenumbers

during the modification with metals. Additionally, the absorption
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Iand 1230 cm™' are associated with the external

peaks at 796 cm”
symmetric stretching and asymmetric stretching of Si—O-Al
linkages, respectively. Notably, the double six-ring and double four-
ring lattice vibrations of zeolite beta manifest as bands at 524 cm’!
and 573 cm™" respectively. These bands verify the existence of the
zeolite beta structure. The decrease in intensity of metal-modified
samples typically suggests a loss of crystallinity and that is inferred

from XRD.
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Figure 3B.2. FTIR patterns of NBZ and NBZ/M samples
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UV-Visible spectroscopy has been widely employed to describe the
nature and coordination centers impacted by the incorporation of
metal oxide or metals in zeolite beta structure. The spectra obtained
are shown in Figure 3B.3. The UV-Visible range shows no peak for
the NBZ sample (inset of Figure 3B.3) signifying that there are no
electronic or charge transfer transitions. On the other hand, the metal
ion species in the zeolite framework are responsible for the peaks in

the NBZ/M spectrum at 220 and 800 nm.
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Figure 3B.3. UV-Visible spectra of NBZ/M samples with spectra
of NBZ (inset)

The two distinct peaks spotted for the NBZ/Fe sample are at less than
300 nm and in the range 300-400 nm. The peak below 300 nm is

associated with the charge transfer transition from oxygen to Fe, and
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the broad peak (300-400 nm) suggests the presence of Fe*" octahedra
in the FexOy oligomer clusters.(71) The presence of Fe.O3 particles
also explains the broad band observed in this sample between 400
and 650 nm.(43,55) A band at 250 nm for NBZ/Cu demonstrates the
interaction of copper ions with zeolitic oxygen.(9,10) The bulk CuO
exhibits absorption maxima at 380 nm which is absent in the present
study but a band at 270 nm is detected which is attributed to blue
shift by nano-CuO particles as an effect of nanoparticle size.(72)
The literature states that, aggregated, oligomeric, or dimeric copper
oxide will result in bands at 430-560 nm.(11,12) The surface of
zeolite does not contain these aggregating species, as indicated by
the absence of bands in this region. According to UV-Visible
patterns of NBZ/Zn, no absorption band is found at 380 nm,
indicating that bulk ZnO did not exist in the matrix. The increase in
absorbance seen in the NBZ/Zn spectra at about 250 nm is attributed

to sub-nanometer ZnO.(8,59)

The peaks observed in the NBZ/La spectra at 240 and 270 nm are
ascribed to the extra framework lanthanum species and the La
species in the zeolite framework respectively. The absence of peaks
at higher than 500 nm indicates the lack of bulk lanthanum oxide
species. A strong band was observed at 240 nm due to the charge
transfer transition from O% to tetrahedrally coordinated La®".
Furthermore, the hexa-coordinated La*" species in the extra
framework of NBZ/La is responsible for the absorption peak at 270
nm.(23,73)

126



Chapter 3 Section B

The peak seen at 325 nm for NBZ/Ce sample is due to the intrinsic
absorption of cerium oxide nanoparticles where electron transfer
from the valence band to the conduction band occurs. In contrast,
peaks at about 300 nm were found in cerium oxide as a result of the

absorption due to charge transfer from O% (2p) to Ce** (41).(74)

There are multiple peaks at different wavelength visible in the
NBZ/Nd spectrum. Signals arise when the f orbital of Nd** interacts
with nearby O% ions. The peak in the NBZ/Nd at 260 nm indicates

the charge transfer transition from O to Nd** sites.(25)
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Figure 3B.4. Nitrogen adsorption-desorption isotherm of NBZ and
NBZ/M samples
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Table 3B.2. Textural and acidic characteristics of NBZ and NBZ/M
samples

Sample Total Pore BJH Pore Acidity
surface | volume distribution (mmol/g of
area (cm¥/g) range ammonia)
(m?/g) (nm)

NBZ 541.23 0.31 2-3 0.89
NBZ-Fe 396.43 0.20 4-14 1.54
NBZ-Cu 479.65 0.20 5-9 0.95
NBZ-Zn 443 .46 0.19 6-10 2.10
NBZ-La 453.54 0.19 6-14 1.93
NBZ-Ce 424 .41 0.17 4-16 2.44
NBZ-Nd 466.63 0.18 7-14 2.14

Figure 3B.4 displays the Nz-adsorption isotherms of the NBZ and
NBZ/M samples. NBZ sample fully complies with Type I isotherm,
suggesting innate microporous structures. According to the [UPAC
classification, the metal-modified zeolite beta samples NBZ/M
exhibit a combination of Type I and Type IV isotherms. As a result,
the presence of mesopores is responsible for the significant increase
in adsorption at intermediate relative pressures. At the same time,
zeolitic micropores are responsible for the considerable adsorption
observed at low relative pressures (p/po < 0.1). A hysteresis loop
(Figure 3B.4) is formed in the case of NBZ/M due to the variation in
adsorption and desorption volumes at the same relative pressure.
This variation can be explained by capillary condensation exhibited
by mesoporous materials. As per [IUPAC guidelines, the Type H2
loop hysteresis demonstrates pore-blocking effects by the

accumulation of metal particles.(75) Consequently, hindering the
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diffusion of adsorbate molecules within the zeolite matrix.(76)
Furthermore, the incorporation of metal ions drives the zeolitic
matrix to dissolve smaller nanoparticles leading to redeposition onto
larger ones resulting in the merging of pores and the simultaneous

formation of mesopores (Ostwald ripening).(32,33)

The results obtained from applying the BJH pore distribution curve
shown in Figure 3B.5, validate the presence of a bimodal pore
structure, a characteristic feature of hierarchical zeolites. The BJH
plot for NBZ begins at 1.5 nm with a larger volume and continues to
decrease to lower pore diameter values. For NBZ/M samples, on the
other hand, the pore size distribution curve is broader than that of
NBZ samples. It is centered at different pore sizes within the range
of 2-20 nm, indicating the presence of a significant mesoporosity in

metal-modified zeolite samples.

The impact of adding metal ions on the textural characteristics of the
supports is explained in detail in Table 3B.2. Each modified sample
under study has different surface area and pore volume values due to
metal ion deposition. The size and quantity of cations are thought to
be the two primary variables that could have an impact on the surface
area. Therefore, it would be reasonable to anticipate that the
deposition of metal ions with varying charges, and ionic radii would
have an inverse effect on surface area. Multivalent cations, however,
have a highly complex influence on surface area. The decrease in
textural characteristics imparted by these ions can be attributed to
their size, nature, and overall composition within the zeolite

structure. Furthermore, the partial blockage of pores by metal species

129



Chapter 3

Section B

and the destruction of micropores during metal loading as a result of

silica and aluminium leaching is the cause for the decrease in surface
area.(55,59,64,66,77) The decrease in surface area seen for NBZ/Fe

is significantly greater, which can be attributed to pore blockage

caused by the presence of various iron species.
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Figure 3B.5. Pore size distribution of NBZ and NBZ/M samples
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Figure 3B.6. TPD profile of NBZ and NBZ/M samples

The acidic nature of NBZ and NBZ/M were examined using
NH3/TPD; the findings are displayed in Figure 3B.6. The patterns
found for NBZ and NBZ/M show that they have distinct intrinsic
acidic properties and display two well-resolved desorption peaks: a
high-temperature peak (HTP > 450 °C) and a low-temperature peak
(LTP ranging from 100 to 250 °C). In general, weak and strong acid
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sites are represented by LTP and HTP, respectively. Medium acid
sites are found between weak and strong acid sites in the 250400 °C
temperature range. The quantity of acid sites is correlated with the
peak area. The number of estimated acid sites is given in Table 3B.2,
and the advantage of metal modification is visible by noting the
gradation of acidity values. The total acidity obtained for the NBZ
(0.89 mmol NH3/g) is less than that obtained from the NBZ/M. The
surfaces of all zeolites have become noticeably more acidic due to
the addition of metal ions to the zeolite. Thus, it can be concluded
that more ammonia chemisorption centers are formed due to metal
ions or metal oxides on the surface of the catalyst. Furthermore, the
notable rise in NH3 desorption for NBZ/M compared to NBZ can be
attributed to the larger pore sizes of the NBZ/M matrix.(23)

A thorough comparison of the modification on TPD profiles shows
that the weak acid sites of NBZ are more in number when compared
to NBZ/M. There emerge two desorption peaks (intermediate and
high temperature) for NBZ/La, NBZ/Fe, NBZ/Nd, and NBZ/Zn,
indicating the creation of new types of acid sites. The TPD profiles
of NBZ/La, NBZ/Fe, NBZ/Nd, and NBZ/Zn show a steady increase
depicting an overall increase in acidity imparted by all three different
types of acidities. The TPD profile of NBZ/Cu reveals a higher
degree of acid site heterogeneity, with a smaller number of weak acid
sites and an increased number of moderate acid sites (peak at 430
°C). Moreover, NBZ/Cu is associated with a lower pore size

distribution 5-9 nm as given in Table 3B.2. This decrease in pore
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size distribution accounts for the lower acidity of NBZ/Cu. It can be
concluded that copper-loaded zeolites have reduced pore size
distribution that limits the interaction of NBZ/Cu and ammonia
proving the fact that it has lesser acidity compared to other NBZ/M

samples.
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Figure 3B.7. FTIR of pyridine sorbed zeolite beta samples: B for
Bronsted acid sites, L for Lewis acid sites, H for hydrogen-bonded
sites
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Another indispensable tool for investigating the variety of acid sites
is to analyze the FTIR of the pyridine-sorbed samples. The infrared
spectrum exhibits pyridine vibration bands between 1400 and 1700
cm ! (Figure 3B.7). Pyridine interacts with acid sites on the solid
surface, depending on whether they are Bronsted acid sites, Lewis
acid sites, or hydrogen-bonded sites. Co-ordinately bound pyridine
indicates Lewis acid sites e.g. AI*" or metal cations on the surface of
zeolites. The transfer of H" ions from the Bronsted acid sites of
zeolite to pyridine results in the formation of pyridinium ions.
Hydrogen bonds with the OH groups of zeolites and the nitrogen
atom of pyridine to form hydrogen-bonded sites. The band at 1540
cm !, characteristic of Bronsted acid sites, is attributed to the N-H
bending of pyridinium ions. The infrared band identifies Lewis acid
sites at 1443—1450 cm™!. The bands around 1590 cm™ represent H
sites. Pyridine interacts with all the different types of acid sites, i.e.,
L, B, and H sites are resulting in the band at 1490 cm'.(4)

There is a notable increase in the intensity of acid sites due to ion
exchange evidenced by the increase in intensity exhibited by all
NBZ/M samples. Considering the NBZ samples, the decrease in the
intensity of Bronsted acid sites validates its inclination to transform
into Lewis acid sites because of the presence of aluminium and
deposited metal species. This explains the increased intensity of
Lewis acid sites in NBZ/M. The formation of Lewis acidic site can
occur in positions where the exchanged metals can furnish empty
orbitals.(7,64) The partial replacement of framework protons by
metal ions reduces the Bronsted acidity within the structure of

NBZ/M samples. The Bronsted acid sites are retained because of the
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hydrolysis of water of solvation found in the metal cations (Equation
3.1).(62) Furthermore, it is discovered that the location of the L acid
sites has shifted to the lower wavenumber region and overlaps with
sites of H, corresponding to the hydrogen bonding between the

silanol and pyridine groups.(59,60)
[M(OH)x]** + xHy 0 — [M(OH), (H,0)x—]**™" + nH;0*  (3.1)

M(OH)x represents the metal hydroxide complex and M(OH),
(H20)x-n represents the hydrated metal hydroxide complex.

The SEM images of the zeolite beta samples reveal a direct
correlation between morphological alterations and the modifications
brought about by metal incorporation. Zeolite beta was found as
agglomerates consisting of indistinct crystal structures containing
spheroidal nanocrystals with varying degrees of aggregation. As
illustrated in Figure 3B.8, the XRD results indicate that the
crystallite size is notably tiny, precisely less than 30 nm. The
modified samples exhibit a distinctive spherical morphology with a
hierarchical structure composed of aggregates.(55,66) These
agglomerates represent clusters of nanosized zeolite crystals
characterized by well-defined grain boundaries. Remarkably, the
modified zeolites display a morphology reminiscent of the
precursors, featuring aggregates of zeolite nanoparticles with sizes
smaller than 100 nm. The surfaces of NBZ/M samples appear more
rugged and rougher, suggesting the presence of oxide nanoparticles

covering these surfaces.

135



Chapter 3 Section B

Figure 3B.8. SEM images of zeolite samples (a) NBZ (b) NBZ/Fe
(c) NBZ/Cu (d) NBZ/Zn (e) NBZ/La (f) NBZ/Ce (g) NBZ/Nd
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Table 3B.3. Elemental composition of NBZ and NBZ/M

Sample Atomic percentage of elements(%)

Si Al (0] La | Ce |Nd |Fe Cu | Zn
NBZ 43.57 | 1.78 | 54.66 | --- | == | = | == | - | -
NBZ/La | 27.23 | 1.27 | 67.70 | 3.80 | --- |- |- |- |-
NBZ/Ce | 29.50 | 0.62 | 63.92 | -—- | 597 | - | - |- |-
NBZ/Nd | 35.17 | 1.28 | 60.70 | --- | --- |[2.84 | - |- | ---
NBZ/Fe | 28.81|0.66 | 6633 | -—- | - |- |420 |- |-
NBZ/Cu | 38.35| 1.06 | 59.07 | --- | - |- |- 1.52 | ---
NBZ/Zn | 32.03 | 1.56 | 65.14 | ~—- | —- |- | - |- 1.3

A detailed elemental analysis of all the samples was conducted, and
the composition of each sample is detailed in Table 3B.3. Upon
analysis, it becomes apparent that there is a marginal decrease in the
weight percentage of the primary constituent elements, namely
silicon and aluminium due to metal doping. Notably, the reduction
in the concentration of aluminium is more significant. This
phenomenon can be attributed to dealumination, a process occurring
during the introduction of metal dopants, where aluminium content

1s diminished.

To further validate the occurrence of oxide deposition, one can
observe the percentage of oxygen in the material structure. The
analysis of oxygen content indicates the presence of oxides,
affirming the transformative effects of the doping process on the
elemental composition of the samples. This information contributes

to a comprehensive understanding of how metal doping influences
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the elemental makeup of the material, shedding light on specific

changes such as dealumination and oxide deposition.

The magnitude of the observed changes in the acidity, textural
properties, and structural parameters were primarily influenced by
the spatial distribution and arrangement of the metal cations. These
factors exhibited variability based on the nature of the metal ions and
their respective valencies. Specifically, when considering Zn, it was

exclusively detected in the form of well-dispersed cationic species.

On the other hand, in the case of copper and iron, the dispersion was
notably poorer, and these metal ions were predominantly found in
the form of oxides. This implies that the ions of copper and iron were
less scattered within the material and tend to aggregate, forming
oxide compounds. The presence of oxides can significantly affect

the properties and behavior of materials.

In the context of cerium, it shows the presence of oxide and cationic
species. Lanthanum and neodymium exhibited an intermediate level
of dispersion, suggesting a distribution that was neither as uniform
as zinc nor as clustered as copper and iron. The distribution of metal
particles has implications for the properties of materials, showcasing
a fine relationship between metal ion characteristics and their impact

on structural arrangements.
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3B.3 Conclusions

Metal ion-incorporated nanocrystalline zeolites with crystal sizes
smaller than 100 nm are considered promising alternatives to
traditional zeolites due to their beneficial and distinctive
characteristics. This study deals with the synthesis of nanocrystalline
zeolite beta and its modification with various metal ions, including
Cu, Zn, Fe, La, Ce, and Nd. XRD results indicate that metal loading
does not alter the zeolite structure but increases lattice strain. The
average crystallite size for nanocrystalline zeolite and modified
samples is below 30 nm. UV-Visible spectra reveal the presence of
metal ions in the form of cations and metal oxides. FTIR spectra
show skeletal vibration patterns similar to typical zeolite beta peaks.
TPD profiles suggest that the metal modification increases the Lewis
acid sites, meanwhile, a decrease in the Bronsted acid sites is also
observed. Among the different samples used, NBZ/Ce sample
possesses the maximum acidity and this observation can be linked to
the uniform dispersion of metal cations in the NBZ framework. The
morphology of metal-modified samples resembles that of NBZ,
showing a rougher surface, indicative of oxide nanoparticles. This
chapter provides detailed insights into the environment of isolated
metal atoms and nano oxide clusters within zeolite beta, with the

help of the XRD and UV-Visible spectra.
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Section C
Evaluation of Catalytic Activity of Metal-Modified Zeolites
3C.1 Introduction

Methyl acetophenone plays a crucial role in the flavor and fragrance
industry. It is used in perfumes, colognes, and scented products
because of its sweet, fruity, and floral aroma. This resourceful
compound is also used in the pharmaceutical industry to synthesize
various drugs and medicines. This compound can be synthesized by
acetylation of toluene. The acetylation of toluene represents a
significant reaction, making use of a wide range of catalysts
employed other than the conventional Lewis acid catalysts. These
include montmorillonite clay, heteropolyacids with cesium, TiO»,
SiO, and sulfated tin oxide.(78-83) The product distribution,
selectivity, and yields are affected by the type of cation incorporated,
the chain length of the acylating agent, and the polarity of reactants
and solvents. Zeolites have gained a lot of attention in catalysis,
particularly in hydrocarbon cracking, isomerization, and alkylation,
but their potential for catalyzing the Friedel-Crafts reaction has been
underutilized. The reaction requires an acidic zeolite catalyst,
producing an electrophile, which attacks the aromatic ring, causing
the development of corresponding ketones.(84) The catalytic activity
of H-ZSMS5 is capable of acetylating toluene with acetic acid,
producing ortho and para acetophenone as primary products. The

positional selectivity exhibited by ZSM-5 can be attributed to the

140



Chapter 3 Section C

shape-selectivity, channel geometry, and cavity space constraints of
zeolite. The ortho isomer is not created due to a shortage of space
within the channel or cavity.(85) At high temperatures, heavy
products are generated due to a series of reactions, such as acylation,
disproportionation, decarboxylation, and alkylation.(86,87) The
electrophilic substitution involves an intermediate complex, where
an acylium ion combines with an aromatic ring. Polar solvents speed
up the reaction by stabilizing the acylium ion and the ionic
intermediate created by the attack of acylium ion on toluene.(88)
Nano-sized zeolites improve the accessibility to the active sites,
thereby increasing the catalytic activity. At the same time, the nano-
size lowers the deactivation of the catalyst.(89) There is a further
increase in the activity when hierarchical porosity is rendered,
allowing faster product diffusion and removal of heavy
products.(90) Despite all the alterations, the quick deterioration of
catalysts severely restricts the application of these materials, making
them less economical. However, improved catalyst design is
anticipated to increase the likelihood of using zeolites as catalysts

for acylation.

As part of such an effort, hierarchical ZSM-5 and zeolite beta are
loaded with different metal cations at varying levels and they
function as catalysts in the Friedel-Crafts acetylation of toluene with
acetic anhydride (AC>0). The cations used for modification are three
transition metals, Fe, Cu, and Zn, and three rare earth metals, La, Ce,

and Nd. The synthesis and characterizations of these metal-modified
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ZSM-5 and zeolite beta are described in the previous sections (3A &
3B). Furthermore, the performance of these zeolite catalysts is
compared  with  hydrothermally  synthesized  unmodified
nanocrystalline zeolites. The highlight of this process is that no
corrosive solvents are used and the reaction is carried out under
optimal reaction parameters such as a low amount of catalyst, and
optimized temperature thereby ensuring safety and cost-

effectiveness in this reaction.
3C.2 Results and Discussion

The effectiveness of the ZSM-5 and zeolite beta samples in
catalyzing the acetylation of toluene is investigated. Section 2.5
delves into the specifics of the reaction. The impact of various
reaction parameters, including catalyst quantity, the mole ratio of
toluene to acetic anhydride, and reaction temperature, is thoroughly

examined.

In the acetylation reaction, an acylating reagent, AC>0, reacts with
toluene containing active hydrogen, forming acetylated toluene. The

detailed mechanism is depicted in Scheme 3C.1.

Acetylation involving a Bronsted acid site initiates the formation of
an acylium cation. The proton attack from the Bronsted acid site of
zeolite on the nucleophilic carbonyl group of AC,O creates an
acylium ion and acetic acid. The acylium ion then combines with
toluene to generate an arenium ion. In the last stage, the aromaticity

of the ring is restored and the proton is released, which causes p-
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methyl acetophenone to desorb and the zeolitic acid site to

regenerate.
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Scheme 3C.1. Mechanism of the catalysis of acetylation at the
Bronsted acid sites of zeolites

The degree of conversion of AC;O plays a pivotal role in
determining the efficiency of the acetylation reaction. Monitoring
the conversion of AC,O allows for the optimization of reaction
conditions, control over the progress of the reaction, and assurance
of maximum yield of the desired product while maintaining
selectivity. Furthermore, if toluene is used in excess compared to
AC>0 (in molar terms), studying the activity involves measuring the

conversion of AC>O. Monitoring the consumption of AC,0 enables
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better control and optimization of these conditions to enhance the

conversion and selectivity of the reaction.

The acetylation of toluene with AC>O was studied systematically
using NZSM-5 and NBZ as catalysts. The kinetics of acetylation of
toluene over NZSM-5 and NBZ were examined to identify the
optimal contact time. The conversion rate rises steadily within the
first 120 minutes but subsequently declines, indicating that the
optimal reaction time for maximum conversion is 120 minutes under
the specified conditions. The decrease in conversion after 120
minutes is attributed to the coke formation on the zeolite surface,
potentially affecting the active sites of the catalyst. It was found that
the product obtained was exclusively the para isomer, indicating a
100% selectivity for the para isomer. The findings underscored the
shape-selective nature of NZSM-5 and NBZ, emphasizing a
preference for the para isomer over other isomers due to its smaller
molecular size than its ortho or meta counterparts. The choice for the
para isomer is explained by its lower energy and minimal steric
hindrance between the methyl group and the incoming acetyl group.
Therefore, the time for all the subsequent reactions were fixed as 120
minutes. The quantity of catalyst, the toluene/AC>O molar ratio, and
the reaction temperature were all optimized.The catalytic activity of
NZSM-5/M was compared with NZSM-5 and that of NBZ/M was
compared with NBZ and all the reactions were carried out under the

optimized reaction conditions.
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3C.2.1 Effect of Molar Ratio of Reactants on Acetylation of

Toluene

The impact of the toluene to AC>0O molar ratio was examined within
the range of 6:1 to 10:1 while maintaining a constant total volume.
The effect of the molar ratio of reactants is graphically represented
in Figure 3C.1. The values are furnished in Table 3C.1. The
conversion of AC,0 increased with increase in concentration of
toluene. The maximum conversion took place at a ratio of 8:1.
Further increase in the molar ratio of toluene did not noticeably
affect the conversion of AC>0. This finding can be explained by the
fact that the higher polarity of the acetylated product led to its
adsorption onto acid sites, limiting the toluene adsorption on the
surface and pores of the zeolite.(86) Consequently, increasing the
concentration of toluene did not significantly boost the conversion.
Hence, all reactions were investigated using a toluene: AC,0O molar

ratio of 8:1.

Table 3C.1. Effect of molar ratio of reactants on the conversion of
AC,0

Time Conversion of AC20 Conversion of AC20
(min) (%) on NZSM-5 (%) on NBZ
Toluene: AC,O Toluene: AC,O
6:1 8:1 10:1 6:1 8:1 10:1
10 10.5 31.0 40.0 21.8 42.5 48.0
20 21.0 39.5 48.6 32.6 50.8 54.0
30 29.7 48.8 54.8 40.6 59.6 63.7
60 35.8 56.4 61.7 49.7 68.8 70.0
90 42.8 65.5 69.5 55.7 75.8 77.4
120 432 66.1 71.0 63.8 77.0 71.7
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Figure 3C.1. Conversion of AC>O against time at different molar

ratios of reactants on a) NZSM-5 and b) NBZ.
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3C.2.2 Effect of Quantity of Catalyst on Acetylation of Toluene

The effect of the quantity of catalyst used was investigated within a
range of 0.05-0.20 g for the acetylation of toluene process at 60 °C.
Figure 3C.2 illustrates the variation in the conversion of AC,O with
different quantities of catalyst, the values are depicted in Table 3C.2.
Due to a corresponding rise in the number of active sites, the
conversion of AC,0 increased as catalyst concentration rose. But the
impact of this increase was negligible above 0.1 g. This implies that
extra active sites above 0.1 g have no discernible effect on reactant
adsorption at a particular concentration. As such, there is only a
slight improvement in the conversion of AC,0.As a result, all
subsequent experiments were conducted using a fixed amount of 0.1

g catalyst.

Table 3C.2. Effect of quantity of catalyst on the conversion of AC>O

Conversion of AC20 (%) | Conversion of AC20 (%)

Time on NZSM-5 on NBZ
(min)
005g | 0.1g | 02g | 0.05¢g 0.1g 02¢g
10 6.5 31.0 39.6 22.6 42.5 50.6
20 9.1 39.5 47.0 33.0 50.8 61.0

30 15.4 48.8 55.7 41.7 59.6 69.3
60 21.0 56.4 63.8 50.7 68.8 77.0
90 25.8 65.5 68.9 59.0 75.8 79.1
120 275 | 66.1 71.0 60.0 77.0 78.9

147



Chapter 3 Section C

100

—— (.05 g a) NZSM-5
09 —e—o.10¢
80 - —— 0.20 g

70 -

40

30 +

Conversion of AC,0 (%)
2
1

20

10 -

0 T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 9 100 110 120 130

Time (min)

100

b) NBZ
90 -

80— —

70 -

60 -

40

30 4 —8—0.05¢
—8—0.10¢g
—8—0.20¢g

Conversion of AC,0 (%)
4
1

20 4

10 -

0 T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (min)
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3C.2.3 Effect of Temperature on Acetylation of Toluene

Figure 3C.3 and Table 3C.3 depict the changes in conversion of
AC>0 across temperatures ranging from 30-80 °C. The conversion
was found to increase significantly with increasing temperature up
to 60 °C, and after that,an insignificant slight increase was observed
at 80 °C. For further studies, the reaction temperature was optimized

at 60 °C.

The diminished conversion of AC>O at elevated temperatures can be
attributed to the prevalence of deacetylation over acetylation,
combined with a reduced supply of AC>O as it participates in side
reactions like oligomerization or aromatization. Additionally, the
high temperatures contribute to the obstruction of the acid sites by
unwanted products of side reactions, resulting in lower conversion

rates.(80)

Table 3C.3. Effect of temperature on conversion of AC>O

Conversion of Conversion of
Time AC20 (%) on AC20 (%) on
(min) NZSM-5 NBZ
30 °C 60 °C 80 °C 30 °C 60°C | 80°C
10 5.7 31 40.1 12.0 42.5 59.7
20 8.7 39.5 479 21.6 50.8 66.5

30 13.7 48.8 543 27.8 59.6 72.6
60 17.5 56.4 60.9 33.0 68.8 78.4
90 21.8 65.5 68.9 39.6 75.8 83.7
120 22.1 66.1 70.0 41.0 77.0 85.2
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Figure 3C.3. Conversion of AC>O against time at different
temperatures on a) NZSM-5 and b) NBZ

3C.2.4 Effect of Metal Modification of Nanocrystalline Zeolite

on Acetylation of Toluene

The effect of metal incorporation on the conversion of AC>O is
studied using the optimized parameters as indicated in Figure 3C.4.

The values are tabulated in Table 3C.4 and Table 3C.5.
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Table 3C.4 Effect of metal modification of NZSM-5 on the
conversion of AC,0O

Time Conversion of AC20 (%)
(min)
NZSM-§ NZSM-NZSM- | NZSM- | NZSM-NZSM- |[NZSM-
5/Fe 5/Cu | 5/Zn /La 5/Ce /Nd
10 31.0 33.5 30.0 29.5 50.0 53.4 46.2
20 39.5 41.7 374 37.0 59.7 63.5 553
30 48.8 50.8 45.1 44.8 67.8 71.7 60.5
60 56.4 59.0 54.4 51.1 73.8 80.0 67.9
90 65.5 64.1 60.9 57.2 78.4 89.9 74.8
120 66.1 64.0 61.0 59.0 80.1 90.7 75.0
Table 3C.5. Effect of metal modification of NBZ on the conversion
of AC,0
Time Conversion of AC,0 (%)
(min)
NBZ | NBZ/Fe | NBZ/Cu | NBZ/Zn | NBZ/La | NBZ/Ce | NBZ/Nd
10 42.5 38.7 33.2 31.7 57.8 60.0 554
20 50.8 49.0 41.4 40.6 66.0 68.6 62.1
30 59.6 55.8 50.4 46.8 70.5 74.9 65.9
60 68.8 64.3 61.7 54.8 77.8 81.1 75.8
90 75.8 72.1 70.0 65.4 86.6 90.1 84.7
120 | 77.0 73.8 72.1 65.3 89.9 92.7 86.0

In the case of NBZ, a conversion rate of 77% was achieved.

Similarly, NZSM-5 shows a conversion of 66%. Interestingly, the
metal-modified NBZ samples and NZSM-5 exhibited higher
percentage of conversion. Specifically, NBZ/Nd, NBZ/La, and
NBZ/Ce demonstrated high AC20 conversions in the range of 86.0
to 92.7%, maintaining 100% selectivity. Even though NBZ and
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NZSM-5 zeolites possess considerable strength for their acid sites,
they do not achieve the highest conversion of AC>0O. Other
contributing factors, such as crystallite size and pore characteristics
have lesser contribution towards activity when compared to metal-

modified zeolites.

While comparing the catalytic performances of various samples,
transition elements doped catalysts exhibited slightly lower
conversion of AC>O than unmodified catalysts. At the same time,
those modified with rare earth elements exhibited increased

conversion of AC,0 than the undoped ones.

Zeolites containing Fe, Cu, and Zn appeared to have a negative effect
on the acid-catalyzed reactions, which agrees with previous
observations from the literature.(91,92) This adverse impact on
catalysis is likely attributed to metal nanoparticles getting deposited
on the external surface of zeolite potentially obstructing the pore
accessibility. The existence of oxide nanoparticles in zeolites has

been confirmed through various analyses (Sections A and B).

In the case of iron-based catalysts, a decrease in conversion of AC,0
was observed, dropping from 66.1% to 64% for NZSM-5/Fe and
from 77% to 73.8% for NBZ/Fe. Similarly, copper-based catalysts
exhibited a significant decrease in conversion of AC>O, declining
from 66.1% to 61% for NZSM-5/Cu and from 77% to 72.1% for
NBZ/Cu. Zinc-based catalysts also showed a substantial decrease in
conversion of AC;0, decreasing from 66.1% to 59% for NZSM-
5/Zn and from 77% to 65.3% for NBZ/Zn. The negative effect of

zinc species on Friedel-Crafts acid catalysis is more pronounced than
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iron and copper species. In terms of selectivity, the introduction of
different metal species does not result in the production of other
acylated products. The activity sequence of different metal-
exchanged zeolite beta is as follows: NBZ/Ce > NBZ/La > NBZ/Nd
> NBZ > NBZ/Fe > NBZ/Cu > NBZ/Zn. Similarly, the order of
activity for various metal-exchanged ZSM-5 zeolites is NZSM-5/Ce
> NZSM-5/La > NZSM-5/Nd > NZSM-5 > NZSM-5/Fe > NZSM-
5/Cu > NZSM-5/Zn. Hence, the variation in catalytic activity for
acetylation of toluene cannot be ascribed solely to the nature of metal
and its metal content in the zeolite. Factors such as location of the
cation, crystallinity, acidity, pore size distribution, and crystallite
size of the zeolite samples also significantly influence the catalytic

activity.

Table 3C.6 Properties of metal-modified zeolite samples

Crystallite size Acidity Pore

Sample (mmol/g of volume

(nm) ammonia) (cm¥/g)
NZSM-5 37.55 0.17 0.20
NZSM-5/Fe 13.75 0.28 0.17
NZSM-5/Cu 13.43 0.27 0.17
NZSM-5/Zn 14.50 0.28 0.18
NZSM-5/La 13.10 0.32 0.19
NZSM-5/Ce 11.72 0.26 0.17
NZSM-5/Nd 12.53 0.49 0.19
NBZ 17.20 0.89 0.31
NBZ/Fe 16.35 1.54 0.20
NBZ/Cu 24.77 0.95 0.20
NBZ/Zn 13.77 2.10 0.19
NBZ/La 21.75 1.93 0.19
NBZ/Ce 10.57 2.44 0.17
NBZ/Nd 13.76 2.14 0.18
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From the data given in Table 3C.6, it is clear that neither the
increased acidity nor the pore characteristics in the samples result in
a substantial improvement in catalytic activity for the acetylation of
toluene with AC;O. The higher total acidity in NZSM-5/Nd
compared to the other NZSM-5 samples (as indicated in Table 3C.6)

did not result in higher conversion rates.

In addition to the Bronsted acid-catalyzed mechanism as depicted in
Scheme 3C.1, the acetylation reaction of toluene is predominantly

driven by Lewis acid sites as seen in Scheme 3C.2.
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Scheme 3C.2. Mechanism of the catalysis of acetylation at the Lewis
acid sites of zeolites

Acetylation entails introducing an acetyl group (CH3CO-) into a

molecule. AC,0 interacts with the Lewis acid site on the zeolite
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surface and gets activated by accepting electron density as indicated
in Scheme 3C.2. This activation enhances the electrophilicity and
reactivity of AC20, forming an acylium ion. This highly reactive
species act as the electrophile in the acetylation reaction with
toluene. The Lewis acid sites of zeolite can repeatedly activate

AC,0, facilitating the acetylation of multiple substrate molecules.

In this study, the modification of zeolite beta and ZSM-5 by metal,
alters the surface acidity. The driving force for acetylation of toluene
not only depends on the higher number of acid sites but also on the
type and intensity of these acid sites. Among ZSM-5 samples, the
highest activity is exhibited by NZSM-5/Ce despite having lower
acid strength than other modified samples. Conversely, NBZ/Ce
showed the most increased activity among zeolite beta samples
which can be attributed to the higher acid strength compared to the

other metal-modified samples.

Diffusion plays a pivotal role in acetylation reactions particularly
when it is done in the liquid phase. The zeolite crystallite size is a
significant factor influencing conversion and selectivity. Among the
various samples, NZSM-5/Ce stands out with the maximum
conversion of AC>0O showcasing the combined effect of smaller
crystallite size and a broader pore size distribution. This emphasizes
the importance of zeolite crystallite size in determining the

effectiveness of the acetylation process.
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The crystallite sizes of NZSM-5/Ce and NBZ/Ce are smaller than
those of other NZSM-5 and NBZ samples. Unlike the acid sites
inside zeolite micropores, the crystallite size reduction has a
beneficial effect on the quantity of external acid sites, which are
unrestricted by steric constraints. Moreover, the square of the
crystallite size has an inverse relationship with the total diffusion rate
via micropores.(93) Consequently, a notably higher intercrystalline
diffusion rate is anticipated for the cerium-modified samples than the
other zeolite samples. The excellent catalytic activity displayed by
these cerium-modified nanocrystalline zeolite samples and their high
conversion rates can be explained by the combined impact of these
variables, which lead to improved accessibility of substrate

molecules to active sites of zeolites.

Table 3C.7 presents a comparative analysis of the catalytic
efficiency of zeolitic samples in this work alongside other
heterogeneous catalysts employed in the acetylation of toluene.
Compared to earlier published works, the conversion rates of the
catalyst samples in this study are notably higher with 100%
selectivity attributed to the specific characteristics of the synthesized
samples. Notably, this study stands out as it is done at lower
temperatures and with lesser amounts of catalyst compared to other

reported reaction conditions.
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Table 3C.7. Comparative analysis of various zeolite samples used

in acetylation of toluene

Experimental ©
condition < =
N [
g g g = »n
£ 59 o | SE.|32 .| &
Tpeof | 5 |28 2 | of5|EQ 5| E
Catalyst g g = g g z E < E S < %
g S| 5 |2z | © &
S &S 2%
£
HZSM-5 250 |y g5 |Acetic | 455 55 (84)
acid
AC,0
HBEA 120 s | &nd 96 77.8 (94)
acetic
acid
BEA 150 0.5 | AC,0 98 58 (95)
Nano-BEA 150 0.5 | AC,0 98 83 (95)
La-BEA 135 025 | AC,0 100 66 (88)
H-BEA 150 1.0 | AC,O 100 83 (86)
Fe/SBA 150 0.1 | ACO | 856 Not (96)
measured
Nano-HBEA 130 0.1 | AC,O 98 93 (89)
Hierarchical
BEA 120 0.5 | ACO 97 76.8 (90)
H-USY 180 04 | AC,O 85 100 (87)
Ce Nano
ZSMLS 80 0.15 | AC,0 99 93 (42)
NZSM-5/Ce 60 0.1 | ACO | 100 90.7 Present
study
NBZ/Ce 60 0.1 | AGO| 100 9p7 | Present
study
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3C.3 Conclusions

The catalytic conversion of AC>O for acetylation of toluene across
different metal-exchanged zeolite samples was explored by
optimizing experimental conditions to a minimum. The study
explicitly focuses on lower temperatures and reduced amount of
catalysts, which enhanced the conversion in this investigation. The
zeolite ZSM-5 and beta samples modified with Ce exhibited superior
catalytic conversion among the various modified samples. The
acidity, crystallite size, and pore characteristics were found to play
key roles in the enhanced activity of these samples. Smaller
crystallite sizes, allowing the exposure of more external acid sites,
and higher diffusion rates through micropores played pivotal roles
in the high rate of conversion of cerium-modified nanocrystalline

zeolite samples.
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Chapter 4

Development of Nanocrystalline
Hierarchical ZSM-5 and Zeolite Beta:
Investigating Structural Properties and
Catalytic Activity

Abstract

This chapter showcases innovative strategies for enhancing the catalytic
activity through developing hierarchical porosity in nanocrystalline ZSM-
5 and zeolite beta. Adding PMMA during nucleation minimizes internal
defective silanols and successfully creates hierarchically porous ZSM-5
zeolite. However, the zeolite beta synthesized with addition of PMMA has
narrow distribution of mesopores and micropores. This chapter also
evaluates the catalytic properties of hierarchical ZSM-5 and zeolite beta in
the acetylation of 2-methoxynaphthalene (2-MON) using acetic
anhydride. Improved homogeneity of mesopores and environment of active
sites enhance selective catalytic behaviour, highlighting the significance of
heteroporous structures in zeolite catalysis.
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Section A

Tailoring of Hierarchical Porosity in Nanocrystalline ZSM-5
and Curing of Silanol Defects

4A.1 Introduction

Introducing hierarchical pore structure into the zeolitic matrix is
highly beneficial, as it modifies the acidic properties, enhances
stability, and reduces coke formation. This, in turn, elevates turnover
number, turnover frequency, and catalyst efficiency. The
improvement in properties is achieved by introducing mesopores
that serve as a pathway from external to internal micropores,
ultimately augmenting reactant permittivity. The growing need for
hierarchically porous zeolites across diverse fields has prompted the

exploration of various techniques to customize hetero porosity.(1-3)

Techniques involved in the synthesis of zeolites can alter the
crystallinity. The perturbation in the crystalline arrangement breaks
the perfect symmetry when the Si-O-Si or Si-O-Al bonds are
fractured to yield Si-OH groups which are considered as defects. The
bulk of these materials and their outer physical surfaces have the
largest concentration of silanol hydroxyl groups. The number of Si-
OH groups in the defective zeolites appears to be 10° times greater
than the number of silanol groups required to terminate the exterior
crystal surface.(4) Heat treatment, fluoride-mediated approach,
hydroxyl radical-assisted approach, addition of silane-based
molecules, and incorporation of heteroatoms into the framework are

some of the techniques available for healing silanol defects
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generated in zeolites. The fluoride-assisted synthesis results in
decreased Si-OH moieties, forming crystals with fewer defects.
However, fluoride ions should be avoided for environment-friendly
production of zeolite due to their poisonous and corrosive

nature.(5,6)

Templates used in the synthesis can change the texture of zeolite
precursor gel and encourage the synthesis of oligomer units in
solution. They control the condensation of these units into a specific
framework through electrostatic and dispersive interactions within
the micropores in which they are imprisoned.(7) In recent decades,
a significant amount of research has been done in templating
techniques for selecting and modifying specific zeolite structures.(8)
Tetra propylammonium hydroxide (TPAOH) is widely used as a
template in the synthesis of ZSM-5. It offers excellent selectivity and
crystallinity to the zeolite structure and requires moderate reaction
conditions. It also synthesizes mesoporous molecular sieves,
imparting high acidity to zeolite secondary building units.(9)
Nevertheless, using only TPAOH in the synthesis results in certain
imperfections within the zeolite framework. The post-synthesis
alkali treatment of the zeolite structure obtained using the TPAOH
templating method preferentially removes the defective Si-sites
internally by desilication, leading to a hollow structure rather than a
uniform mesoporous structure. Thus, ZSM-5 synthesized using
TPAOH as template has a defective Si-rich interior and an Al-rich

exterior with a hollow structure that micropore channels can only
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access.(10) Since defects severely affect the essential qualities of
zeolite, research efforts are concentrated on healing defects without

further distorting the zeolite framework.

During the synthesis of hierarchical zeolites, the zeolite precursors
are mixed with micropore structure directing agents and meso-
macropore directing templates. Surfactant-based templates and
cationic polymers are good candidates for the role of dual-function
templates in the synthesis of hierarchical zeolites.(11-17)
Surfactant-based templates help to crystallize zeolite, and they self-
assemble into organized mesostructures. Consequently, the
synthesized zeolites have intercrystalline mesopore-containing two-
dimensional nanosheets or small crystallites.(18) Using cationic
polymers as templates initiates the formation of an ordered
mesoporous structure, giving rise to hierarchical zeolites with 3D
continuous zeolitic frameworks and densely interconnected

intercrystalline mesopores.(19)

Non-surfactant and non-ionic polymers are also attractive
exotemplates because of their low cost and easy availability. They
interact highly with Si- and Al- precursor species via hydrogen
bonds and covalent and Coulomb forces.(16,20-23) Among the
different templates used in the hydrothermal synthesis of
hierarchical zeolites, PMMA is an excellent exotemplate because,
during crystallization, the silanol groups condense by their
interaction with PMMA, forming hierarchically ordered

materials.(24)
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The sequence and the mode of PMMA addition in the synthesis
process are crucial for influencing the arrangement of pores within

the matrix.(24-26)

The primary objective of this work is to establish a straightforward
approach for producing nanocrystalline hierarchical zeolite ZSM-5
with reduced defects. To maintain precise control over the
crystallinity, shape, and microporosity of ZSM-5, a novel method is
employed in this study, involving the addition of PMMA powder
during the crystallization process. PMMA becomes encapsulated
into zeolite particles during hydrothermal synthesis due to its affinity
for the partially crystallized precursor solution. A thorough analysis
of the results obtained through various characterization techniques
enables a comprehensive understanding of the characteristics of the
synthesized zeolites. The investigation delves extensively into the
impact of polymer incorporation on producing hetero porosity and it

elucidates the mechanism involved in defect healing.
4A.2 Results and Discussion

The synthesis of NZ and the procedure for synthesizing
nanocrystalline hierarchical ZSM-5 (NZ xP) is explained in detail in
Sections 2.6 of Chapter 2.

Figure 4A.1 shows the XRD patterns of the hydrothermally
synthesized nanocrystalline ZSM-5(NZ) and hierarchically porous
ZSM-5 synthesized using PMMA (NZ xP; x=0.5, 1.0, 1.5and 2.0 g
of PMMA). The characteristic diffraction peaks indicate the ZSM-5
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structure of MFI topology, which matches with the XRD of IZA
data. The sharp peaks in XRD patterns of NZ and NZ xP represent
the characteristic peaks associated with the MFI structure. There is
no evidence of other crystalline phases, suggesting the formation of
ZSM-5 zeolite with high phase purity. It is found that the total
percentage crystallinity calculated using equation (2.2) of NZ
decreased upon treatment with PMMA, as depicted in Table 4A.1.
The decrease in intensity of the peaks of NZ xP indicates the reduced
number of planes oriented in a particular direction, thereby
suggesting a reduction in their crystalline nature. The absence of
PMMA in the calcined zeolitic matrix is proven by comparing the
XRD patterns obtained with the XRD of virgin PMMA with peaks
at 20 values of 12°, 30° and 32°.(27) The absence of such peaks in
Figure 4A.1 indicates that PMMA and TPAOH have been

completely burnt off during calcination.

Table 4A.1. Crystallinity of NZ and NZ xP

Zeolite sample Crystallinity (%)
NZ 89.23
NZ 0.5P 87.05
NZ 1.0P 72.51
NZ 1.5P 65.62
NZ 2.0P 61.33
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Figure 4A.1. XRD patterns of NZ and NZ xP with simulated IZA
pattern

Figure 4A.2 shows the FT-IR spectra of NZ and NZ xP. The
presence of the infrared band at 550 cm’' indicates the five-
membered ring of the pentasil zeolite structure. The band at 1225

cm’! has been attributed to the external asymmetric stretching
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vibration of the Si—O-Si groups, which is the structure-sensitive
infrared band of ZSM-5 and so it is an evidence of nanosized ZSM-
5. The bands at 796 cm ™! and 1056-1100 cm ™! are due to the external
symmetric stretching and internal asymmetric stretching of Si—O—Si
groups, respectively.(28,29) The IR bands of NZ xP do not have
similarities to the FTIR features of PMMA (Figure 4A.3).(30) In
contrast, it resembles the FTIR spectrum of NZ, which indicates the
complete removal of PMMA by calcination and ascertains the

formation of the NZ structure.

"
NZ 0.5P |
L}

NZ 0.5P

Transmittance (a.u)
Transmittance (a.u)

NZ2.0P |

42BN < T e e T e o T et i

800 em” ____
5505"1-1 ===

1100.em™ - e e

L] T T T T L] L} T T T
4000 3500 3000 2500 2000 1500 1000 500 1400 1200 1000 !N'IIJI (]
Wavenumber (em™) Wavenumber (em )

Figure 4A.2. FTIR spectra of NZ and NZ xP samples a) 4000-
500 cm™' b) 1400-500 cm™!
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Figure 4A.4. (a) FTIR spectra of NZ and NZ xP samples from 3750
cm™! to 3700 cm!(b) Schematic representation of the formation of

internal silanols in NZ (I) & (II) and disappearance of internal
silanols in NZ xP by PMMA (III) & (IV)
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The silanol groups (3750 cm! to 3700 cm™) in NZ and NZ xP
samples are identified by FTIR (Figure 4A.4a). The external and
internal silanol groups can be differentiated because the external
silanols are free, but internal silanols undergo hydrogen bonding.
Peaks corresponding to external free silanols appear around 3732
cm’!, and that corresponding to internal silanols appear at a lower
frequency of 3720 cm™ due to hydrogen bonding. The internal
silanol groups in the case of NZ are generated by the breakdown of

TPA™ cations as illustrated in the following equation 4A.1.
Si—0—N*(C3H,); —>Si—OH+ (C3H,); N+ C3Hg  (4A.1)

Due to the excellent templating property of TPAOH, the intersection
of zeolite channels is formed at the position of TPA*, the straight and
sinusoidal channels are directed by its four propyl chains. The
generated silanols pointed out in Equation 4A.1 are located close to
methyl groups of TPA". Since there are more internal silanols in NZ,
the intensity of IR bands corresponding to silanols is substantially
higher than that for NZ xP, as indicated in Figure 4A.4 (a). This is
caused by the extensive usage of highly basic TPA" template, which
prevents sufficient condensation of silicate species during the
synthesis.(31-34) The water molecule and TPA* cations were
removed during the high-temperature calcination process, which
caused the production of Si-O-Si groups. In contrast, the defective
internal silanol group remains unaltered, as seen in (I) and (II) in
Figure 4A.4 (b). In the case of NZ xP, there are a relatively small

number of silanol groups compared to NZ, which is evidenced by
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the decrease in intensity of the bands corresponding to internal
silanols. These internal silanols are referred to as defects. Here,
PMMA is also used as a structure-directing agent in addition to
TPAOH, and the presence of PMMA controls the defects, as
schematically represented in (III) and (IV) of Figure 4A.4.

I 11 111

Figure 4A.5. Suggested mechanism for the creation of mesoporosity
and the removal of silanol defects in zeolites using PMMA

Figure 4A.5 depicts a schematic picture of how PMMA can help to
reduce the number of defective silanols in NZ xP. As shown in (I) of
Figure 4A.5, TPA" cations create the internal silanol groups. The
reduction of defective silanols in NZ xP is caused by the efficient
hydrogen bonding interaction between the C=0 of the PMMA and
silanol groups, which subsequently leads to the condensation of

silicate species. The incorporation of PMMA led to specific
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condensation and recrystallization mechanisms, which led to the
formation of Si-O-Si groups. These siloxane groups obtained after
the calcination step are responsible for producing mesoporous

crystals with fewer defects, as shown in (II) of Figure 4A.5.
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Figure 4A.6. Raman spectra of NZ and NZ 2.0P; the inset highlights
the spectral region between 960-1020 cm™!

Figure 4A.6 depicts the 2-D Raman spectra of the zeolites NZ and
NZ 2.0P samples in the range 250-1200 cm™. The first noticeable
difference in the Raman spectra of the two zeolite samples is the
change in spectral intensity. The most prominent band in the spectra
of both NZ and NZ 2.0P is attributable to the vibration of the O atom
within the Si-O-Si bond plane at 380 cm™!, confirming the presence
of five-membered rings in the ZSM-5 zeolite. This effect is believed

to arise from the symmetrical stretching of Si-O-Si vibrations within
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the 5-membered rings of the MFI framework. This spectral
characteristic proved the presence of the ZSM-5 phase, indicating
the formation of the ZSM-5 structure in both samples.(35-37)
Furthermore, the peak at 380 cm™ is indicative of crystallinity. The
slight decrease in intensity of this band of NZ 2.0P complies with the
XRD studies.(38) All of the other notable bands at 438 cm™!, 454 cm”
!, and 470 cm!, corresponding to stretching of oxygen atom in a
plane perpendicular to Si-O-Si, bending of O-Si-O(Al), and bending
of Si-O respectively, have decreased in their intensities for NZ 2.0P
when compared to NZ. The spectral intensity of the Raman band at
800 cm! is attributed to the symmetric stretching of bridging oxygen
of Si-O-Si linkage, and the intensity is similar for both
samples.(39,40) The most striking change in the spectra of ZSM-5
due to PMMA addition is evident in the 960-1050 cm™! range (inset
of Figure 4A.6). The spectra revealed the presence of silanols in NZ,
as evidenced by the band at 980 cm™ which is attributed to Si-O
stretching vibrations caused by the existence of terminal silanol
species or a defective Si-OH group.(41-44) However, signal
intensity is very low at 980 cm™ for the NZ 2.0P sample, which
complements and confirms the low concentration of silanols

observed in FTIR spectra.
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Figure 4A.7. FTIR of pyridine sorbed NZ and NZ xP samples

The acidity profile of pyridine sorbed NZ and NZ xP samples are
shown in Figure 4A.7. The vibration of pyridinium ions (Bronsted
acid sites) gives rise to a peak seen around 1560 cm™, and interaction
of pyridine with Lewis acid sites generates a peak at 1453 cm™'. Both
the zeolite samples exhibit Bronsted and Lewis acidity with slight

changes in intensity. The peak corresponding to total acid sites in the
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NZ sample at 1490 cm™! is more intense than that of NZ xP samples.
The slight decrease in intensity of peaks corresponding to acid sites
exhibited by NZ xP is attributed to the generation of mesopores in

the structure, which thereby affects the microstructure.(45)
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Figure 4A.8. Nitrogen adsorption-desorption isotherm of NZ and
NZ xP samples
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The nitrogen sorption isotherms of NZ and NZ xP in Figure 4A.8.
are a combination of [TUPAC Type I and Type IV, typical for
microporous and mesoporous materials, respectively. Adsorption of
nitrogen proceeds through two steps in MFI structure; the first is the
preferential adsorption on strong sites, and the second step is the
clustering around the adsorbed molecules.(46) The clustering occurs
slowly only after the completion of the adsorption on strong sites.
This results in a low-pressure hysteresis loop in MFI at p/po =0.2,
caused by precise adsorbent—adsorbate interactions.(47,48) Due to
the strong interactions of silanols with nitrogen molecules, a
significant amount of nitrogen is adsorbed at low pressures. Low-
pressure hysteresis is exhibited by NZ due to the high nitrogen
adsorption on silanols. The proposed interpretation agrees with the
FTIR (Figure 4A.4 a) since a higher amount of silanols is observed
for the NZ than NZ xP, indicating the presence of additional
adsorption sites for nitrogen adsorbate by fundamental adsorption
interactions.(49) The disappearance of the low-pressure hysteresis
loop in NZ xP is caused by the lower number of defective silanols in
it. As a result, it proves that the PMMA-assisted synthesis method
did not result in any defect sites like those seen in NZ. In addition to
this, isotherms of NZ and NZ xP exhibit a hysteresis loop from 0.4
< p/po > 1, which is due to the existence of mesopores. It is found
that the hysteresis in the nitrogen adsorption-desorption isotherms of
NZ xP is shifted to higher p/po, reflecting the correspondingly larger
mesopore sizes in the respective NZ. The mesoporosity in NZ can

be attributed to the intercrystalline voids. However, the isotherms of
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NZ xP exhibit a more significant H4 hysteresis loop, suggesting a
typical mesoporous structure generated by PMMA-assisted

synthesis in addition to inherent micropores.
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Figure 4A.9. Pore size distribution of NZ and NZ xP samples

Figure 4A.9 shows the mesoporous size distribution of NZ and NZ

xP samples acquired by the BJH method using the adsorption branch.
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It can be seen that the NZ 2.0P sample has mesopores of 2 to 4 nm

radius, with a distribution peak at 2.5 nm. The result matches well

with the N2 adsorption-desorption isotherms. The introduction of

PMMA into the zeolite structure of NZ xP induces an internal pore

strain, ultimately leading to an expansion in pore diameters, thereby

giving rise to mesopores. The templates TPAOH and PMMA burn

simultaneously during calcination, which causes a localized rise in

temperature and increased pressure. This increase in pressure

partially breaks the zeolite structure. This phenomenon elucidates

the observed reduction in surface area and pore volume of NZ

xP.(50,51) This can be observed in Table 4A.2.

Table 4A.2: Textural properties of NZ and NZ xP

Meso
Total
Total ore pore- | 1 copore Pore
Zeolite | Surface P specific P distribution
volume volume
samples | area? a surface peak ¢
area’
cm’ g
g | N E | e | em'g] | o]
NZ 394.52 0.20 20.23 0.03 1.26
NZ 0.5P| 331.82 0.15 11.494 0.02 1.79
NZ 1.0P| 334.15 0.16 21.70 0.03 1.92
NZ 1.5P| 337.26 0.16 27.39 0.04 1.96
NZ 2.0P| 366.70 0.18 40.53 0.06 2.50

*BET; * CI(Cranston and Inkley) method; ¢ BJH method ;
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Figure 4A.10. TGA curves of NZ and NZ xP samples; AC and
BC indicate after and before calcination, respectively

Table 4A.3 Summary of TGA results of NZ and NZ xP

Sample Weight loss Region 1 Weight | Weight Total
Temperature | Weight loss'(%) loss'(%) weight
C) loss (%) Region 2 | Region 3 lgss
(200- (above (%)
400 °C) 400 °C)

NZ BC 130 7.80 15.32 8.97 32.09
NZ 0.5P BC 184 6.90 14.56 16.66 38.12
NZ 1.0P BC 201 8.57 13.19 22.12 43.88
NZ 1.5P BC 190 3.45 16.65 27.83 47.93
NZ2.0P BC 191 5.55 18.69 28.16 52.40
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To confirm the presence of silanol groups and subsequent removal
of internal silanols by introducing PMMA, thermogravimetric
analysis (TGA) is conducted before the calcination phase in a
nitrogen atmosphere. The TGA curves of uncalcined NZ (NZ BC),
uncalcined NZ xP (NZ xP BC), and calcined NZ (NZ AC)
composites in the temperature range from 50 °C to 600 °C were
compared in Figure 4A.10 and corresponding weight loss % is
tabulated in Table 4A.3. The only change in the thermogram of NZ
AC is that it exhibited a weight loss of 5.3 %, which corresponds to
removal of water trapped in it. Three weight losses were observed
mainly for the samples except for NZ AC. The first weight loss
above 200 °C is attributed to the removal of CO; and freely bounded
physisorbed water molecules. This temperature is shifted to a higher
value for the PMMA-incorporated samples than NZ. PMMA
degradation proceeds in three primary weight loss stages. Generally,
PMMA degrades through end-chain scission at approximately 360
°C and random scission at around 400 °C. The concluding phase is
associated with char oxidation at around 410 °C and 460 °C.(52) In
NZ xP the primary thermal breakdown of PMMA initiates around
250 °C and persists up to 500 °C. The weight loss in the 200-400 °C
range confirms the amount of PMMA added to each sample. The
breakdown and pyrolysis of TPAOH that is obstructed in the

channels and cages is responsible for the weight loss beyond 400 °C.

For investigating more about defects and their healing, the weight

loss regions in connection with the phase changes of water, hydroxyl
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groups, and condensation have to be closely monitored. The initial
weight loss region (below 200 °C) is assigned to the interlayer and
physisorbed water molecules, which exhibit mobility and
unrestricted binding. The second weight loss region (200-400 °C) is
typically linked to tightly bound water molecules found in the first
coordination sphere of interlayer ions or the lattice structure of
zeolite. The third weight-loss region indicates structural hydroxyl
groups that undergo condensation and dehydration at higher

temperatures.(53,54)

Above 200°C, the reduction in silanol content becomes noticeable
due to condensation facilitated by PMMA. This pattern is evident in
Table 4A.3. In the case of NZ xP BC, it is evident that hydroxyl
groups present as silanol groups undergo condensation to yield
siloxane groups between 200 - 400 °C. In contrast, isolated internal
silanols are gradually removed at higher temperatures.(55) In the
case of the NZ BC sample, the weight loss between 200 - 400 °C is
comparable to that of other zeolite samples, whereas weight loss at
temperatures above 400 °C is notably lower for NZ BC. This lower
weight loss is solely attributed to the decomposition and pyrolysis of
TPAOH. In contrast, there is a marginal increase in the weight loss
percentage of NZ xP BC at the higher temperature region, indicating
that PMMA facilitates the condensation and dehydroxylation of

silanol groups within the samples.
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Figure 4A.11. Low and High magnification SEM images of NZ (a)
and (b); NZ 2.0 P (¢) and (d)

The SEM images given in Figures 4A.11 (a) and 4A.11 (¢ ) are proof
of the continuous and interconnected porous texture of
nanocrystalline zeolites that extends over the entire sample of NZ
and NZ 2.0P. The size of the spherical agglomerates of NZ and NZ
2.0P ranges from 50 nm to 250 nm (Figure 4A.11 b and 4A.11 d).
The NZ xP samples have a smaller aggregate size when compared to
NZ, which implies that the PMMA is responsible for the decrease in
the particle size and imparting hierarchical porosity to NZ 2.0P. This
observation can be traced back to the synthesis procedure of NZ
2.0P, the PMMA powder added to the aged precursor solution, in

which nucleation of nanocrystals has already begun leading to the
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initiation of mesopores formation.(56) The simultaneous removal of
PMMA and TPAOH by calcination produces intracrystal mesopores.
The PMMA powder keeps the preformed nanocrystals from
adhering to each other and gives a hierarchical porous structure in

NZ 2.0P.

Figure 4A.12. (a-d) illustrates TEM images corresponding to the NZ
and NZ 2.0P with different magnification levels. Here, zeolite
samples are found as agglomerates of smaller crystals of about 50
nm. The TEM images in Figure 4A.12 (a) and (b) show the crystal
aggregates. The voids created within crystallites aggregate to form
additional mesoscale porosity. The interparticle mesopore does not
have a well-defined shape and orientation. The TEM images of NZ
and NZ 2.0P given in Figure 4A.12 (c) and (d) depicted orderly
intergrown ZSM-5 crystals with distinct lattice fringes and sharp
edges throughout the sample, composed of numerous crystals. This
demonstrated that zeolite crystals continuously grew in specific
directions during the crystallization.(57) The neighboring
nanocrystals in an aggregate display the same crystalline
orientations, proposing a similar degree of intergrowth. An
additional porosity in the NZ 2.0P is observable as bright areas,
which could be identified as mesopores. These are created by the
voids between the nanocrystals resulting from removing the

exopolymer template.(58).
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Figure 4A.12. Typical TEM images and SAED pattern of NZ(a,c,e)
and NZ 2.0P (b,d,f)
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SAED of the ZSM-5 samples (Figure 4A.12 e and f) reveal
polycrystalline diffraction patterns. As shown in Figure 4A.12 f, the
polycrystalline pattern in the NZ 2.0P indicates the presence of
highly crystalline material obtained by transforming zeolite
precursor solution and polymer, both having an amorphous
character. Figure 4A.12 e and f exhibit multiple little spots from
Bragg reflections, resulting in a diffused ring indicating crystallinity
of NZ and NZ 2.0P. The diffused ring image obtained in the SAED
pattern of NZ 2.0P results due to the hierarchical porous structure
imparted from the mild amorphization of NZ.(51,59,60) TEM
images complement the findings of XRD, SEM, and BJH analysis,
supporting the formation of nanosized stacking crystals with highly

crystalline hierarchical zeolite.
4A.3 Conclusions

This section discusses defects in zeolitic structures and the curing of
them using PMMA. Defects creep in, leading to structural instability
due to the formation of silanol groups instead of specific silicon-
oxygen linkages in the zeolite framework. The healing of the defects
is done by selective condensation by using PMMA alongside
TPAOH as a sacrificial template. Electrostatic attraction and
hydrogen bonding occur between silanol groups (Si-OH) on the
zeolite surface and PMMA molecules, thus PMMA facilitates Si-O-
Si linkages instead of silanol groups thereby leading to defect-free
structure of zeolites, thus enhancing stability and economic

feasibility. The research addresses structural defects in zeolites and
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proposes a straightforward approach to establish hierarchical

porosity within the structure, minimizing defect occurrences.

The innovative synthesis approach involves adding PMMA powder
to an aging precursor solution where nucleation of nanocrystal has
already begun, thereby reducing the occurrence of internal defective
silanols. Infrared and Raman spectroscopic analyses provide
evidence supporting this observation based on framework vibrations
and silanol group vibrations. Results from nitrogen sorption, SEM,
and TEM confirm the development of a porous structure without
compromising on crystallinity of the matrix. This successful creation
of hierarchical porosity in ZSM-5 zeolite could offer valuable
insights for the improvisation of the structure of other zeolites. The
hierarchical porosity introduced by PMMA facilitates the easy
diffusion of reactants and reduces internal coke formation and
percolation effects. In summary, the study illustrates that tiny
crystals of hierarchically porous ZSM-5, synthesized using PMMA,

contain minimum internal structural defects.
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Section B

Designing and Structural Assessment of Nanocrystalline
Hierarchical Zeolite Beta

4B.1 Introduction

Numerous approaches have been developed to introduce
heterogeneous porosity as the demand for hierarchical zeolites
remains high across various fields. These approaches can be broadly
categorized into two types: destructive and constructive. The
destructive method, commonly known as a top-down approach,
involves leaching silicon and aluminium atoms from the framework.
The most sought-after constructive method is employing templates
to induce the formation of secondary porous structures. Templating
entails the usage of substances that generate macropores or
mesopores to guide the development of additional porosity. During
the crystallization of zeolites, these substances are blended with
micropore-directing templates and silica-alumina precursors.
Polymers present an intriguing option as templates for generating
hierarchical porosity due to their cost-effectiveness and easy
availability. Polymers can interact with Si- and Al- precursor zeolite
species through Coulomb forces.(20) Polymers exhibit superior
control over the creation of mesopores compared to alternative
templates. Many polymers, including polystyrene beads, natural
rubber latex, styrene-butadiene rubber, and PMMA have already
been employed as templates. (16,21-25,61)
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Compared to other templates, PMMA is a non-toxic and ecologically
acceptable template that offers control over the size, shape, and
morphology of the nanostructures. It enables the formation of a
continuous zeolitic layer by facilitating the heterogeneous nucleation
and development of mesoporous zeolites on preexisting sites. This
section focuses on synthesizing and characterizing nanocrystalline

hierarchical zeolite beta utilizing PMMA.
4B.2 Results and Discussion

The synthesis of NBZ and the procedure for synthesizing
nanocrystalline hierarchical zeolite beta (NBZ xP) is explained in
detail in Sections 2.6 of Chapter 2. XRD patterns of the
nanocrystalline zeolite beta samples are shown in Figure 4B.1. The
diffractograms demonstrate good crystallinity, with characteristic
peaks at 20 = 6.98-8.31 and 22.46-23.86, typical of the zeolite beta
of the BEA framework. The simulated XRD pattern from IZA BEA
confirms this. The broad peak in the low-angle region (6.98-8.31)
arises from the overlap of peaks at 20 = 6.98 (100), 7.74 (101), 7.34
(110), and 8.31 (111), while the peak at 22.46—23.86 corresponds to
peaks at 20 =22.46 (311), 22.64 (422), 22.65 (240), 23.03 (222), and
23.86 (113). These observations rationalize that the crystals obtained
are polymorphs A and B.(62)

The treatment with PMMA decreased the percentage crystallinity of
zeolite samples. Increased quantities of added polymer may lead to

a decrease in zeolite crystallinity. While examining XRD patterns, a
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reduction in intensity of X-ray is noted with an increasing amount of
polymer content. Due to its polymorphic nature, the diffractograms
of zeolite beta exhibit less distinctiveness compared to other highly
crystalline zeolites.(63) Increasing polymer content in the synthesis
mixture leads to peak broadening and a crystal size reduction, as

1llustrated in Table 4B.1.
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Figure 4B.1. XRD patterns of NBZ and NBZ xP samples with
simulated [ZA pattern
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Table 4B.1. Crystallinity and crystallite size of NBZ and NBZ xP

Sample Crystallinity (%) Crystallite Size
(nm)
NBZ 79.86 23.21
NBZ0.5P 77.79 15.55
NBZ1.0P 72.51 14.50
NBZ15P 72.51 11.97
NBZ20P 69.59 6.05

Figure 4B.2 depicts the FTIR spectra of NBZ samples. The absorption
peaks at 796 cm™ and 1230 cm’! are associated with the external
symmetric and asymmetric stretching of Si—O—Al linkages stretching.
Notably, the double six-ring (D6R) and double four-ring (D4R) lattice
vibrations of zeolite beta manifest as bands at 524 cm™! and 573 cm™,
respectively. These bands verify the existence of the zeolite beta
structure. The 1097 cm™! absorption peak in zeolite beta corresponds
to the internal asymmetric stretching vibration of the O-Si-O bonds or
0-Al-O bonds.(64,65) NBZ xP samples resemble the FTIR spectrum
of NBZ, which indicates the complete removal of PMMA by

calcination and ascertains the formation of NBZ structure.

201



Chapter 4 Section B

NBZ 0.5

| NBZ 1oP

NBZ 1.0P ; r\;u 15

Transmittance (a.u)
Transmittance (a.u)

NBZ 1.5P P
| NBZ2.00

800 cm”!
1 577cm"|
1231 ¢m {
NBZ 2.0P 109 em” 528 cm™!
T T T T T J T T T T L]
4000 3500 3000 2500 2000 1500 1000 500 1400 1200 1000 800 600 400
Wavenumber (cm™) Wavenumber (cm™)

Figure 4B.2. FTIR spectra of NBZ and NBZ xP samples a)
4000-500 cm™ b) 1400-500 cm’!
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Table 4B.2. Textural properties of NBZ and NBZ xP

Meso

Zeolite Total Total por.e - | Mesopore | .. P.ore-
Surface | pore | specific . | distribution

samples a a volume .
area volume? | surface peak

area P
m’g"] | [em’g'] | [m?g'] | [em’ g'] [nm]
NBZ 541.23 0.31 20.53 0.05 1.26
NBZ 0.5P] 446.08 0.22 26.43 0.06 1.66
NBZ 1.0P] 363.12 0.22 39.80 0.09 1.99
NBZ 1.5P] 354.58 0.18 38.55 0.05 1.99
NBZ 2.0P] 482.42 0.27 44.12 0.10 3.75

“BET; ° CI(Cranston and Inkley) method; ¢ BJH method

Figure 4B.3a depicts the nitrogen adsorption isotherms at 77K for
zeolite samples, while Table 4B.2 summarizes their textural
properties. Nitrogen sorption isotherm plots of all samples display a
distinct rise occurring below 0.1 relative pressure (p/po), indicative
of an IUPAC Type-I isotherm pattern commonly associated with
microporous substances exhibiting monolayer adsorption. The
isotherms of NBZ, NBZ 0.5P, NBZ 1.0P, and NBZ 1.5P show a
distinct uptake at low pressures followed by a plateau region with
significant adsorptive volume ranging from p/po = 0.2 to p/po = 1.
There is a slight difference between the amount of adsorbed gas
during adsorption and desorption at the same pressure. There is a
slight lag in pressure compared to its adsorption curve, indicating the
presence of slight mesoporosity development, possibly attributed to

intercrystalline voids, the compact arrangement of nanocrystals, or
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void spaces between nanosized crystal domains within the zeolite

particles formed post-calcination.

The isotherm plot of NBZ 2.0P exhibits a combination of
characteristics found in both type IV (common in mesoporous
materials) and type I isotherms. Notably, it displays an H4-type
hysteresis loop ranging from p/po = 0.3 to p/po = 0.8, attributed to a
narrow-slit structure. It is noted that, increasing the amount of
PMMA incorporated gradually enlarges the hysteresis loop, thereby

confirming the formation of intercrystalline mesoporosity.

The mesoporous pore size distributions are determined using the
Barrett—Joyner—Halenda (BJH) method, illustrated in Figure 4B.3b.
A distinct narrow peak is observed between 2 and 6 nm pore radii
for the NBZ 2.0P sample, indicating a wider pore size distribution
than other samples. This suggests that most mesopores fall within
the 2 to 6 nm diameter range. These findings are consistent with the
N> adsorption-desorption isotherms, indicating the presence of
additional mesoporosity upon PMMA removal. Consequently, the
N> adsorption and pore size distribution results confirm the
formation of hierarchical zeolite beta during hydrothermal synthesis
involving the introduction and removal of PMMA. This underscores
that NBZ 2.0P zeolite exhibits both micro-porous framework and
mesoporous characteristics, which are pivotal for catalytic
performance. The mesoporous volumes and mesopore-specific
surface areas of NBZ xP samples are slightly higher than NBZ,

indicating the presence of higher mesoposity.
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Figure 4B.4. FTIR of pyridine sorbed NBZ and NBZ xP

Figure 4B.4 displays FTIR spectra obtained after pyridine adsorption
and evacuation at 80 °C. Bands indicative of Bronsted acid sites at
1559 cm™! and Lewis acid sites at 1456 cm™' were consistently
identified across all samples. A band observed at 1440 cm’!
corresponds to the hydrogen bonds between the OH groups of
zeolites and the nitrogen atom of pyridine. Pyridine interacts with all

the different types of acid sites resulting in the band at 1490 cm ™.
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The spectra reveal that the formation of mesopores led to a decrease
in the intensity of Lewis and Bronsted sites.(66) Expanding the
mesoporous surface area increased the concentration of Bronsted
acid sites on the external surface.(67) This higher abundance of
Bronsted acid sites on the mesopore surface of hierarchical zeolites

can significantly enhance the catalytic activity.
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Figure 4B.5. TGA profile of NBZ and NBZ xP; BC and AC indicate
before and after calcination, respectively

An idea about the formation of a hierarchical porous structure can be
obtained by analyzing the thermogravimetric analysis. The weight
loss % in the temperature range from 50 °C to 600 °C was tabulated
in Table 4B.3. A weight loss of 12.54% observed in NBZ AC
corresponds to the elimination of water trapped. The TGA curves
show a pattern of three weight loss phases except for NBZ AC.

Generally, the weight loss at 200 °C results from the expulsion of
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physically adsorbed water and CO». The weight loss seen between
200 and 400 °C corresponds to the decomposition of TEAOH species
contained within the zeolite structure, while above 400 °C, the
pyrolysis of TEA" species occurs. Weight loss beyond 400 °C
signifies the breakdown of organic species serving as charge-
compensating cations, chemically bonding with Si-O-Al or Si-O-Si

within the zeolite framework.(68)

First phase of decomposition of PMMA also falls in the 50-250 °C
range as observed in NBZ xP samples. The second phase of PMMA
decomposition ranges from 250 to 400 °C which is also the range
when TEAOH decomposition. It is seen that the TGA curve of the
NBZ 1.5P and NBZ 2.0P samples are different from the curves of
the other three samples, which suggests that the higher amount of
PMMA in the samples influences the decomposition and pyrolysis
of TEAOH.

Table 4B.3. Summary of TGA results of NBZ and NBZ xP

Weight Weight Weight
loss % loss % loss % Total weight
Sample o
(below 200 | (200-400 | (above 400 loss (%)
OC) OC) OC)

NBZ BC 1.46 8.89 7.21 17.56
NBZ 0.5P BC 4.82 8.97 6.63 20.42
NBZ 1.0P BC 11.64 6.81 12.21 30.66
NBZ 1.5P BC 10.38 18.68 22.96 52.02
NBZ 2.0 P BC 13.43 19.91 22.07 55.41

In NBZ 0.5P BC and NBZ 1.0P BC, where the PMMA content is

lower, the resulting thermogram closely resembles that of NBZ BC.
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This suggests that PMMA does not persist within the zeolite
framework, thus not aiding in the formation of mesopores.
Conversely, in NBZ 1.5P BC and NBZ 2.0P BC with higher PMMA
content, the thermogram exhibits distinct stages of weight loss,

indicating that notable amount of PMMA is incorporated in the

matrix.

"5 ",,'j._-}' A _‘; ' el

Figure 4B.6. SEM images of a) NBZ and b) NBZ 2.0P

SEM images of the nanocrystalline zeolite and the synthesized
hierarchical zeolite are shown in Figure 4B.6. The NBZ zeolite
exhibits typical spherical-shaped crystal structures built with an
assembly of tiny crystallites. The sample appears very crystalline
and shows a structure with interconnecting textural pores. The
particles in the SEM picture are tiny aggregates measuring about 100
nm. Small nanoparticles fill the interparticle spaces between these
large assemblies. The addition of PMMA and its subsequent removal
promotes aggregation into slightly bigger agglomerates in NBZ 2.0P
(Figure 4B.6 b). The increase in mesopore distribution, as per BJH
analysis is at par with the findings of SEM studies of NBZ 2.0P
samples. The incorporation of PMMA causes condensation into
larger zeolite agglomerates of about 100-150 nm. The hierarchical

zeolite samples are supposed to be constructed by nano zeolite
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crystals, which can be easily detected from the SEM images.
Moreover, it is hard to find larger crystallite in the SEM images of
both NBZ and NBZ 2.0P, confirming that the hierarchical zeolite
framework consists of tiny nano-sized crystals. Most of the pores are
notably well-interlaced and show good connectivity, which leads to
convenient paths for the diffusion of large molecules into the internal

surface of the zeolite.

Figure 4B.7 displays the TEM images of zeolite structures with
different magnifications. The NBZ and NBZ 2.0P exhibit the
presence of highly crystalline aggregated particles. In the case of
NBZ 2.0P, the images reveal similarly sized aggregated
nanoparticles with brighter areas interspersed between the
aggregates, indicating the existence of mesopores. While the crystal
structure remains intact, the pore structure appears blurred in NBZ
2.0P.This observation is due to the addition of PMMA to the partially
crystallized medium, leading to a slight disorientation. The NBZ and
NBZ 2.0P particles consist of aggregates smaller than 200 nm,
displaying a polycrystalline nature indicating that the nanostructured
crystals form the aggregates. Figures 4B.7 e and f offer evidence
supporting the crystallite size furnished in Table 4B.1, determined
by applying the Scherrer formula to XRD data.

The crystallite size of NBZ 2.0P measures below 10 nm, as depicted
in Figure 4B.7f. The reduced size of nanostructured crystals in NBZ
2.0P indicates an increased presence of voids within its structure. As
a result, NBZ 2.0P exhibits superior textural properties compared to
NBZ.
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100 nm

Figure 4B.7. TEM images of NBZ (a, c, €¢) and NBZ 2.0P (b, d, )
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4B.3 Conclusions

Hierarchical zeolite beta was synthesized through a direct
hydrothermal method, employing PMMA as a secondary structure-
directing agent and TEAOH as the micropore structure-directing
agent. The resulting zeolite beta exhibits XRD patterns and FTIR
spectra similar to those of zeolite beta prepared using TEAOH as
structure-directing agent. However, the zeolite beta synthesized with
PMMA features narrowly distributed mesopores alongside its
microporous structure. The samples with minimal polymer addition
exhibit a sharp isotherm. The mesoporous nature is evidenced by the
hysteresis loop and it shifts towards lower partial pressures; an
expansion of the loop is visible in the sample with higher polymer
content, indicating a rise in mesopore volume. The zeolite beta with
2.0 g of added PMMA (NBZ 2.0P), exhibits a bimodal pore system
and it is expected to benefit catalytic reactions and adsorption

applications.
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Section C

Evaluation of Catalytic Activity of Nanocrystalline
Hierarchical ZSM-5 and Zeolite Beta

4C.1 Introduction

Conventional Friedel-Crafts acylation methods utilizing Lewis acids
suffer from a lack of regiospecificity, resulting in the formation of
undesired by-products, necessitating their elimination. Moreover,
this method generates significant waste and often necessitates excess
catalysts. The presence of undesirable reagents further complicates
the procedure. Consequently, heterogeneous solid acids like zeolites

are employed in the synthesis process to enhance sustainability.

The lower reaction rate is one major issue when using zeolites as a
catalyst in synthesizing chemicals. This occurs due to the
accumulation of heavy byproducts in the pores or on the surface
there by inhibiting the reaction. However, the reasons for the gradual
decrease in zeolite activity during the process remain uncertain, as

the rate of change can vary depending on the reaction conditions.

Owing to the remarkable versatility of 2-methoxynaphthalene (2-
MON), investigation into its acetylation employing zeolite as a
catalyst is undertaken. This reaction can potentially yield 1AC-
2MON, which i1s a compelling intermediate, particularly in
phenylation reactions.(69,70) Conversely, the formation of 6AC-
2MON is also significant, as it acts as an intermediate in the

synthesis of the anti-inflammatory compound naproxen.(71,72)
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The two most likely locations for electrophilic attacks are positions
1 and 6. If the reaction is kinetically favored the product 1AC-2MON
is formed and if it is thermodynamically favored 6AC-2MON is
formed, as depicted in scheme 4C.1. Acetic acid and a carbocation
are produced during the acylation process by chemisorbed AC,O.
Subsequently, in the pore space, the carbocation combines with 2-
MON from the liquid phase to generate 1AC-2MON. These pore
diameters play a crucial role in determining the product, as the pore
diameter becomes smaller it significantly hinders the access of the
reactant 2-MON to the catalytic sites due to intraparticle
resistance.(73) The adsorbed AC,0 reacts with 2-MON, but 2-MON
is also competitively adsorbed on the active sites, functioning as a
poison to the acid sites.(74) Zeolites with higher concentrations of
extra-framework aluminium species or Lewis acid sites exhibit
lower activity in the acylation of 2-MON.(75) As the crystal size of
zeolite increases, the relative number of external acid sites decreases,
resulting in a preference for the core of the crystals for the shape-
selective acylation at the 6-position.(76) Studies revealed that the
kind of zeolite structure had less impact on the final product
selectivity of 2-MON acylation where as the nature of the acylating
agents and the reaction temperature plays a more crucial role. An
increase in reaction temperature favored the migration of the acyl
group from the 1-position to the 6-position.(77) Polar and non-polar
solvents considerably alter the acylation rate. Non-polar solvents
inhibit the reaction by producing various acylated products and

acetic acid. In contrast, polar solvents compete with reactant
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molecules to penetrate the micropores and adsorb on the acidic
sites.(71)  However, activity and selectivity decreased when

acylation was carried out without a solvent.(78)

This section deals with the suitability of ZSM-5 and beta for the
selective acetylation of 2-MON by AC>0O. The acetylation of 2-
MON with AC,0 using hierarchical zeolite as a catalyst without any
solvent has never been reported earlier.
0 0
A o
o)

Acetic anhydride

0
-t OH
+ 1acamon| T )\
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2-MON = N Y O Acetic acid

L 'S

Scheme 4C.1. Acetylation of 2-MON
4C.2 Results and Discussion

The catalytic efficiency of zeolite samples is evaluated by the liquid
phase acetylation of 2-MON using AC20 as the acylating agent.
Section 2.7 delves into the specifics of the reaction. The usage of
solvents induces competitive adsorption between solvents and
reactants. Consequently, the catalytic activity is lowered. (79) By
avoiding solvents, the acetylation is made entirely green. Therefore,

this work provides an additional advantage over the existing results.
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The catalytic activities are evaluated by measuring the percentage
conversion of acetylating agents. Excellent selectivity is exhibited
during the reaction; the only product formed is 1AC-2MON. The
highly permeable internal structure of ZSM-5 and zeolite beta with
mesoporosity encourages electrophilic attack at the most active 1-
position to the extent that no other product is generated. Scheme

4C.2 represents the mechanism of formation of 1AC-2MON.
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Scheme 4C.2. Mechanism of acetylation of 2-MON on zeolite
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Initially, the zeolite samples were used to investigate how TOS
affected the conversion. The acetylation of 2-MON proceeds
through the activation of a Bronsted acid site, which initiates the
generation of an acylium cation. The Bronsted acid site in zeolite
catalyzes the proton attack on the nucleophilic carbonyl group of
AC,0, forming an acylium ion and acetic acid. Subsequently, the
acylium ion reacts with 2-MON to produce an arenium ion. The final
step involves the restoration of ring aromaticity, accompanied by
proton release, leading to the formation of 1AC-2MON and the
regeneration of the zeolitic acid site. Thus, the extent of AC,0O
conversion significantly influences the efficiency of the acetylation
reaction, reflecting the degree to which AC>0 has reacted to produce
the desired product. Monitoring AC>O conversion enables the
optimization of reaction conditions, control of reaction progress, and
ensures maximum yield of the desired product while maintaining

selectivity.

It was found that after 210 minutes, the conversion of AC20 nearly
stays constant after initially increasing with increasing TOS.
Therefore, 210 minutes was fixed as TOS for doing all the following
acetylation reaction. The reaction parameters, such as temperature,
2-MON/AC>0 molar ratio, and catalyst quantity, were optimized
using NBZ and NZ. The catalytic activity of nanocrystalline ZSM-5
and beta and its hierarchical zeolite samples were compared under

these optimized reaction conditions.
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4C.2.1 Effect of Molar Ratio of Reactants on Acetylation of 2-
MON

The different molar ratios of 2-MON: AC,O were taken as 1:1, 1:5,
and 1:10, and the results are tabulated in Table 4C.1. It can be
observed that only 26.1% and 57% AC:0 conversion over NZ and
NBZ is attained for the 1:1 ratio of AC,0 to 2-MON (Figure 4C.1).
While increasing the molar ratio of 2-MON and AC>0 up to 1:5, the
conversion reaches 53.2% and 80.9 % over NZ and NBZ
respectively with 100 % selectivity. The excess amount of AC,0
enhances the conversion. Further increasing the amount of AC>O
leads to a slight increase in the conversion with NZ as a catalyst and
a decrease in the case of NBZ. This indicates that excessive AC20
might also lead to a minor increase in deacylation into 2-MON and
acetyl migration into 6AC-2MON.(80) Considering the results
above, the favorable molar ratio of 2-MON:AC,0 is 1:5 for the
selective formation of 1AC-2MON.

Table 4C.1. Comparative study of acetylation of 2-MON over NZ
and NBZ at different ratios of 2-MON:AC-O0.

Time (min) Conversion of AC20 (%)
1:1 1:5 1:10

NZ | NBZ | NZ | NBZ | NZ | NBZ
15 4.9 27.8 7.7 43.5 9.5 44.9
30 6.0 369 | 12.0 | 558 | 13.5 | 56.9
90 9.8 43.0 | 21.0 | 63.7 | 240 | 65.0
120 139 | 499 | 30.1 | 746 | 33.0 | 759
150 20.0 | 56.6 | 432 | 80.7 | 44.7 | 80.5
180 253 | 56.8 | 53.0 | 81.0 | 563 | 80.6
210 26.1 | 57.0 | 532 | 80.9 | 56.8 | 80.6
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Figure 4C.1. Variation of conversion of AC>0O in the acetylation of
2-MON at different molar ratios of 2-MON: AC,0

4C.2.2 Effect of Temperature on Acetylation of 2-MON

The acetylation reaction was carried out at three different

temperatures, 30 °C, 40 °C, and 50 °C, and results are depicted in
Figure 4C.2. The results are tabulated in Table 4C.2.

Table 4C.2. Comparative study of acetylation of 2-MON over NZ
and NBZ at different temperatures

Time (min) Conversion of AC20 (%)
30°C 40°C 50°C

NZ | NBZ | NZ | NBZ | NZ | NBZ
15 5.0 29.7 7.7 43.5 9.6 52.0
30 6.6 399 | 12.0 | 558 | 17.2 | 64.8
90 15.1 | 48.0 | 21.0 | 63.7 | 282 | 704
120 194 | 559 | 30.1 | 746 | 39.0 | 77.8
150 25.1 | 643 | 432 | 80.7 | 474 | 83.1
180 277 | 66.0 | 53.0 | 81.0 | 559 | 84.1
210 30.0 | 67.1 | 532 | 809 | 56.0 | 83.9
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The conversion reached 53.2 % and 80.9 % at around 210 min of
TOS at 40 °C. A higher reaction temperature does, however, only
speed up the deacylation step rather than significantly increasing
conversion. At higher reaction temperatures, this decrease in
conversion by deacylation was more apparent. Moreover, the
previous works on the acetylation of 2- MON with a higher reaction

time led to isomerization.(81)

100

—m-NZ(30 °C)

90«4 ~li=NBZ(30°C)
@ NZ(40 °C)

804 -@-NBZ@0°C)
A NZ450 °C)

70 —#=NBZ(50°C)
60 -
50 -
40 -

30 4

Conversion of AC,0 (%)

20

0 T T T T T T T
0 30 60 920 120 150 180 210 240

Time (min)

Figure 4C.2. Variation of conversion of AC,0 in the acetylation of
2-MON at different temperatures

4C.2.3. Effect of Quantity of Catalyst on Acetylation of 2-MON

The reaction was carried out by varying the amount of catalyst
aiming to optimize the amount of catalyst, and the results are
tabulated in Table 4C.3. Different amounts of catalyst were applied
at a mole ratio of 2-MON: AC>O equal to 1:5 at 40 °C. An increase
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in the conversion of AC,0O was observed in Figure 4C.3, with the
catalyst amount rising from 0.1 to 0.2 g. No significant increase in
the conversion is observed with a further increase in the amount of
catalyst. In general, the higher the catalyst amount applied, the
higher the conversion of 2- MON. It is well known that a high
catalyst amount accelerates deacylation and rearrangement
reactions. Furthermore, too much catalyst accelerates the occurrence
of side reactions and significantly increases the cost of the reaction.

So, the dosage of NBZ and NZ was optimized at 0.2 g.

Table 4C.3. Comparative study of acetylation of 2-MON over NZ
and NBZ for different amounts of catalyst samples

Time Conversion of AC20 (%)
(min) 0.1g 02¢g 03¢g

NZ NBZ | NZ NBZ NZ NBZ
15 3.5 31.8 7.7 43.5 9.3 52.7
30 9.7 40.0 | 12.0 55.8 15.0 60.8
90 15.0 494 | 21.0 63.7 26.1 66.0
120 17.8 57.0 | 30.1 74.6 35.1 78.8
150 20.8 64.8 | 43.2 80.7 46.8 84.4
180 27.5 65.9 | 53.0 81.0 52.7 84.3
210 29.1 659 | 532 80.9 55.5 84.6
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Figure 4C.3. Variation of conversion of AC,0 in the acetylation of
2-MON over different amounts of catalyst samples

4C.2.4. Effect of Hierarchical Porosity on Acetylation

A comparative analysis assessed the performance of NZ, NZ 2.0 P,
NBZ, and NBZ 2.0 P. The results (Table 4C.4) showed that NZ and
NBZ achieved only 66% and 80.9% conversion of AC:O,
respectively. In contrast, NZSM-5 2.0P and NBZ 2.0 P demonstrated
significantly higher conversions, reaching 88.8% and 89%,
respectively, as depicted in Figure 4C.4. This underscores the impact
of the hierarchical pore structure of NZ 2.0 P and NBZ 2.0 P; unlike
NZ and NBZ, which predominantly feature micropores with limited
mesopore content, NZ 2.0 P and NBZ 2.0 P exhibit an enriched
abundance of mesopores, along with increased mesopore volume

and specific surface area. This enhancement facilitates greater
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diffusion of reactants into the catalytic site, thereby substantially

elevating their catalytic activity.

Table 4C.4. Comparative study of acetylation of 2-MON over
different zeolite samples

Time Conversion of AC20 (%)
(min) NZ NZ 2.0P NBZ NBZ
2.0P
15 7.7 48.4 43.5 49.0
30 12.0 56.6 55.8 59.7
90 21.0 64.1 63.7 69.0
120 30.1 73.8 74.6 79.9
150 43.2 86.6 80.7 88.3
180 53.0 88.0 &1.0 88.5
210 53.2 88.8 80.9 &9.0
100
——NZ
9041 _o—Nz20p
sod —9—NBZ
—a—NBZ 2.0P
& 70-
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Figure 4C.4. Variation of conversion of AC>0O in the acetylation of
2-MON over different zeolite samples
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Table 4C.5 demonstrates the catalytic activity of various catalysts

reported in the literature.

In all experiments, the desired product remains consistently as 1AC-
2MON. Various catalysts mentioned in Table 4C.5 also yield 1AC-
2MON initially. However, with extended reaction times, there is a
possibility of its conversion to the slimmer 6AC-2MON. Notably,
only a negligible portion of 1AC-2MON is isomerized to 6AC-
2MON, especially at elevated temperatures. The experiments
conducted within a 25 to 50 °C temperature range and reaction times
up to 210 minutes support these findings. Throughout these
experiments, the production of 1AC-2MON was consistently

observed alongside a higher conversion of AC>0.

The formation of the bulky 1AC-2MON, the kinetic product,
predominantly occurs on the external surface rather than within the
pore channels of zeolite due to diffusion limitations posed by its
microporous structure. This work focuses on hierarchical zeolite,
which addresses these limitations by increasing pore width to the
mesoporous range and external surface area, thereby enhancing
activity. The enlarged mesopore width directly enhances the
conversion of AC2O with 100% selectivity over NBZ 2.0P.
Additionally, the improved porosity resulting from the defect-free
catalyst matrix is responsible for the improved catalytic activity of

NZ 2.0P in selective acetylation.
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Zeolite samples with consistently sized mesopores exhibited the

highest activity and selectivity towards 1AC-2MON. This outcome

was attributed to more uniform mesopores with a narrow pore size

distribution below 5 nm in NBZ 2.0P and NZ 2.0P. These regular

mesopores facilitate the interaction between reactant molecules and

active sites distributed throughout the mesoporous structure.

Table 4C.5. Comparative analysis of different zeolite samples from
literature for acetylation of 2-MON

Conditions Selectivity
IS\Iio Catalyst gﬁg}a zrrla;lture, aAgceyI::lting tlcj:/érgs_ References
solvent) MON
1. | BEA L?g;g;&i‘;n?d AC>0 74.1% (81)
2 | HBEA fj%;(&oig;‘e‘;‘i AC>0 >50% (79)
3 | HBEA Il\ifrgg’ei‘ernind AC>0 50% (82)
R o [moe |
N O e L
s A on (o
7 | H-Mordenite é?l?foféni:hr (‘?Iflztryiiie 59% a7
8 | AI-HMS é%(l);féfg’zene AC>0 89.6 % (83)
? IIASm perbyst ]SD?C}’S:I’c)fcl)léthane AGO 100% (73)
10 I;(;lﬁon /silica S1 :1‘1(;0012;1: hr ACO ~70% 1)
11 | BEA ]g?ghi%r ggﬂ?arne AC20 40-60% (76)
g é?l?orii)ler}llzrene > 93.2%
12 | H3PW12040 » 100°C, 1 hr AC0 (80)
i[fli’\c/]l?q?id > 964%
13 | HY g%;csr’otgzene AC>0 95% (74)
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Regarding the nanocrystalline zeolites discussed in this work, an
acylium ion is initially produced and bonded to the 1-position of the
2-MON and no bonding of the acylium ion takes place to the 6-
position of 2-MON. All the zeolite catalysts lead to 100% selective
IAC-2MON, the hierarchical pore characteristics can vary the
conversion percentage. Under the optimal experimental conditions,
when the reaction is conducted for the second and third runs, the
conversion rates are nearly identical to those of the first run. So, it is
summarized that the catalyst used can survive multiple usages,

indicating higher TON and TOF.
4C.3 Conclusions

The impact of hetero porosity on the catalytic properties of
nanocrystalline hierarchical ZSM-5 and zeolite beta was evaluated
through the acetylation of 2-MON. Materials with uniform
mesopores exhibited superior activity and selectivity toward 1AC-
2MON. Hierarchical ZSM-5 and zeolite beta showed high
conversions of AC;0 and 100% selectivity toward the kinetic
product 1AC-2MON isomer. This outcome was attributed to a more
regular mesopore surface, facilitating interactions between reactant
molecules and active sites distributed throughout the mesopores
rather than the external surface. These effects stem from the
improved homogeneity of mesopore features (size, geometry, and
surface) and the environment surrounding active sites, thereby

enhancing catalytic behavior.
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Chapter 5

Exploring the Dielectric and Electrical
Properties of Cerium-Doped Zeolite Beta:
Temperature-Dependent Analysis

Abstract

This chapter delves into the dielectric characteristics of cerium-doped
zeolite beta employing broadband spectroscopic methods. The
introduction of cerium induces significant variations in zeolitic
matrix leading to remarkably high dielectric constants compared to
unmodified zeolite beta. Insights gained from impedance and
modulus analyses contribute to the progression of zeolite-based
charge storage and optoelectronic device technologies.
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5.1 Introduction

The idea of zeolite as a dielectric material has been conceived by the
fact that it has exchangeable extra framework cations. Recent years
have witnessed various techniques that involve low-frequency and
high-frequency impedance spectroscopies by varying the
temperature to examine the electrical properties of zeolites.
Comprehensive investigations, which integrate experimental and
theoretical approaches, have been conducted to elucidate the impact
of cation types instead of proton motion within zeolites.(1)
Furthermore,  dielectric ~ spectroscopy  yields  significant
understanding regarding localized charges and dipolar species.(2)
The mobility of encapsulated extra framework metal ions enhances
the dielectric response. However, in certain cases, the presence of
water molecules within the cavities impedes the movement of ions,
resulting in a diminished dielectric response.(3) Dielectric response
varies significantly with the nature of cations, size, and crystal
structure.(4) Researchers have utilized impedance data to study the
arrangements of cations across different sites within zeolite.(5) They
have discovered numerous beneficial applications for zeolites, yet
their understanding of the dielectric properties of zeolite beta and its
metal analogs at various temperatures remains incomplete. There
hasn't been any systematic investigation into the electric modulus
analysis of cerium-doped nanocrystalline zeolite beta. In this

context, this chapter investigates the dielectric properties of
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nanocrystalline zeolite beta and cerium-modified nanocrystalline

zeolite beta.
5.2 Experimental

Nanocrystalline zeolite beta (NBZ) and cerium-modified
nanocrystalline zeolite beta (NBZ/Ce) are prepared, as explained in
Chapter 2. The samples were characterized using different methods.
The results obtained from various characterization techniques are
discussed in section B of Chapter 3. The powdered samples were
pelletized for dielectric analysis using a pelletizer, and pellets were
analyzed using Broadband Dielectric Spectroscopy. These pellets
were sandwiched between two conducting plates, and then a
reference voltage of 0.5 Vrms was applied across the pellet. The
range of frequencies applied is from 1 Hz to 10® Hz. The resulting
data were analyzed to study the behavior of the samples for different

frequencies from 25 °C to 250 °C.
5.3 Results and Discussion

5.3.1 Analysis of dielectric parameters

Dielectric constant £ is a complex quantity comprising of the real

form &' and an imaginary form &” and can be mathematically

represented as equation 5.1:

*

g =¢' —jX¢g (5.1)
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The real part is real permittivity or real dielectric constant and the
imaginary part corresponds to the energy loss. Figure 5.1 depicts the
change in dielectric constants as a function of frequency at various
temperatures for NBZ and NBZ/Ce. The frequency dependence of
the dielectric constant can be separated into two regions: low-
frequency (1 Hz to 10° Hz) and high-frequency (10° Hz to 107 Hz).
A high-frequency area exceeding 10° Hz exhibits a very low

dielectric constant subsequently resulting in a plateau zone.

To explain the variation of dielectric properties, it is a must to have
an understanding of the different factors contributing to it. Space
charge and dipolar polarizations are the major contributing factors at
low frequencies and ionic and electronic polarizations play a

predominant role at high frequencies.(6)

The application of an electric field to the material containing ions
exerts a force that force can cause the ions to move, leading to a
stretching of the bond. As a result of this stretching, a dipole moment
is created. The electrostatic attraction is overcome by the cations,
allowi localized movement inside the zeolite structure. This aspect
most likely contributes to the accumulation of interfacial
polarization due to the charges that build up inside the zeolite
structure.(7) Additionally, as zeolite consists of polycrystalline
material, each crystal exhibits its unique preferential atomic
structure. In this context, a grain boundary delineates a finite two-
dimensional plane that separates two or more crystals with differing

lattice orientations. When subjected to an AC field, a charge buildup
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occurs at the grain boundary, leading to an increase in dielectric
constant at lower frequencies. Thus interfacial polarization becomes
responsible for increase in dielectric constant at frequencies below

10 Hz.

The sudden drop of dielectric constant observed above 10° Hz results
from the fact that the field reversals are quick at higher frequencies,
and ion displacements cannot keep up with the field changes
resulting in a decreased ionic polarization.(8) The ionic
displacements are further decreased because at higher frequencies
the ions tend to displace into the narrow interfacial grain boundary
region. As a result, both NBZ and NBZ/Ce exhibit a sudden lowering

of the dielectric constant with increasing frequency.(9)

The polarization found in NBZ/Ce is due to the presence of Ce*",
Ce*" and H' ions where as in case of NBZ, the polarization is due to
H" ions.(6) The dielectric constants of NBZ/Ce are greater than those
of NBZ. This finding can be explained by the fact that cerium ions

have significant charge density when compred to H'ions.
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Figure 5.1. Variation of the dielectric constant of NBZ and NBZ/Ce
with frequency at different temperatures

The variation of dielectric constants of zeolite samples at different
temperatures is also depicted in Figure 5.1. At room temperature, the
dielectric constant of NBZ/Ce is initially high but diminishes rapidly
as the temperature increases. This occurs because elevated
temperatures induce more pronounced molecular vibrations and can
lead to heightened random thermal motion. As a result, the alignment
of the molecules is disturbed and they randomly align themselves
less closely with each other and with the applied electric field. These
changes lead to a decrease in the net orientation polarizability and,
consequently, a reduction in the dielectric constant is observed.(10)
So it can be surmised that both the samples exhibit a negative

temperature coefficient.
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Figure 5.2. Variation of dielectric Loss factor (tan d) of NBZ and
NBZ/Ce with frequency at different temperatures

The ratio of the imaginary part and the real part of the dielectric
constant is the dissipation factor (Equation 1.4). Figure 5.2 shows
the variation of dielectric loss tangent (tan o) or dissipation factor of
zeolite beta and cerium-doped zeolite beta. Tan 6 of a material
quantifies the electrical energy dissipated as heat through various
physical processes including dielectric relaxation, electrical
conduction, and dielectric resonance. At high frequencies the zeolite
material approaches saturation point. The electric field oscillates too
quickly for significant alignment or movement of charges which
minimizes energy dissipation and hence reduces dielectric losses.
Both samples exhibit the same trend of decreasing dissipation factor

with increasing frequency. The peak maxima (dielectric relaxation
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peaks) are detected in the curves of both samples which corresponds
to the point when the electric field and molecular rotation
frequencies are perfectly matched. This resonance results in the most
significant power transfer to the dipoles of the system and, thus the
results in maximum generation of heat. The heat dissipation is higher
for NBZ/Ce as observed from Figure 5.2. Altogether, it can be
surmised that the dielectric loss of NBZ and NBZ/Ce amounts to a

very meager value of 1.14 and 2.64 respectively at 25 °C.
5.3.2 Analysis of AC Conductivity

Figure 5.3 shows the variation of AC conductivity with frequency
for zeolite samples. The two samples follow the same pattern. In the
low-frequency range, the samples exhibit no appreciable
conductivity. This is followed by a sudden increase at around 10> Hz
in both samples. The universal power law governs the high-
frequency region, where the value of AC conductivity increases
linearly with frequency. Ion (charge carrier) hopping is the cause of
the increase in conductivity.(8) This type of hopping is more typical
in zeolite materials. The NBZ shows slightly higher conductivity
than NBZ/Ce and this increase is attributed to the hopping of protons
between the four oxygen atoms surrounding the Al-center, in
contrast to the much bigger metal cations like cerium as they are

expected to be localized on their respective sites.(11)
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Figure 5.3. Variation of AC conductivity of NBZ and NBZ/Ce with
frequency at different temperatures

During the modification process, there occurs a slight amount of
dealumination, and the four oxygen atoms bound to it are converted
to four hydroxyl groups, implying the development of silanol nests.
The dealumination of the surface is proven by EDX studies in
Chapter 3. It was concluded that the surface silanol groups present
in the microchannels of the NBZ/Ce substantially contribute to the
conductivity of zeolite samples.(12) Altogether, when compared to
the reported works on zeolite beta, the two samples show very low
ionic conductivity in the order of 10 S/cm and it can be attributed
to the tightly bound ions because of the electrostatic force.(13) As
the temperature rises, both samples exhibit a decrease of

conductivity with temperature. When temperature increases the
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vibrations of metal ions or the charge carriers also increase resulting

1n an increase in resistance.
5.3.3 Analysis of Impedance spectra

Impedance is the opposition that a dielectric material presents to the
flow of electricity. The two contributing factors to impedance are
resistance(Z’) and reactance i.e. the slowing of current due to
capacitive and inductive reactance(Z"). Impedance is typically
represented by a complex number, denoted as Z = Z' - jZ", with
real(Z’) and imaginary (Z") components. By taking into
consideration all these factors, The mathematical expression for

impedance is given in equation 5.2:

Z=\R2+ (X, — X;)? (5.2)

Where R is resistance, X1, and Xc are inductive and capacitive
reactance. Impedance measurements are conducted at varying
temperatures and frequencies to characterize the electrical properties
of the zeolites. Analyzing the impedance data, aids in understanding
the kinetics of bound and mobile charges in both the bulk and
interfacial regions and the relaxation mechanisms within the

system.(14)
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Figure 5.4. Variation of the real impedance of NBZ and NBZ/Ce
with frequency at different temperatures

In Figure 5.4, both NBZ and NBZ/Ce exhibit a typical behavior
where Z' decreases with increasing frequency, becoming negligible
beyond 10° Hz. The NBZ demonstrates positive temperature
coefficient of resistivity (PTCR) behavior, indicating that the
resistance increases with rising temperature, particularly up to 150
°C. The increase in resistance observed is due to decreased mean free
path of the conducting ions arising because of the increased collision
frequency which in turn arises due to increased amplitude of
vibration.(15) It can be observed that as temperature increases to 200
°C, the impedance does not rise substantially but decreases in both
NBZ and NBZ/Ce samples. This explanation for the decrease in

resistance is based on the fact that the matrix is a zeolite with a high
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dielectric constant. At temperatures above 200 °C the zeolite lattice

undergoes expansion that creates new pathways for more number of
ions.(16)

When comparing the resistance values of NBZ and NBZ/Ce, the
higher values are recorded for the NBZ sample. The mobility of
protons in the NBZ sample is restricted due to electrostatic
interactions and hydrogen bonding with the surrounding framework.
Whereas, in the case of NBZ/Ce, the multivalent cerium ions are
larger and have different charge characteristics compared to protons.
Ce ions encounter less resistance to movement as it is not bound to

the zeolitic framework as in the case of protons in NBZ.(17)
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Figure 5.5. Variation of the imaginary impedance of NBZ and
NBZ/Ce with frequency at different temperatures
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The reactance part plays a very important role in determining the
value of impedance as per equation 5.2. The inductive reactance is

given by the equation 5.3:
X, = 2nfL. (5.3)
Where f is the frequency and L is the inductance

The capacitive reactance is given by the equation 5.4:

= (5.4)

X~ =
¢ 2mfC
Where C is capacitance

The Figure 5.5 depicts the variation of imaginary impedance Z" with
frequency. It displays a consistent decreasing trend with increase in
frequency up to a specific frequency limit (10* Hz). Beyond this
limit, the plots converge and exhibit frequency-independent
behavior across all temperatures within the experimental range. The
large values of the imaginary impedance Z" at low frequency
indicate that this value is largely contributed by capacitive reactance
as indicated by equation 5.5. Imaginary impedance, Z" contributed
by capacitive reactance is associated with the ability of the material
to store and release electrical energy which is analogous to the
concept of dielectric constant. It is observed that both NBZ and
NBZ/Ce follow a similar type of variation as observed in the case of

the variation of the dielectric constant.
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Dielectric constant and capacitive reactance are inversely related
through their effects on capacitance. An increase in dielectric
constant leads to an increase in capacitance which in turn results in
a decrease in capacitive reactance (Equation 5.4).(18) The
observation that is already discussed is that the capacitance values of
NBZ and NBZ/Ce exhibit a negative temperature coefficient. So, as
the temperature rises, capacitive reactance increases because

capacitance decreases.

As the temperature reaches 250 °C, the imaginary impedance Z”
reduces to levels comparable to room temperature. This observation
can be attributed to the fact that the molecules gain high energy to

overcome the opposition imparted by reasons for the reactance.
5.3.4 Analysis of Electric modulus spectra

A detailed study of the electrical modulus is conducted to understand
the relaxation processes within the zeolite samples. The electrical
modulus is a complex quantity. The real part is the storage
component (M') and the imaginary part is the dissipation component
(M"). The study of electrical modulus furnishes information about
dipolar relaxation, ionic conduction, and other mechanisms

contributing to the dielectric behavior of materials.
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Figure 5.6. Cole-Cole plot of NBZ and NBZ/Ce at different
temperatures

The electrical modulus plane plots of both samples, which illustrate
the real M’ vs imaginary M"” curves over the temperature range of 25
°C to 250 °C, are shown in Figure 5.6. Generally, the cole—cole plots
exhibit three semicircles corresponding to conductivities attributed
to grain boundaries, grain size, and electrode effects,
respectively.(19) Observations from the cole—cole plots indicate the
presence of two semicircular arcs for both NBZ and NBZ/Ce
samples, reflecting conductivities arising from grain boundaries and
grain size. The presence of two relaxation processes is shown by
these arcs, which are visible in the modulus plane plot of both
samples at low and high frequencies. The smaller semicircular arcs

observed at low frequencies suggests weak grain boundary effects,
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incontras with the dominant grain size effects. On the other hand, at
higher frequencies, the bigger semicircular arcs indicate the bulk or
grain response.(20) The expansion of the semicircular areas in the
two samples indicates an increase of both the effects, while the
upward shift of the semicircle towards higher M’ values signifies a
rise in capacitance. The third arc corresponding to the electrode
polarization is not visible and this indicates the superior dielectric

properties of the zeolite samples.(21)
5.4 Conclusions

Broadband dielectric spectroscopic techniques can yield novel and
crucial insights into molecular reorientation and translational motion
when applied to diverse crystalline systems. During cerium doping,
notable fluctuations are evident in dielectric and impedance
measurements. At room temperature, significant ultrahigh dielectric
constants, 26k and 7k, are observed for cerium-doped beta and
unmodified zeolite beta, respectively. This is caused by larger
interactions between the zeolite structure and protons in NBZ
samples than the interaction of cerium ions with zeolitic structure in
NBZ/Ce samples. As a result, the cerium ions within the zeolites'
structure are better able to be field-induced to move, which increases
the dielectric response at lower frequencies. Analysis of dielectric
properties of synthesized nanoparticles reveals a decreasing loss
tangent with increasing frequency, with cerium-doped zeolite beta
exhibiting comparatively higher values. The AC conductivity rises

with increasing frequency, particularly notable for zeolite beta.
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Metal cations in NBZ/Ce and protons and surface hydroxyls in NBZ
contribute to the observed AC conductivity at high frequencies.
Electric modulus analysis elucidates the variation of the storage
component and dissipative component accompanying various
relaxation process taking place in the sample. Grain size and grain
boundary contributions are elucidated through Cole-Cole plots of
electric modulus. These findings on electrical and dielectric
properties hold potential applications in charge storage and

optoelectronic devices.

254



Chapter 5

References

1.

Chen P, Schonebaum S, Simons T, Rauch D, Dietrich M, Moos R,
et al. Correlating the Integral Sensing Properties of Zeolites with
Molecular Processes by Combining Broadband Impedance and
DRIFT Spectroscopy—A New Approach for Bridging the Scales.
Sensors. 2015;15(11):28915-41.Available from: https://doi.org/
10.3390/ s151128915.

Izci E, Izci A. Dielectric behavior of the catalyst zeolite NaY.
Turkish J  Chem. 2007;31(5):523-30.Available  from:
https://journals. tubitak.gov.tr/chem/vol31/iss5/13.

Mahabole MP, Lakhane MA, Choudhari A, Khairnar R. Dielectric
and ethanol sensing studies on synthesized nano-ZSM-5 zeolite.
Indian J Phys. 2014;89(2):167-74.Available from:
https://doi.org/10.1007/s12648-014-0572-9.

Zhou W, Zhao KS. Dielectric Response and Analysis of Structural
Evolution of NaA Zeolite with High Pretreatment Temperature. J
Phys Chem C. 2008;112(38):15015-21.Available from:
https://doi.org/10.1021/jp802106q.

Simon U, Flesch U. Cation-cation interaction in dehydrated zeolites
X and Y monitored by modulus spectroscopy. J Porous Mater.
1999;6(1):33-40.  Available from: https://doi.org/10.1023/
A:1009637102831.

Kumar LP and V. Structural, thermomagnetic, and dielectric
properties of Mn0.5Zn0.5GdxFe2—x04 (x =0, 0.025, 0.050, 0.075,
and 0.1). J Adv Ceram. 2020;9(2):243-54.Available from:
https://doi.org/10.1007/s40145-020-0364-y.

Lopes AC, Silva MP, Gongalves R, Pereira MFR, Botelho G,
Fonseca AM, et al. Enhancement of the dielectric constant and
thermal properties of a-Poly(vinylidene fluoride)/zeolite
nanocomposites. J Phys Chem C. 2010;114(34):14446-52.
Available from: https://doi.org/10.1021/jp1052997.

Lakhane M, Bogle K, Khairnar R, Dahiwale S, Sharma R, Mokale
V, et al. Dielectric properties of zeolite based metal oxide

nanocomposites.  Nano-Struct Nano-Objects  [Internet].
2019;17(3):248-58. Available from: https://doi.org/10.1016/

255



Chapter 5

10.

11.

12.

13.

14.

15.

16.

j-nano0so.2019.01.008.

Lakhane M, Khairnar R, Mahabole M. Metal oxide blended ZSM-
5 nanocomposites as ethanol sensors.Bull Mater Sci.2016;
39(6):1483-92. Available from: http://link.springer.com/10.1007/
$12034-016-1286-8

Jose J, Thomas V, John J, Mathew RM, Salam JA, Jose G, et al.
Effect of temperature and frequency on the dielectric properties of
cellulose nanofibers from cotton. J Mater Sci Mater Electron
[Internet]. 2021;32(16):21213-24. Available from: https://doi.org/
10.1007/s10854-021-06624-9.

Franke ME, Simon U. Characteristics of Proton Hopping in Zeolite
H-ZSM5. Phys Status Solidi B. 2000;218(1):287-90.Available
from: https://doi.org/10.1002/(SICI)15213951(200003)218:1<287:
AID-PSSB287>3.0.C0O;2-8

Hojo K, Takahashi T, Oshima K, Haji T, Terayama Y, Matsumoto
H, et al. Enhancement of ionic conductivity of aqueous solution by
silanol groups over zeolite surface. Microporous Mesoporous
Mater [Internet]. 2021;312(3):110743.  Available from:
https://doi.org/10.1016/j.micromeso.2020.110743.

Mckeen JC, Yan YS, Davis ME, Funct GAA V. Proton
Conductivity in Sulfonic Acid-Functionalized Zeolite Beta: Effect
of Hydroxyl Group. Chem Mater. 2008;20(12):3791-3.Available
from: https://doi.org/10.1021/cm800762x.

Purohit V, Padhee R, Choudhary RNP. Structural and electrical
properties of Bi(Mg0.5Ti0.5)O3 ceramic. J Mater Sci Mater
Electron [Internet]. 2018;29(6):5224-32. Available from:
http://dx.doi.org/10.1007/s10854-017-8487-9.

Sinclair DC, West AR. Impedance and modulus spectroscopy of
semiconducting BaTiOs showing positive temperature coefficient
of resistance. J Appl Phys. 1989;66(8):3850—6.Available from:
https://doi.org/10.1063/1.344049.

Ghojavand S, Dib E, Mintova S. Flexibility in zeolites: origin,
limits, and evaluation. Chem Sci. 2023;14(44):12430-46.
Available from: https://doi.org/10.1039/D3SC03934J

256



Chapter 5

17.

18.

19.

20.

21.

Franke ME, Simon U. Solvate-supported proton transport in
zeolites. ChemPhysChem. 2004;5(4):465-72. Available from:
https://doi.org/10.1002/cphc.200301011

Weik, M.H. (2000). capacitive reactance. In: Computer Science and
Communications  Dictionary.  Springer, = Boston, = MA.
https://doi.org/10.1007/1-4020-0613-6_2181

Pratibha S, Dhananjaya N, Manohara SR, Yadav LSR. Effect of Sm
3, Bi*" ion doping on the photoluminescence and dielectric
properties of phytosynthesized LaAlO 3 nanoparticles. J Mater Sci
Mater Electron [Internet]. 2019;30(7):6745-59. Available from:
http://dx.doi.org/10.1007/s10854-019-00986-x.

Abdulvakhidov B, Li Z, Abdulvakhidov K, Soldatov A, Nazarenko
A, Kulbuzhev B, et al. Study of the structural - phase state and
physical properties. Appl Phys A [Internet]. 2022;128(4). Available
from: https://doi.org/10.1007/s00339-022-05442-y.

Gajula GR, Buddiga LR, Chidambara Kumar KN, Dasari M. Study
on electric modulus, complex modulus and conductivity properties
of Nb/Sm, Gd doped barium titanate-lithium ferrite ceramic
composites. Results Phys [Internet]. 2020;17(3-4):103076.
Available from: https://doi.org/10.1016/j.rinp.2020.103076.

257






Chapter 6

Conclusions

Abstract

This chapter presents the findings and inferences derived from the
conducted research. This study has delved into augmenting the textural
and acidic attributes while preserving the crystalline parameters of
nanocrystalline zeolites intact. The outcomes showcase the selective
catalytic acetylation of toluene and 2-MON and provide insights into the
dielectric response of cerium-doped zeolite.







Chapter 6

This thesis explores multiple investigations concerning
nanocrystalline and hierarchical ZSM-5 and zeolite beta. It is
structured into three main sections. The first part is the synthesis and
characterization of metal-doped ZSM-5 and zeolite beta. The
nanocrystalline ZSM-5 and zeolite beta were synthesized
hydrothermally and modified with transition elements such as iron,
copper, zinc, and rare earth elements such as lanthanum, cerium, and

neodymium.

A comprehensive analysis has been done to investigate the acidity,
textural properties, and structural parameters of Fe, Zn, Cu, Nd, Ce,
and La-doped nanocrystalline ZSM-5. According to the
morphological examination, all the ZSM-5 samples have spherical
crystals with a crystallite size of less than 40 nm. Significant
absorbance is seen in between 220 - 800 nm for metal-ion exchanged
ZSM-5, suggesting the presence of several metal-oxide species in
the samples. The total surface area and pore volume of
nanocrystalline ZSM-5 exhibited a marginal decrease as a result of
the metal ion impregnation, according to the nitrogen adsorption
isotherm. The introduction of metal ions induces the dissolution of
the zeolitic matrix into smaller nanoparticles, which subsequently
redeposit onto larger ones. This process leads to the fusion of pores
and the simultaneous generation of mesopores. The TPD studies
show that metal-modified nanocrystalline ZSM-5 has a significantly
higher acidity. XRD measurements confirmed that, the lattice

stability and crystallinity are impacted by metal alteration. The
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findings indicate that ZSM-5 can effectively host various ions, which
enhances its acidic qualities and improves its porous nature while
maintaining its crystalline structure and keeping the lattice strain at

a minimum.

The study on the synthesis and characterization of nanocrystalline
zeolite beta modified with Cu, Zn, Fe, La, Ce, and Nd provides a
better understanding of the coordination environment and structural
characteristics. According to XRD data, metal loading raises lattice
strain but does not change the zeolite structure. The average
crystallite size is less than 30 nm for both modified and unmodified
nanocrystalline zeolite samples. The phenomena of Ostwald
ripening is also witnessed in the synthesis of zeolite beta samples
leading to the formation of mesopores. UV-visible spectra show that
metal ions can be found in the form of metal oxides and cations.
Skeletal vibration patterns in FTIR spectra are comparable to typical

zeolite absorption peaks.

The examination of acetylation of toluene using various metal-
exchanged zeolite beta and ZSM-5 as catalysts were investigated by
optimizing experimental settings to the bare minimum, with a
particular emphasis on lower temperatures and lower catalyst
concentrations, which improved the conversion significantly.
Among the many metal modified samples, the ZSM-5 and zeolite
beta samples treated with Ce showed catalytic conversion of over
90%. The catalytic efficiency of metal modified zeolites are based

on their crystallite sizes, external acid sites, and diffusion rates
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through micropores. All these factors favour cerium-modified
nanocrystalline zeolite samples leading to exhibition of excellent
catalytic selectivity by improving substrate accessibility to active

sites thereby increasing the conversion.

The second part of the thesis describes the synthesis,
characterization, and catalytic evaluation of hierarchical zeolites.
The development of hierarchical porosity in nanocrystalline ZSM-5
and beta is achieved by using PMMA powder in the aged precursor
solution. This novel synthesis method of adding PMMA powder to
an aging precursor solution where nanocrystal nucleation has already
begun, lowers the occurrence of internal defective silanols in
nanocrystalline ZSM-5. This observation is confirmed by infrared
and Raman spectroscopic investigations based on framework and
silanol group vibrations. SEM, TEM, XRD and nitrogen sorption
results confirm the formation of a porous structure without
sacrificing crystallinity. The thermogravimetric analysis also
confirms the interaction of PMMA and TPAOH for providing

hierarchical porosity via reducing internal defective silanols.

Hierarchical zeolite beta was synthesized via a direct hydrothermal
approach, utilizing PMMA as an additional structure-directing agent
alongside TEAOH as the primary micropore structure-directing
agent. The resultant zeolite beta displays XRD patterns and FTIR
spectra similar to those obtained from zeolite beta synthesized using
only a single structure-directing agent. Nonetheless, the zeolite beta

synthesized with the inclusion of PMMA showcases a distinctly
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narrow distribution of mesopores in addition to its inherent
microporous structure. Samples with minimal polymer incorporation
exhibit a well-defined isotherm with observable hysteresis loops that
shift towards lower partial pressures. This shift expands notably in
samples with higher polymer content, indicating increased mesopore
volume. The augmentation of the mesoporous surface area results in
a heightened concentration of Bronsted acid sites on the external

surface.

Using the acetylation of 2-methoxynaphthalene, the impact of
heterogeneous  porosity on the catalytic activity of
nanocrystalline hierarchical ZSM-5 and =zeolite beta was

demonstrated.

Materials possessing uniform mesopores displayed enhanced
activity and selectivity towards 1-acetyl-2-methoxynaphthalene.
Hierarchical ZSM-5 and beta demonstrated significant conversions
of acetic anhydride with exclusive selectivity towards the kinetic
product 1-acetyl-2-methoxynaphthalene isomer. This observation
was attributed to a more uniform mesopore surface, facilitating
interactions between reactant molecules and active sites distributed
throughout the mesopores rather than the external surface. These
effects arise from the improved homogeneity of mesopore
characteristics (size, geometry, and surface) and the environment
surrounding active sites, consequently amplifying catalytic

performance.
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The third part describes the study of the dielectric response of metal-
modified zeolite beta. The broadband dielectric spectroscopic
technique provides a wealth of novel and critical insights into
molecular reorientation and translational motion across a diverse
array of crystalline systems. Metal doping of nanocrystalline zeolites
leads to remarkable changes in dielectric and impedance
measurements. At room temperature, synthesized cerium-doped
zeolite beta and the unmodified one exhibit significant ultrahigh
dielectric constants, measured at 26k and 7k, respectively. This
phenomenon arises from stronger interactions between the zeolite
and protons than between the zeolite and cerium ions. Consequently,
the cerium ions within the structure are more readily induced to
move by an electric field, leading to an enhanced dielectric response
at lower frequencies. Both the Ce doped and undoped samples
exhibit a low tan & value, out of which cerium-doped zeolite beta
demonstrates relatively higher values. The AC conductivity
escalates with frequency, particularly in zeolite beta. AC
conductivity of cerium-doped zeolite beta is due to the mobility of
metal cations and surface hydroxyls whereas in a zeolite beta it is

due to mobility of protons.
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Recommendations

Abstract

The chapter discusses future possibilities based on the current study. It
suggests that the research would lead to improvements in the methods used
for fixing defects in zeolites and these bettered zeolites can be used in
synthesizing specific industrially important organic compounds for the
production of medicines. It also hints at potential use of zeolites as
capacitors.
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The results presented in this work contribute to a fundamental
understanding of the stability and reactivity of transition and rare
earth elements on nanocrystalline ZSM-5 and zeolite beta. This can
provide useful insights into the synthesis of metal ions doped zeolites
and in understanding the connection between the nanostructure and
activity of zeolite samples. This investigation can provide
constructive suggestions for the design of metal-exchanged high-
silica zeolites for greener catalytic reactions. The generation of
hierarchical porosity in the metal exchanged zeolite also opens up a
new strategy not only for enhancing the inherent properties of zeolite
but also improves its capability as an efficient catalyst in various

reactions.

The development of hierarchical porosity by using PMMA gives
special emphasis on healing the silanol defects in ZSM-5. The
detailed study on the dependency of PMMA for the condensation of
internal silanol defects offer valuable information towards future
investigations on new bettered synthesis routes for hierarchical
zeolites. The synthesis strategies for defect-free nanocrystalline
hierarchical zeolites have been streamlined and it can be extended to
other type of zeolites for imparting hierarchical porosity. The
application of zeolites for greener acetylation with high selectivity
and understanding of the structure-catalytic relationships in
hierarchical zeolites promise to boost the rational design and
industrial application of hierarchical zeolite catalysts with narrower

pore size distribution.
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Dielectric spectroscopy study proves that the high dielectric constant
of the cerium-doped zeolite beta can be foreseen as an excellent
material for the fabrication of a super capacitor. Manufacture of
sensors based on the dielectric response of nanocrystalline zeolites
can be thought of. Chemists, physicists, material scientists, and
engineers have opportunities to develop nanocrystalline zeolite-
based systems, which could be innovatively applied in creating a

new kind of capacitors..
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