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Abstract

This chapter encompasses a brief
introduction to catalytic technology, an
overview of the various aspects of the
present study, and a review of published and
patented literature on the alteration of the
acido-basic properties of metal oxides,
mixed metal oxides and their anion/cation-
treated forms, their characterization using a
variety of physico-chemical techniques, and
their catalytic activity in various organic
reactions. Additionally, a review of the use
of microwave heating for organic liquid
phase reaction that are heterogeneously
catalysed is included.
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I. INTRODUCTION

The past few decades have seen significant improvements in the chemical industry,
primarily due to concerns regarding the environment along with the economy on a global
level. Emphasis is now on making processes efficient in terms of consumption of both energy
and raw materials with minimal waste. This has been proposed that powerful catalytic
technologies could achieve this. These catalytic technologies have long been utilized in
sectors like the synthesis of chemicals and polymers, energy and petroleum, pollution
management, and in the food and pharmaceutical sectors.

Catalysis
Y
Petroleum and Chemicals and
Energy production Polymer Pollution control Pharmaceutical
production and Food industry
v v v v
gasoline, diesel, fuel plastic, fabric, COy. SOy, NO; . dairy, beverages,
oil, hydrogen cosmetics, fibers, hydrocarbon medicines
adhesives, coatings removal

J.J. Berzelius first proposed the term "catalyst” in 1836. He described it as a material
that alters the rate of chemical reaction, while itself remaining chemically unchanged at the
end of the reaction [1,2]. Substances help loosen the bonds that hold atoms together in the
reactants together. As a result, he originated the term catalysis. Wilhelm Ostwald proposed its
powerful definition as far as the ideas of chemical kinetics. In 1909, Ostwald was granted the
Nobel Prize in science for his commitments to catalysis. Recently, the main focus has been
on developing novel solid acid catalysts through research and development in order to
enhance selectivity and accelerate up the production of the desired product. By changing their
surface properties, various new catalysts are being synthesized in this way [3-6]. The primary
benefits of solid acids over traditional liquid acid catalysts are their total recovery from the
reaction mixture and easy separation from reaction mixture. [7-9].

Il. CATALYSED PROCESSES

A chemical reaction is referred to as catalytic when, in a thermodynamically sensible
reaction, the little amount of a chemical substance accelerates the rate at which chemical
equilibrium is reached without changing the substance chemically. A material that quickens
reactions is known as a catalyst. Catalysts function through providing an alternative
mechanism with a separate transition state at a lower energy. Consequently, as Figure 1
shows, the catalytic reaction’s activation energy is lower than that of the uncatalyzed reaction.
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Figure 1: Energy Diagram showing that the presence of a Catalyst reduces Activation
Energy by bringing it up a new Reaction Path

E. (uncat) = activation energy for uncatalysed reaction
Eac (cat) = activation energy for catalysed reaction
AE= Energy change accompanying the reaction

By giving an alternative route for the reaction, a catalyst alters the activation energy E of a
reaction. Thermal energy KT, where k is the Boltzmann's constant and T is the temperature,
normally provides the activation energy E. Only a portion of all molecule contacts, denoted
by the probability factor e-E/KT. Therefore, if the activation energy E is reduced, either by
raising the temperature or by employing a catalyst, the reaction rate can be increased [2].
Collision theory states that a catalyst initially mix with one of the reactants generating an
intermediate compound, this intermediate compound is extremely reactive. Hence it react
with the second reactant to form the product and there by the catalyst is regenerated.

E.g.: reaction between two reactants A and B in presence of catalyst C

A + C - [AC]
One of the Catalyst Highly reactive intermediate
Reactant
[AC] + B - AB + C
Other reactant Product regenerated catalyst

Over all reaction
A + B + [C] - AB + [C]

Catalytic Reaction Types: In general there are two categories of catalysis
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1. Homogeneous Catalysis: In a homogeneous catalytic reaction, the reactants and catalyst
will be in the same phase.Usually, there is only one liquid phase or one gas phase
containing all of the reactants and catalysts.Hence, reuse, recover and separation of
homogeneous catalysts are less possible or more expensive Ex: HCI, H,SO4, H3POy,
AICl3, TiCly, FeCls, p-toluene sulfonic acid, CF;SO3H etc. These are less environment
friendly due to the formation of highly toxic waste product during chemical reactions.

2. Heterogeneous Catalysis: The phases of the reactants and catalysts in a heterogeneous
catalytic process will be different. Typical examples are liquid-gas reactions that occur in
the presence of solid catalysts. The Contact Process, which produces sulphur trioxide by
passing sulphur dioxide and oxygen over a solid Vanadium oxide catalyst, is one example
of how sulfuric acid is synthesised. Thus, it can be easy to take out heterogeneous
catalysts from the reaction mixture, due to the fact that they can be reused and recycled
multiple times without losing their catalytic properties, they are considered as beneficial
to the environment. For example, heteropolyacids, clays, zeolites, metal oxides, mixed
metal oxides, etc. Nobel Prizes in heterogeneous catalysis have been awarded on several
times: Fritz Haber in 1918, Card Bosch in 1931, Irving Langmuir in 1932, and Gerhard
Ertl in 2007. Several significant heterogeneous catalysts can be broadly categorised as
follows [10].

e Transition metals, alloys, and bimetallic clusters (such as Pt-Sn in petrochemical
refining, Ti-Zeigler-Natta catalyst in olefin polymerization, and vanadium in the
manufacture of sulfuric acid)Metal oxides (TiO, in automobile exhaust, V,Os in
oxidation of xylene to phthalic acid)

e Complex oxides (Perovskite type) catalysts (photocatalysis, Pt/Al,O3 catalyst-induced
alkane-to-alkene dehydrogenation, and automobiles exhaust)

e Zeolites (Petrochemical industry and isomerisation of xylenes and toluene’s to p-
xylene).

The three primary categories of heterogeneous catalysis are electrocatalysis,
photocatalysis, and environmental catalysis. Maintaining the environment is the
primary goal of environmental catalysis. As examples, consider the reduction of NOx
in mass gases using ammonia on V205-TiO2 as catalyst, or the removal of CO and
hydrocarbons from vehicle exhaust gases using so-called "three-way" catalysts, which
are ceramic honey combs layered with Rh-Pt-CeO2-Al203. In photocatalysis, light is
absorbed during a reaction by either the reactant or the catalysis. Using semiconductor
catalysts (iron, zinc, and titanium oxides) for the photochemical breakdown of organic
materials on self-cleaning surfaces is one example. Oxidation and reduction through
electron transfer are included in electrocatalysis. Examples include the utilisation of
catalytically active electrodes in chlor-alkali electrolysis and fuel cells.

111.SOLID ACID-BASE CATALYSTS

When compared with liquid Lewis and Bronsted acid and base catalysts, solid acid-
base catalysts have a number of advantages. They are less hazardous to the environment,
easily removed from the liquid reaction mixture, and can be used again. They could also be
made to offer greater activity, selectivity, and catalyst life. While a solid base has a tendency
to take an electron pair or take a proton, a solid acid has a tendency to give an electron pair or
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receive an electron pair. Bronsted bases are proton acceptors, Lewis bases are electron-pair
donors, and Bronsted acids are proton donors. Lewis bases are also electron-pair acceptors.
These explanations are useful for providing a clear thinking of solid acid and base catalysis
and are suitable for comprehending the acid-base phenomena exhibited by different materials.
It should be indicated, nevertheless, that depending on the type of adsorbate in the reaction,
the same site could function as both a Lewis and a Brgnsted base [11].

1. Catalysts for Solid Acid: Clays, zeolites, metal oxides, mixed metal oxides, etc. all have

acidic sites on their surfaces Modification of these oxides and mixed oxides with
sulphate, phosphate, and borate anions and Al3+, Mo6+, and W6+ cations were found to
form strongly acidic and super-acidic sites; for this purpose, they are referred to as solid
acids. The structure, texture, and surface modification of solid acids significantly affect
how strong their acidity is. Table 1 [12] gives an example list of solid acids along with
examples.

Table 1: Types of Solid Acid Catalysts and Examples

Solid Acid Catalysts Examples

1 Natural clay minerals Montmorillonite, Kaolinite

ZrO,, A|203, SiOz, Fezog, TiOZ, V205, MnOXY ZnS,
CdS

Simple metal oxides
and sulphides

MgSO4

2
3 Metal salts
4 ZrOZ-Alzog, SiOz-Aleg, ZrOZ_SiOg, V-,05- ZrO,,

Mixed metal oxides MoOs- ZrO,, WOs- ZrO,

Sulfated promoted S0,%-Zr0,, S04~ -Aly03, SO,~-Si0,, SO, - Fe,0s,

> metal oxides S042-TiO,

5 Mounted acids Porous o>_<ides, graphite, metal salts, combined or
treated with H,SOy, SbF5, A|C|3, H3;PO,4, H3BO;
Alumina phosphates (AIPOy), silicoalumino

7 Metal phosphates phosphatcfs (SRPOs)( )

8 Carbon Carbon nanotubes, activated charcoal

9 Cation exchange resins | Amberlyst-15, nafion-H

10 Heteropolyacids H3PW1,040.24H,0, 12-tungstophosphoric acid

2. Catalytic Solid Bases: Solid acid catalysts have attracted a lot of research. and used in
many different types of reactions up to this point due to the tremendous advancements in
the oil and petrochemical industries over the past forty years. Solid base catalysts have,
however, been the focus of a lot more research than solid acid catalysts. The numbers
103, 10, and 14 correspond to the categories of solid acid, solid base, and solid acid-base
bi-functional catalysts, respectively, according to a quantifiable investigation carried out
by Tanabe and Hoélderich up until 1999 [13]. It seems like there are a lot less solid acid
catalysts overall than there are solid base-related catalysts, as well as solid base and acid-
base bi-functional catalysts. Actually, liquid bases catalysts are used in the industrial
process of several processes, including addition, condensation, cyclization, isomerization,
and alkylation. Table 2 provides an example list of solid bases and examples.
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Table 2: Types of Solid Base Catalysts and Examples

Sl. No. Solid Base Catalysts Examples

1 Single metal oxides MgO, CaO0, SrO, BaO, La,0s, ZrO,

9 Mixed oxides ZrOZ/MgO, Zr0,/Ca0, MgO- Al,03 MgO-
TIOz

3 Mesoporous material MgO/SBA-15

P MCM-41 functionalized with amino groups

4 Zeolite Cs-occluded zeolite X, Y
Cs-exchanged zeolite X,

5 Oxinitride SiON, AIPON, ZrPON

6 Supported catalyst KF/Al,03, Na/NaOH/AI,O3, Na /MgO

7 Clay and modified clay Mg-Al hydrotalcites

8 Other Calcined NaNOg3

3. Super Acids: The chemistry of super acids, i.e, acids stronger than 100% Bronsted acids
such as sulphuric acid or Lewis acids like aluminum trichloride. i.e., (Hammett acidity)
Ho < -12 [14]. Acid strength of some solid and liquid acids are shown in Fig. 2. Hall and
J.B. Conant proposed the term ‘super acid’ in 1927 [15].
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Figure 2: The Acidity of Various Liquid and Solid Acids
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4. Metal Oxides in Catalysts: Due to adaptability metal oxides contribute a significant
class of industrial catalysts [16]. Metal oxides may be acidic or basic and also exhibit
redox properties. The acidic or basic strength of metal oxides depends on the surface with
M-OH, M-0-M, M=0 or M-() functionalities where M is metal and M-( ) represents an
oxygen vacancy. Metal oxides such as ZrO,, MoOs;, Al,O3, V,0s, TiO,, Fe,03, WO3,
CaO, MgO, etc., are crucial to the field of catalysis used in chemical and petrochemical
industries because they act as catalysts as well as catalytic supports [17-20].

5. Oxides of Mixed Metals: Due to their active acidic or basic sites, high thermal stability,
and large surface area, which enhance reactant conversion, product yield, and reaction
time reduction, mixed metal oxides serve as vital heterogeneous catalysts in both practical
and industrial research [21-23]. Mixed metal oxides have wide range of applications such
as catalysts in fine chemical synthesis, green chemistry technology and petroleum
industry [24]. Figure 3 shows a schematic representation of mixed metal oxide
applications.

Fine

i Orgunic
chemical .
synthesis Synthesis

=
[ Petrolen | Green r
chemistry \ chcmhu?\

Figure 3: A Representation of Mixed Metal Oxide uses

IV.BRIEF DESCRIPTION OF MATERIALS USED AS CATALYSTS FOR THE
RESEARCH WORK PRESENTED IN THIS THESIS

1. Zirconia (ZrO;) and modified Zirconia Materials: Zirconia (ZrO;) has high thermal
stability and tensile strength, corrosion resistance and hardness. In the field of
heterogeneous catalysis, as catalysts, ZrO, and its modified forms have been utilised and
catalytic supports in reactions that are catalysed by both acids and bases [25-26].The
acidic and basic properties of ZrO, can be altered by the addition of cationic or anionic
materials. Drastic improvement in acidic properties can be seen by the addition of sulfate,
molybdenum, vanadium and tungsten ions to produce solid “super-acids” [27] and drastic
improvement in basic properties can be seen by addition of calcium, magnesium ions, etc.

ZrO, exists in three different phases or crystal structures such as monoclinic,
tetragonal and monoclinic crystalline phases. In the monoclinic phase of ZrO2, the zr**
ion has seven-fold coordination (it is surrounded by seven oxygen atoms), and in the
tetragonal and monoclinic phases, it has eight-fold coordination.. The size of Zr*" ion in
crystal structure is 0.79 A, 1.32 A is the radius of O ion and 0.6 is the cation and anion
radius ratio. A schematic crystal structure of monoclinic, tetragonal and monoclinic
phases showed in Figure 4.
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Figure 4: Schematic Crystal Structure of Monoclinic, Tetragonal and Monoclinic Phases

Cubic

It has been found that zirconia's tetragonal phase exhibits catalytic activity. This
phase has been successfully stabilised over a number of attempts at various pressures and
temperatures. At ambient temperature, the oxide is monoclinic at standard atmospheric
pressure. Then, when the temperature rises, it changes into the tetragonal and cubic
phases. The monoclinic-tetragonal phase shift has been thoroughly studied due to its
practical and theoretical importance [28]. The zirconia powder's particle size and
preparation method have an impact on the pace of transformation from the monoclinic to
the tetragonal phase [29, 30]. The phase transition occurs more rapidly depending on the
prepared zirconia's particle size. Phase transformation may also be significantly affected
by the addition of sulphate anions. Since it can deferral the development of oxo-bonds
between zirconium atoms and oxygen atoms, bridging sulphate ions stabilise the structure
of zirconia (Figure 5).

HO OH

Figure 5: Structure of Sulphated Zirconia [42]

This will stabilise the surface area and stop rapid phase transformation by
avoiding sintering at elevated temperatures [31, 32]. A precursor, pH, and ageing duration
are some of the factors which influence the phase transition [32]. The sample showed a
rapid change in phase from tetragonal to monoclinic when it precipitated at low pH. An
amphoteric oxide with strong acid-base properties is zirconia. The Lewis acidity is
created by the bridging cations. Brensted acid sites are a result from terminal coordinated
water molecules. The typical types of acidity at lower and higher temperatures,
respectively, are Lewis acid sites and Bronsted acid sites [33]. Numerous studies have
been conducted in this area to examine surface modification and zirconia's ability to
withstand acidity. The most well-known of these involves adding cationic or anionic
materials, such as WO3, SO42-, and MoO3, at the sub-monolayer level to create new
acidic sites, and attaching catalytically active metal oxides.
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Because these modifications can produce strength of the order of 100% H2SO4,
which is exceptional in any heterogeneous catalyst, the results achieved in recent years
are really impressive [35]. The highly acidic sites that result from grafting sulphate
species onto ZrO2 are referred to be "super acidic" on their surfaces. Arata and co-
investigators [36] reported in 1979 that zirconia, when properly treated with sulfuric acid
or ammonium sulphate, exhibits extremely strong acidity and is capable of catalysing the
isomerization of n-butane to isobutane at room temperature. As a result of this, among the
promoted zirconia-based solid acid catalysts, the SO42- /ZrO2 (SZ) catalyst gained
greater attraction. Several chemical synthesis and transformation processes, such as
multicomponent reactions, isomerization, alkylation, acetylation, esterification,
glycosidation, and some other economically important reactions, have been shown to be
very active for the SZ catalyst throughout time [37, 38]. However, an important
disadvantage of SZ catalyst is its fast deactivation in reducing conditions and at high
temperatures due to SOx and H2S production, respectively. Many efforts were made to
improve the stability and activity of the SZ catalyst, including carbon molecular sieves,
noble metal Pt, and transition metals including Fe, Mn, and Cr [39]. Under specific
preparation circumstances, Arata and Hino (1988) claimed that solid super acids may be
synthesised by adding WOx or MOXx to the Zr- or Ti-hydroxides [40, 41]. Their findings
were also supported by our thorough research, and we have investigated a few of these
catalysts for different chemical processes.

2. Alumina (Al,O3): The Alumina (Al,O3) as a catalyst and catalytic support has been
widely recognized. Al,O3 has been regarded as an acid-type catalyst and its role has been
studied in a number of catalytic applications [43]. As a support, alumina is used in many
catalytic processes of industrial importance such as isomerization, alkylation, catalytic
cracking, hydroforming, etc., [43]. Al,O3 is amphoteric in nature which means that Al,O3
can behaves as both acid and a base. When alumina is heated at different temperatures,
alumina transforms into seven forms such as gamma, delta, theta, kappa, chi, eta and rho,
and these seven aluminas are called “Transition Aluminas” (Figure 6) [44].

a N
Diaspore ->
a'AI203

O E Gibbsite |»> X-A|203 > K"A!203 >
o
oU[ Boehmite -> }“Al203 >| &ALO; | >
o
. Bayerite |» 1n-Al,0, -> 6-Al,04 [—»

| 1 ! I i

0 300 600 900 1200 T/°C
\, y

Figure 6: Temperature Transformation Sequence of the Aluminum Hydroxides (Al,O3) [45]

Transition aluminas are used as catalysts as well as catalytic supports in
heterogeneous catalysis, because they are porous in nature, less expensive, mechanically
more stable at high temperature and possesses good physical strength. Due to amphoteric
nature, Al,O3 and its modified forms can be used as catalysts in many organic
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transformations such as dehydrogenation [46], synthesis of functionalized 1,4-
dihydropyridine derivatives [47], transesterification reactions [48], esterification reactions
[49], synthesis of biodiesel [50], epoxy cleavage reactions [51], hydrodeoxygenation [52],
acylation reaction [53], etc.

V. INTRODUCTION TO CORDIERITE HONEYCOMB (HM)

Cordierites (2Al,03.2Mg0.5Si0,) have naturally very low thermal expansion co-
efficient over a wide range of temperatures, which contains MgO, SiO, and Al,O3 in this ratio
of 2:5:2. Cordierite honeycomb monolith (HM) can have used as heterogeneous catalyst after
the modification [54]. They can be circular shapes with interconnected repeating cells or
channels [55]. In comparison to powder catalysts, the catalyst coated honeycomb monoliths
have benefits such as the formation of a thin layer with a high active surface area, a lower
catalyst load on the monolith, facile separation, and complete removal of the catalyst from the
reaction mixture.. Supported honeycomb monolith catalysts were initially developed for gas
phase reactions in automobile emission control systems like catalytic converters in diesel and
gasoline engines, ozone abatement in aircrafts, and selective NOx reduction. Their
application in liquid phase/vapor phase organic synthesis has attracted the least attention [34,
57-61]

Advantages of Honeycomb Monoliths: When compared to other multiphase reactors or the
pellet packed fixed-bed reactors frequently employed in the petroleum refining sector,
monolith catalysts have some characteristics in the majority of applications. They have the
following advantages.

for mass transfer and reactions, a higher specific external catalyst surface area.
External mass transfer is reduced when multiphase reactors are employed.
Internal diffusion restrictions are eliminated when using thin walls.

Reduced pressure drop when significant fluid throughputs are present..

Easy scale up.

Cleaning up the dirt that has collected on the channel walls will be simpler.
High product selectivity due to lower axial dispersion and back-mixing.

A reduction in fouling and clogging, which lengthened the catalysts' lifetime.

The support exhibits excellent working characteristics with regard to ceramic
monoliths, including high mechanical strength, high temperature resistance, low thermal
expansion coefficients, low pressure drop, and availability in a variety of sizes or shapes [62].
Different procedures have been performed coating the monoliths walls with support materials
called wash coat like gamma Al,O3, TiO,, ZrO, or zeolites, to obtain a higher surface area
and abundant pores, since cordierite itself exhibits negligible porosity and offers little
contribution to catalytic action [63].

VI.METHODOLOGIES
One of the significant features in the catalysis research is generally three
interconnected characteristics that are intricate, such as, preparation, characterization and

reactivity of the catalysts. A triangular association between these three aspects has been
shown by many authors [64-81].
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1. Catalyst Preparation: The following catalysts were prepared in this investigation

Metal Oxide: ZrO,

Mixed Metal Oxides: ZrO,-Al,03, MgO-ZrO,, CaO-ZrO,

Modified Oxides: SO,*/ZrO,, Mo(V1)/ZrO,, W(V1)/ZrO, Mg(lI1)/ZrO,, Ca(ll)/ZrO,
and Ba(I)/ZrO,

2. Preparation of Catalytic Materials on Honeycomb Monoliths

Coating of ZrO, 5%W(VI)/ZrO, 5%Mo(V1)/ZrO, and SO,*/ZrO, on
Honeycomb Monoliths: Using the "dip and dry" approach, catalytic materials were
coated on honeycomb monoliths (HM) [82]. Typically, a diluted solution of zirconyl
nitrate [ZrO(NO3)s. 8H,0] has been prepared in order to coat ZrO, on an uncoated
HM. By immersing the final product and drying it in a muffle furnace heated to
400°C, the solution was coated onto an HM. The 'dip and dry' stages were done 6-8
times, coating the HM with 0.02 g of catalyst (ZrO,). Similarly, using diluted
solutions containing known concentrations of ZrO(NO3)s;. 8H,O, ammonium
molybdate [(NH4)sM07024.4H,0], and ammonium tungstate
[(NH4)10H,W;2042.4H,0], uncoated HMs were coated with 5%Mo(V1)/ZrO, and A
slurry of 1.5 g of Zr(OH)4 and 0.75 mL of 3M H,SO, was prepared with deionized
water to coat SO,%/ZrO, on a bare HM. The slurry was thoroughly mixed and coated
to the HM.

Coating of MgO/ZrO;, and CaO/ZrO; on Honeycomb Monolith: MgO/ZrO, or
CaO0/ZrO, was coated to honeycomb monoliths (HMs) using the "dip and dry"
method. In a typical procedure, known concentrations of zirconyl nitrate with
magnesium nitrate and calcium nitrate were taken in a 125 ml beaker and made into a
solution with 30 mL of deionized water. A bare honeycomb was coated with the
outcome using the 'dip and dry' method in a muffle furnace that had been warmed to
400 oC. In order to coat the HM with 0.2 g of the solid base catalyst, "dip and dry"
processes were repeated 10-12 times.

Coating of Binary Oxides on Honeycomb Monolith: HMs were coated with
different percentage binary oxides like 40%Zr0O,-60%Al,03 and 60%Zr0,-40%Al,0;
utilising diluted solutions with known amount of AI(NO3); and Zr(NOg3)s.

Coating of 5%Mg(11)/Zr0O,,5%Ca(ll)/ZrOand 5%Ba(l1)/ZrO, on HMs: It
prepared from diluted solutions with known concentrations of barium nitrate, calcium
nitrate, and magnesium nitrate as well as zirconyl nitrate. In a furnace that was heated
to 400°C, these solutions were coated on HMs using the "dip and dry" approach. Up
to 0.15 g of 5% Mg(I1)/ZrO,, 5% Ca(ll)/ZrO,, or 5% Ba(ll)ZrO, were coated on the
HMs, the "dip & dry" stages were repeated 6-8 times. Before being utilized as
catalysts, the HMs indicated above were calcined at 550 °C for 5 hours in a muffle
furnace.
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VII.CATALYST CHARACTERIZATION

The following methods were utilised to characterise all the prepared catalysts used in
the current investigation:

e Surface acidity measurement using the temperature-programmed desorption of

ammonia (TPD-NHj3) and n-butyl amine back titration method

Temperature programmed desorption of carbon dioxide (TPD-COy)

Powder X-ray diffraction for crystallinity (PXRD)

Functional group analysis using Fourier Transform Infrared (FTIR) spectroscopy

For specific surface area, use the Barunauer-Emmett-Teller (BET) method.

Surface morphology using scanning electron microscopy (SEM)

e Technique for elemental analysis using an inductively coupled plasma-optical
emission spectrometer (ICP-OES)

The brief description of experimental procedures of characterization techniques
involved in the work carried out for present thesis is given below.

1. Temperature Programmed Desorption Of Ammonia (TPD-NHs): Analysis of the
type, number, and strength of active acid sites present on the surface (surface acidity) of
catalytic materials is done using temperature-programmed desorption (TPD). In this
experiment, 0.1 g of catalyst was degassed under helium stream for 1 h at 100 °C, then
ammonia gas (99.99%) was added to the stream until saturation was reached, and the
stream was cooled to 50 °C. After the system was kept at 50 °C for 30 min, the catalyst
surface was flushed with helium for two hours while the system was still at 50 °C. The
catalyst was heated to 700 °C in helium at a rate of 5 °C min™. The peak area of the
calibrated thermal conductivity detector signals was used to calculate the change in NH3
concentration. More loosely held than molecules that desorb at higher temperatures are
molecules that desorb at low temperatures. As a result, the TPD experiment describes
both the number and strength of acid sites.

Early in the 1960s, temperature-programmed desorption (TPD) techniques were
developed for quantitative investigation of model surfaces. Using the pulse chemisorb
instrument Mayura NHs - TPD unit, it is one of the flexible methods for determining the
overall acidity and the strength of acid sites present in the catalyst [83, 84].

Copyright © 2024 Authors Page | 178



Futuristic Trends in Chemical, Material Sciences & Nano Technology

e-ISBN: 978-93-5747-960-8

IIP Series, Volume 3, Book 7, Part 7, Chapter 3

OVERVIEW OF RECENT ENVIRONMENTAL CATALYTIC MATERIALS

Mass spectrometer
\ Turbo molecular pump

Pressure

transducer

©,
e | Pirani gauge
NH, T X '/K
He H @::

rAY
P F«* * Rotary pump
5 :

| AN
A . =
NHi/He (1:99) <
5‘% Electric
. ' ‘ furnace
Stop valve Mass-flow H-O { B
controller &

Figure 7: Schematic representation of Temperature Programmed Desorption (TPD)
Instrument

2. N-Butyl Amine Back Titration Method: The n-butyl amine back titration method can
also be used to determine the total surface acidity of solid catalytic materials. In this
procedure, 25 ml of dry benzene solution containing 0.05 M n-butyl amine were used to
suspend 0.5 g of the catalyst. 24 hours were given to the combination. All of the acid sites
on the solid's surface are neutralized during this time. 0.05 M HCI was used to titrate the
unreacted n-butyl amine, and bromothymol blue was utilized as an indicator. The
decrease in n-butyl amine concentration was used to compute the surface acidity of the
solid catalyst. Using the following formula, the total surface acidity (TSA) was
determined:

(x —y) 1000

Total surface acidity of the catalyst = W

mmol/g

Where,

Molarity of n- butyl amine before adding the catalyst = x
Molarity of n- butyl amine after treating with the catalyst =y
Weight of the catalyst = W (g)

3. Temperature Programmed Desorption of Carbon Dioxide (TPD-CO,): In order to
determine the kind, number, and strength of active basic sites that are present on the
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surface of catalytic materials (surface basicity), desorption of carbon dioxide is usually
performed. The desorption temperature and the strength of the basic sites were related.
Frequently, qualitative measurements are conducted for various experiments under the
same circumstances. TPD of adsorbed CO; has been extensively employed to examine
basic materials. For example, stepwise TPD of CO; has been used to study supports
modified with rubidium. The addition of Rb species to supports like MgO, Al,03, TiO,
and SiO,, via the decomposition of supported rubidium acetate, increases the surface
density of adsorbed CO, over that pure support. Because of the high desorption
temperatures needed to release CO2 from RbO/MgO, it was determined that very strong
basic sites had formed. Because of this, Mayura Analytical Centre utilises the CO2 -TPD
unit. Various alkali metals-containing (exchanged and occluded) zeolites have had their
base strengths measured using carbon dioxide temperature programmed desorption [89].
Comparison is made between TPD plots of carbon dioxide desorbed from alkaline earth
oxides. Adsorption of carbon dioxide and the subsequent treatment were carried out under
identical circumstances prior to each TPD run [88].

Powder X-Ray Diffraction for Crystallinity (PXRD): The primary purposes of PXRD
experiments were to determine the materials' structural integrity, d-spacing (planar
distance), and planar orientation. PXRD patterns of catalytic materials were produced
using a graphite crystal monochromator with a scanning range of 5-80° and a scanning
rate of 2° min-1 on a Philips X'pert Pro diffractometer with a Ni filtered Cu-K radiation
with =1.5418. The process of phase identification involves comparing the relevant peaks
to accepted references.

nA = 2d(hkl) sind

According to Bragg's law, the distance between lattice planes (d) with an
orientation denoted by Miller's indices (hkl) is related to every reflection observed at a 2°
angle in the diffraction pattern of a crystalline sample produced by an X-ray of

wavelength ().
A
o
b, 5:
i
d

N
R :

Figure 8: Diffraction from an Ordered Arrangement of Atoms

A crystal's lattice is made up of layers with a uniform distribution of atoms, which
are present throughout the crystal structure. A high atomic density plane signifies a high
electron density plane. When a monochromatic beam of radiation strikes the high atomic
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density layers, scattering will take place because it happens between impinging X-ray
photons and the loosely bound outer orbital electrons. The scattered waves coming from
the individual atoms, or scattering points, must be in phase with one another in order to
satisfy the requirements for constructive interference. In Figure 8, the geometric
prerequisites for the occurrence of this condition are depicted.

5. Functional Group Analysis Using Fourier Transform Infrared (FTIR)
Spectroscopy: The FTIR method was invented in the early 1800s by the French
mathematician Jean Baptiste Fourier. Practically all covalent compounds, organic or
inorganic, absorb different infrared wavelengths in the region of the electromagnetic
spectrum. This spectrum is typically utilised to investigate the structure's fundamental
vibrations and related vibrational-rotational levels. A single beam of IR radiation from the
source is supplied to a Michelson interferometer, which creates an interferogram by
moving a mirror, and the FT-IR spectrums were recorded using a Nicolet IR200 FT-IR
spectrometer with a resolution of 4 cm-1 (Figure 9). The highly effective method of
infrared spectroscopy (IR Spectroscopy) provides fingerprint information on the chemical
composition of the sample [85].

Sample
Modulator

IR-Source

W

v
Intensity Intensity

T - L P

Wavenumber Wavenumber  Wavenumber [source: FL

Figure 9: Schematic Representation of IR- Spectrophotometer

One of the most significant and cutting-edge techniques for examining the
structure and composition of the surface functional groups of supported metal catalysts is
the FTIR spectroscopy of adsorbed probe molecules. Different types of hydroxyl groups,
Lewis acid sites (coordinately unsaturated surface cations), base sites (bridging oxygen
atoms or oxygen atoms of OH groups), structures formed by impurity anions that are left
over after synthesis (sulphate, ammonia, and nitrate groups), or structures formed from
contact with air (carbonate- carboxylate structures), can all be found living on the support
surface [86, 87]

6. Brunauer-Emmett-Teller (BET) Method: The total surface area of the catalystic
material is important for catalytic activity because it determines how reacting molecules
will adhere to the active sites on the surface of the catalyst. Catalytic materials' activity
and selectivity in organic reactions are closely correlated with their surface properties.
This approach involves measuring the amount of N, adsorbed over the adsorbent as a
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function of pressure at liquid nitrogen temperature (77K). The high-speed gas sorption
analyzer NOVA 1000 Quanta chrome equipment was used to measure the specific surface
area of each obtained catalyst.

In this method, a pre-adsorbed gas is removed by degassing a known quantity of
catalytic material in a U-shaped glass tube for five hours at 523 K (Figure 10). The
material inside the U-shaped glass tube was subsequently cooled using liquid nitrogen to
room temperature and then to 77 K. The catalytic material sample was completely
saturated with nitrogen, which physically adsorbs to the surface of the sample at 77 K.
Using a detector, the amount of N2 adsorbed was measured, and the surface area was
computed using the equation below;

x N

m
A 2
22414 x W Am(m7/8)

Specific surface area=

Where,

N stands for the Avagadro number (6.022 x 10%* mole™), W for the catalyst's mass in
grammes, Am for the adsorbed molecule's cross section (0.162 nm? in the case of Ny),
and Vm for the volume of the associated monolayer covering.

e
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Figure 10: Schematic Representation of BET Surface Area Measurement Instrument

7. Scanning Electron Microscopy (SEM): By utilising a JEOL JSM-7500F microscope
operating at 20 kV and an 8 mm working distance, field-emission scanning electron
microscopy was used to examine the catalyst particle marphology. The physical
characterization of catalytic materials, such as the size, shape, surface structure, porosity,
and dispersion of particles, is often accomplished using a scanning electron microscope
(SEM). A narrow electron beam is projected over the surface during SEM, and the yield
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of secondary or backscattered electrons is then detected depending on the position of the
primary beam. The majority of the secondary electrons, which have energies ranging
from 5 to 50 eV, come from the sample's surface. Backscattered electrons are emitted
from deeper locations and are capable of carrying chemical information. In comparison to
TEM, the resolution and magnification of the SEM are comparatively low.

8. Inductively Coupled Plasma-Optical Emission Spectrometer (Icp-Oes): The process
used for optical emission spectroscopy (OES) is called inductively coupled plasma (ICP).
Thermo-iCAP 6000 Series equipment could be used to estimate the amount of metals
present in catalyst sample. The elements or atoms in the samples absorb the plasma
energy and become excited. They then return to their original positions by producing
photons. Using suitable acid solvents such HNOs, HF, or HCI, standard solutions of
catalysts in the 20-140 ppm range were created. The solution was then filtered through
0.45 (micron) membrane filters and used for further investigation.

VIII.CATALYTIC ACTIVITY STUDIES

In the various organic reaction, the synthesised and characterised catalytic materials'
catalytic activity was examined.

The organic reactions were conducted in a reactor vessel that was particularly made to
hold a honeycomb monolithic catalyst. Figures 11(a) and 11(b) illustrate a ceramic
monolithic structure example and a reactor vessel specifically made to hold a honeycomb
monolithic catalyst.

(b)

Bare anmd

Figure 11(a): Photograph of (a) Cordierite Honeycomb Monolith. (b) Reactor with
Monolithic Catalyst

Figure 11(b): Microwave reactor and reactor vessel to accommodate HM catalyst.
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IX. INTRODUCTION TO MICROWAVE CHEMISTRY

Recent years have seen a significant increase in interest in the ability of microwave
irradiation to accelerate both organic and inorganic reactions and shorten reaction times from
hours or days to minutes. This is due to the molecules' ability to selectively absorb
microwave energy. It provides rapid results and significantly speeds up response times. The
material is heated uniformly throughout, with excellent heating efficiency, leading to greater
product yield and improved purity in the finished product by minimising unfavourable side
effects. When compared with conventional heating methods. The polar ends of these
molecules or ions undergo a rapid rotation as a result of molecular friction between the
moving molecules, which is caused by the microwave radiation activating even the smallest
degree of variation in polar molecules and ions like alcohol with the constantly changing
magnetic field and the changing electric field.

Within the frequency range of 0.3 to 300 GHz, microwave radiation is a form of
electromagnetic radiation. This frequency's microwave photons have an energy of 0.0016 eV.
This energy is lower than the energy of Brownian motion and is too low to break down any
chemical bond. Molecular structure is not broken, rather the molecules' rotational energy
changes. This shows clearly that chemical reactions cannot be induced by microwave
radiation. According to the loss factors, solvents can generally be categorised as having high
(tan > 0.5), medium (tan 0.1-0.5), or low (tan 0.1) microwave absorption properties.
Benzene, dioxane, and other frequently used solvents without a permanent dipole moment are
mostly microwave transparent. These molecules should be utilised in a microwave heated
reaction along with other polar reagents or catalysts that are expected to be polar so that the
reaction medium's overall dielectric characteristics will allow for adequate microwave
heating [90].

Conductive heating is carried out by an external source in conventional methods of
chemical synthesis. In this, heat is transferred first to the reactor vessel's walls before moving
through the reaction mixture. The reactant molecules are instantly heated using microwave
aided synthesis, which is not dependent on the reactor's thermal conductivity. This is a result
of the direct interaction between reactant molecules and microwave energy. The scientific
community is becoming more aware of the use of microwaves in a wide range of chemical
reactions, and it is predicted that in a few years, the majority of chemists would likely use
microwave radiation to heat chemical reactions on a laboratory scale.

X. CONCLUSION

1. Synthesis and characterisation of solid catalysts that are benign to the environment, such
as cordierite-supported zirconia and its modified forms.

2. The catalytic activity of zirconia and its modified forms supported by cordierite in the
synthesis of several fine chemicals is compared.

3. A comparison of the % yields of the main chemical reactions, including condensation,

acetalization, and transesterification, etc.

Study of synthesising fine chemicals using microwave technology.

Determining which catalyst is best for certain reactions.

Optimizing the reaction conditions with a chosen catalyst.

Find the correlation between the types of acid and basic sites needed for reactions and

catalytic activity.

No ok
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