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ABSTRACT

This chapter presents a comprehensive review on basic principles of microwave
chemistry and its valuable contribution in organic synthesis. It also gives a critical
overview of the types of heterogeneous acid catalyzed microwave assisted organic
transformations and also briefly describes the microwave assisted synthesis of
support materials, pure and supported nanoparticles. Historical developments and
recent trends in field of microwave assisted organic transformations catalyzed by

heterogeneous catalysts are discussed briefly.
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1.1 Introduction

‘Time is precious’ this quote is indeed also true for Science. Particularly, in
synthetic chemistry large numbers of time consuming trials are required either for
synthesis of new organic materials or optimizing existing synthesis routes in
respect to selectivity, yield, reaction time, temperature and product quality and
sustainability. To cut-off trial time, improve experimental efficiency and scientific
creativity, development of new non-conventional techniques is still a trust area for
researchers. In this context, the high speed microwave (MW) heating technique,
termed as ‘Bunsen burner of the 21° century’ has been on the forefront
attention due to its diverse revolutionary contributions in solid-state chemistry [1],
nanotechnology [2], organic synthesis [3], peptide synthesis [4], polymer
chemistry [5], material sciences [6], nanomaterials [7] and biochemical processes
[8] etc. Microwaves are widely used in communication, remote sensing, food
processing, navigation and electron paramagnetic resonance spectroscopy, but it
has also made a well established position in commercial and domestic heating
purposes [9]. In recent years, use of MW heating over conventional heating has
turned to a safer more focused alternative due to advantageous features like short
reaction time, rapid and instantaneous heating (in-core heating), high yields with
better selectivity and emerged as a promising tool to address environmental

concerning challenges following the green protocols [10].
1.2 Microwave theory

The term ‘microwaves’ is used for the electromagnetic radiations lying in
between infrared and radio waves with wavelengths and measured in centimeters
from 1 m to 0.1 cm or in the frequency range of 0.3 to 300 Hz. All ‘kitchen’
microwave ovens and commercially available microwave reactors operates at
frequency of 2.45 GHz (corresponding to a wavelength of 12.25 c¢cm) to avoid
interference with telecommunication, wireless networks and cellular phone
frequencies, this frequency is perfect to produce low-cost magnetron used in
domestic microwave ovens, 12.25 cm wavelength is smaller than cooking
chamber and possess typical penetrating depth of few centimeters in food

materials. However, this frequency is not optimized for water heating as it has
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resonance frequency of 18 GHz and maximum MW energy to heat conversion
occuring in this region [11]. The energy of MW photon is 1.0 X 10 eV (or about
0.037 kcal mol™) at 2.45 GHz frequency which is very low compared to the
energy required to cleave a bond (80-120 kcal mol™) [12] and yet lower than the
energy required for Brownian motion. Thus, MW chemistry only provides
efficient heating of materials and cannot induce chemical reactions and only
affects molecular rotations [11].

1.2.1 Dielectric heating

MW enhanced chemistry is based on the efficient heating of materials by
‘MW dielectric heating’ i.e. a phenomenon dependent on the ability of a specific
material (solvent or reagent) having permanent or induced dipole moment to
absorb microwave chemistry and convert into heat [13]. It is necessary to
understand that electric component of MW irradiation causes heating by three
mechanisms: dipolar polarization (DP), ionic conduction and interfacial
conduction as shown in Figure 1.1. MW irradiation of sample causes alignment
of dipoles with applied electric field and as the field oscillates; the dipoles also
attempt to realign to align themselves with applied electric field. In this process,
depending upon the orientation time and disorientation relative to the radiation
frequency, different amount of energy is lost in the form of heat through
molecular friction and dielectric loss [14]. If the radiation frequency is too high
then dipole doesn’t have enough time realign to interact or if it perfectly interacts
the alternating applied electric field then no motion and dissipation of heat of
takes place [15]. The 2.45 GHz frequency lies in between two extremes to give
sufficient time to dipole to align with the field but rapid fluctuations doesn’t allow
the dipole to interact which produces molecular friction and collisions that give
rise to dielectric heating [11]. On the other hand, ionic conduction (IC) involves
back and forth oscillation of dissolved ionic species under the influence of MW
irradiation which collides with neighbouring molecules and evolutes heat. Ability
of providing instantaneous superheating of ionic substances, IC possesses better
heat generation capacity and transfers energy more efficiently than DP [16]. The

interfacial polarization is a combined phenomenon of IC and DP found in such a
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heating system comprises conducting material scattered in a non-conducting
material like dispersion of metal particles in sulfur [17]. The instantaneous and
fast reaction rate is also an important feature of MW heating. Since the MW
transfers energy in less than nano seconds (10 s) and reactant molecules with
kinetic relaxation time of 10 seconds unable to get complete relaxation which
results as non-equilibrium condition and high instantaneous temperatures (T;)
which is much greater than the bulk temperature (Tg) produced in conventionally
heated reactions. This affects the kinetics of the system and boosts the reaction
rate as well as product yields [12]. By incorporation of external cooling by
compressed air with simultaneous irradiation of microwaves more heating can be
supplied to the reaction mixture. In conventional MW synthesis, initial high
power is supplied which increases Tg to the desired temperature and as the desired
temperature is attained MW power is cut-off to maintain it. In such condition,
thermal heating dominates and complete utilization of MW effect does not occur.
Simultaneous cooling and MW heating maintains the desired temperature along

with the supply of MW to promote T; responsible for rate enhancement [18].

Conduction Mechanism Dipolar Polarisation

QOP :

<4

Source: Pueschner GmBH website {wswa pueschner comfengf/basrcsf index. html)

Oscillating Field

Figure 1.1: Heating mechanisms by microwave radiations [19]
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The heating mechanisms of the material under MW irradiations mainly
depend upon dielectric properties. Ability of a material to convert electromagnetic
energy into heat at a given frequency is measured by dielectric tangent loss
(Egn. 1).

tan 6 = ¢”/¢’ Eqgn. (1)

¢” = dielectric loss, which represents the efficiency with which electromagnetic

radiation is converted into heat
¢’ = dielectric constant, ability to be polarized by the electric field.

A reaction medium with high loss factor value provides efficient
absorption of MW and facilitates rapid heating. Organic solvents can be
categorized as high (tan 6 > 0.5), medium (tan 6 > 0.1- 0.5) and low (tan 6 <0.1).
The dielectric loss (¢”), dielectric constant (g”) and loss factors (tan 6) for some of

the organic solvents are summarized in Table 1.1.

Table 1.1: Loss factors (tan 6) of different solvents

Dielectric Dielectric
Solvent tan o
loss (€”) constant (&’)
High MW
Ethylene glycol 49.950 37.0 1.350 absorbing
Ethanol 22.866 24.3 0.941 solvents
DMSO 37.125 45.0 0.825
2-butanol 7.063 15.8 0.447 )
Medium MW
Acetic acid 1.079 6.2 0.174 absorbing
Water 9.889 80.4 0.123 Sl Ve
Ethyl acetat 0.354 6.00 0.059
yl acetate Low MW
Toluene 0.096 2.4 0.040 absorbing
Hexane 0.038 1.9 0.020 e

Ref.: [12] measured at room temperature and 2.45 GHz
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1.2.2 Dielectric v/s conventional heating

In earlier days, chemical synthesis was carried out by convention heating
sources such as oil bath, isomantle or hot plate. The mode of heat transfer is slow
and inefficient as it depends upon the thermal conductivity of the various
materials that must be penetrated. This results as a formation of temperature
gradient in which temperature of reaction vessel becomes higher than that of
reaction mixture which takes sufficient time and energy to allow container and
materials to attain a thermal equilibrium. In contrast, MW heating involves in-core
volumetric heating of materials by directly coupling with the molecules present in
reaction mixture without heating the reaction vessel as shown in Figure 1.2. This
causes as instantaneous and localized superheating of reaction mixture by either
DP or IC depending upon the material being used in reaction [21]. Here, reaction
vessels are made of MW transparent materials such as borosilicate glass, quartz or

teflon to minimize wall effects during the reaction.

340

320

Figure 1.2: Temperature gradient of after 1 min of microwave heating (left)
and oil bath (right) heating: difference in temperature profiles
(finite element model). MW heating provides bulk heating by
raising the temperature of whole volume (left) whereas in case of

oil bath walls of the reaction tube is heated first [21].
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1.2.3 Microwave effects

The drastic rate enhancement of chemical reaction under microwave
irradiation is a combined effect of thermal (dielectric) and non-thermal or specific
microwave effect. In thermal effects, dielectric heating uses peculiar ability of
materials (liquids or solids) to convert electromagnetic energy into heat which is
in contrast to classical heating having conduction and convention as heat transfer
modes [22].

In MW heating, the magnitude of heat generation depends upon the
dielectric properties of the molecules which signify that heating is selective and
rapid. Another unique feature is ‘specific’ or non-thermal effect based on the

Arrhenius law (Eqgn. 2)
(k = A exp (-AG*/RT) Eqn. (2)

k = rate constant; R = gas constant; T = Temperature

It involves direct interaction of alternating electric field with specific
molecules in the reaction medium that induces orientation in dipoles or
intermediates and thus, increase in collision frequency (A) and reduction in
Gibb’s activation energy (AG") takes place. Considering the contribution of
enthalpy (AH") and entropy to the value of AG" (AG" = AH" - TAS"), it may be
predicted that the magnitude of - TAS” increases with microwave induced heating
due to dipolar polarization which is more uniform than convective heating [23].
Microwave effects are still a controversial subject and require a serious scientific
rationalization for the observed effects on organic synthesis. According to the
important observations reported by Kappe et. al these effects involve thermal
phenomenon but not any specific effects [24]. Nevertheless, MW heating also
possesses some novel characteristics such as superheating of solvents at
atmospheric pressure, selective heating of polar species in a microwave
transparent solvent, formation of ‘molecular radiators’ by direct coupling of MW
with strong MW absorbing heterogeneous catalysts or specific reagents in less

polar medium and elimination of wall effects by formation of inverted
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temperature gradient as shown in Section 1.3 which increases the reaction rates
manifolds [22].

1.3 Microwave equipments

After the major breakthrough by Gedye et al. in 1986 [25,26] microwave
ovens become an integral part in modern organic synthesis and has contributed in
the development of pioneering works in synthetic chemistry. However, MW
ovens are considered as ‘multimode’ instrument where due to random distribution
of microwaves by MW resonator within the cavity produces areas of high and low
microwave intensity. As a consequence, non-uniform heating of materials occurs.
As MW ovens are open systems so temperature and pressure control is not
possible that restricts its use in synthetic purpose because superheating of high
volume organic solvents may cause fire or explosions [27]. Therefore, due to
safety concerns, now these days for synthesis purposes use of dedicated
instrument or synthesis systems are strongly recommended. According to the
usage and reactor design two types of MW reactors are currently available:
monomode and multimode reactor. At the beginning of the 21% century,
development of MW rectors especially for the organic synthesis was developed by
CEM (http://www.cem.com), Biotage (http://www.biotage.com) and Milstone
(http://www.milestonesrl.com) companies. CEM and Biotage developed Biotage
instruments based on ‘single-mode’ microwave resonator. In the reactor cavity, a
continuous standing wave is generated with defined field strength regions
subjecting the reaction vessel to high-energy density [23,28,29,30,31,32,33].
Modulation of the continuous standing wave by the system software controls the
temperature levels, which are monitored by a calibrated infrared sensor.
Monomode reactors with such design provide uniform heat distribution, precise
control of temperature and pressure, ‘closed system’ (pressure up to 20 bars) and
gives reproducible results. These characteristics allows organic reactions to be
superheated (2-3 times the boiling point of the solvent) accelerating reaction rates,

reduced side-product formation which results as cleaner reactions. In newer
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developments in field of MW reactors to mitigate dielectric heating effects, use of
SiC vessels and fibre optic (FO) sensors has gained popularity. SiC vessels are
more corrosion resistant and better than glass even for concentrated acids or bases,
chlorine, or HF gas. They also possess high MW absorptivity so absorbs MW
energy readily and strongly [34]. Thus, the material can be heated quickly
providing uniform temperature gradient. Use of internal FO and external IR
sensor provides better facility to control the magnetron and the ramping of
temperature [35]. In another type of reactors i.e. multimode reactors (conceptually
similar to domestic oven), the MW enter the cavity is reflected by the walls loaded
over the large cavity and several reaction vessels can be irradiated in one time in
multi-vessel rotors (parallel synthesis). Taking in account the scalability of
organic reactions and their safety concerns, Biotage developed a large synthesizer
with synthesis capacity upto 300 g of material at a time whereas, CEM provided a
multimode oven and a microwave system for flow-through synthesis and both
readily provide multigram quantities of material [27]. Milestone offers multimode
systems which are based on dual magnetron design which provides homogeneous
and forward projected field that facilitates faster reaction rates with reproducible
results. Another distinguished feature of this system is to support a comprehensive
range of reaction vessels, allowing for either single reaction scale-up or multiple
(simultaneous) reaction processing providing opportunities for parallel synthesis
[27]. The multimode reactors are more energy efficient than monomode with
increasing scale as the greater amount of material will absorb more MW energy
which consumes proportionately lower power density than in a single mode
instrument. [36]. In recent trends, to overcome scalability issues of microwave
assisted organic synthesis, continuous-flow reactors are used available in both
single and multimode cavities that allow the preparation of kilograms of materials
by using microwave technology [37,38,39]. Herein, the reaction rate is increased
by the rapid elevation of temperature and pressure, which can improve the
productivity. Therefore, amalgamation of MW and flow system can be adapted to

organic and inorganic materials syntheses.
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1.4  Heterogeneous catalysts and their role in microwave

assisted organic synthesis

Catalytic technology has sound historical background of providing
selective molecular transformations and has contributed to 90% of chemical
manufacturing processes and to more than 20% of all industrial products [40].
Since the first report of microwave assisted organic synthesis [25,26], microwave
irradiation has created ‘green revolution’ in all realms of synthetic chemistry.
Applications including use of heterogeneous catalysis and non-traditional
activation methods such as microwave irradiation has emerged prime tools to
address environment concerning challenges in synthesis route within periphery of
the green protocols. Combination of heterogeneous catalysis with microwave
irradiation in organic synthesis offers several benefits: solid supports such as
silica and alumina etc. are often very poor heat conductors and so they are very
efficient microwave absorbents and acts as ‘internal heating source’. Thus, they
produce very strong microwave effect with significant temperature homogeneity,
accelerated reaction rates and better conservation of final products compared to
conventional heating methods [18]. Supported catalysts act a platform and
medium to reactant molecules providing direct and selective heating to them
which has also eliminated the solvent use and reaction occurs in ‘dry or solvent-
free media’. The microwave assisted organic synthesis in dry or solvent-free
media (MASFOS) has an indispensable part of organic synthesis chemistry due
to better selectivity, small reaction time, less post work-up procedures [41].
Interaction of microwave with heterogeneous catalysts also causes generation of
selectively heated thermal gradients known as ‘hot spots’. These are thermal
effects generated as the consequences inhomogeneity of the applied field,
resulting in the temperature in certain zones within the sample being much greater
than the macroscopic temperature. As described by Mingos in the decomposition
of H,S over y -Al,O; and MoS,-y-AlL,O3 [42], the conversion rate was greatly
influenced by generation of hot spots. However, excessive hot spot generation

also had negative effect on coupling reaction as reported earlier [43].

10
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Numerous inorganic and organic catalytic supports have been used for the
development of solid acid catalysts and has catalyzed variety of microwave
assisted organic transformations. These include silica, alumina, clay, activated
carbon, zeolites, polymers, ion exchange resins, mesoporous materials and
biomass derived alumino-silicates etc. Although extensive studies of
heterogeneous catalyst catalyzed organic synthesis has been well precedent in the
literature, fewer efforts have been done to throw some light on the microwave
assisted organic transformations catalyzed by solid acids. The present chapter is
an endeavour to summarize different types of solid acids currently in use and their
role in organic transformations under dielectric heating and also accounts the

synthesis of different supported catalysts prepared under microwave conditions.
1.4.1 Silica supported solid acids

Silica also known as silox (from the Latin word ‘“silex”) is a well
established catalytic support material from many decades having heavily
hydroxylated and easily functionalized mesoporous surface, high surface area and
broad pore size distribution, low toxicity, cost effective and wide availability. 1-
acetyl pyrazoline derivatives with important biological activities, such as
epidermal growth factor receptor kinase-mediated, insecticidal and anti-
inflammatory activities have been synthesized cyclization cum acetylation of aryl
chalcones with hydrazine hydrate and acetic anhydride in the presence of SiO,-
H,SO, catalyst. Under MW irradiation of 4-6 min under solvent-free conditions

94% vyield of N-acetyl pyrazoline was achieved [44] as shown in Scheme 1.1.

R H H
Si0,-HSO, 7
R R N g
AN
CH; ©

Scheme 1.1: Microwave assisted solvent-free cyclization cum acetylation of
aryl chalcones with hydrazine hydrate andacetic anhydride in

the presence of SiO,-H,SO,catalyst

11
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Similarly, silica supported sulfuric acid (SSA) is used as an efficient
catalyst for the preparation of quinolines from o-aminoarylketones and
acetophenone via. Friedlander condensation under microwave irradiation for 5
min and solvent-free conditions resulted as 91% yield [45]. Nano silica
supported phosphoric acid has also efficiently catalyzed 14-aryl/alkyl-
14Hdibenzo[a,j]xanthenes and tetrahydrobenzo[a]xanthen-11-ones having
important biological and pharmaceutical activities such as antibacterial and anti-
inflammatory ones [46]. Microwave assisted synthesis of tri- and tetra-substituted
imidazoles by cyclo-condensation of aldehyde, benzil, ammonium acetate and
amine under solvent-free conditions is reported over Lewis acid SbCl3-SiO;
catalyst. Compared to conventional procedure with hours of reaction time,
reaction using 15 min of MW irradiation produced 95% vyield and gave five
reaction cycles with significant catalytic efficiency. The proposed mechanistic
pathway for MW assisted synthesis of substituted imidazoles in the presence of

SbCl5/SiO; [47] as shown in Scheme 1.2

@ogbdz NH; OShel,

{ o 0 P
o) NH; NH thPh [N> < >
R-NH, | p N
R -2H,0 |

R
Scheme 1.2: Proposed mechanistic pathway for the formation of microwave

assisted substituted imidazoles in the presence of SbClI3/SiO,.

Friedel-craft alkylation has been studied using MW chemistry and over
solid-supported reagents. In this series, silica supported AIClI; solid Lewis acid
has been efficiently catalyzed MW assisted alkylation reaction (Scheme 1.3). As
compared to classing heating, use of supported AICI; MW irradiation superior

yield was observed in this case [48].

12
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X R-Br R

©/ AICI; or Si-AICI; |\
CH,Cl, 5 min XX

MW (750W) R
X=H, Mg, cl

R=n-Pr, n-Bu, sec-Bu, 1-Pentyl, 3-Pentyl
Scheme 1.3: Microwave assisted Friedel-craft alkylation reaction
1.4.2 Alumina supported solid acids

Like silica, alumina is another material which has been widely used as
catalytic support from many decades but in contrast to silica with natural origin
alumina doesn’t occur in nature. n- and y-Al,Os; with high surface area and
porosity has been used in heterogeneous catalysis [49]. In this context, acidic
Al,O3; has successfully catalyzed solvent free synthesis of 1-aminoalkyl
phosphonates under microwave irradiation with maximum 87% yield within 6
min [50] (Scheme 1.4). Quinoxalines were synthesized by condensation of
benzene-1,2-diamine with both benzil and acyloin under microwave heating and

gave better yield (96%) on acidic Al,O3than the reaction over clay catalyst [51].

0
o}
” Al,O3 () H ” OEt
- 23 R_C_ p
R C—H + RNH, + H— P(OEt
I 2 OF%2 " w (720W) \ OEt
o) NH,

Scheme 1.4: Microwave assisted synthesis of 1-aminoalkyl phosphonates on

acidic alumina using under solvent-free conditions

Benzoanthenes are important intermediates in organic synthesis due to
their therapeutical and biological properties, pH-sensitivity fluorescent materials
and in laser technology etc [52]. Al,O3 supported P,O3 an cost-effective, non-
corrosive and eco-friendly catalyst has efficiently catalyzed microwave assisted
synthesis of 14-aryl-14-H-dibenzo[a,j]xanthenes via. condensation of 2-naphthol
and aldehydes (Scheme 1.5). Aldehydes with electron withdrawing groups

produced better yield compare to electron donor groups.

13
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OH

2 N R—CHO  p,0yAl,0; (18 molos) O ‘
MW, 10-15 min O O
2-naphthol Benzaldehyde

14-Ary|—14H-d|benzo [a,j] Xanthenes

Scheme 1.5: An efficient microwave assisted synthesis of 14-aryl-14-H-
dibenzo[a,j]xanthenes over P,Os/Al,0O3 catalyst

1.4.3 Clay supported solid acids

Clays are widespread, easily available and low-cost chemical natural alumino-
silicates. In natural as well as numerous modified forms, clays are versatile
materials that catalyze a variety of chemical reactions. Dihyropyridines (DHPSs)
are important class of bioactive molecules having applications as anticonvulsant,
antianxiety and also used in synthesis of neuroprotectants and treatment of
Alzheimer’s disease [53]. Silicotungstic acid nanoparticles dispersed on
Cr-pillared clay (STA-Cr-P) is used as an efficient solid acid catalyst for
microwave assisted of 1,4-dihydropyridines (DHPS) by reaction of B-ketoester,
benzaldehydes / chalcones and ethylacetoacetate under solvent-free conditions
[54]. The synthesized STA-Cr-P catalyst achieved 75% yield in 5 min of reaction

time whereas its parent clay was unable to catalyze the reaction (Scheme 1.6).

CHO _STPICr-p.
MW, solvent free
CZOHS\C( >_>;
OCyHs
NH,OAc
O
N ™ /\)J\/U\ MW, solvent-free
| + NH40Ac
/ _— \ STP/Cr-P
Ry Ry

Scheme 1.6: STA/Cr-P catalyzed multicomponent condensation of arylaldehydes,
ethylacetoacetate and ammonium acetate under microwave

irradiation
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An efficient, rapid and solvent-free synthesis of 2H-indazolo[2,1-
b]phthalazine-triones has been accomplished by the reaction of phthalhydrazide,
aldehydes and 5,5-dimethylcyclohexane-1,3-dione using Montmorillonite K-10
catalyst under MW irradiation conditions as given in Scheme 1.7. Under dielectric
heating, 96% yield was achieved within 5 min using K-10 catalyst as compared to
other catalysts like TiO,, BF3-SiO; and InF; etc. K-10 catalysts could be reused

upto three reaction cycles without any noticeable loss of activity [55].

0 O

NH MW, K-10, 80C N

|+ + R-CHO I

NH Solvent-free N o
O (@] R

Scheme 1.7: Microwave assisted synthesis of 2H-Indazolo[2,1-b]phthalazine-
triones catalyzed by K-10 under solvent-free condition

Friedel-craft acylation reaction has been extensively studied all over the
world due to its wide applications in pharmaceuticals, cosmetics, plasticizers etc.
K-10 supported phosphoryl chloride (POCI;-K-10) efficiently catalyzed
acylation reaction between resorcinol and phenylacetic acid under solvent-free
microwave heating conditions and produced comparable results as POCIs-silica

[56] as displayed in Scheme 1.8.

o
OH COOH OH
Mont K 10
+ or Silica gel O
POCI;
OH MW OH
Scheme 1.8: Friedel-craft acylation reaction of resorcinol and phenyl acetic

acid over POCI3-K-10 catalyst under microwave heating

Montmorillonite supported AFF*

has worked as an active solid acid catalyst
for the esterification reaction of butanol and acetic acid [57] as well as Pinacol-
pinacolone rearrangement of germinal alcohol under dielectric heating [58]. In

Pinacol-pinacolone rearrangement, reaction time was drastically shortened to 15
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min from 15 h signifying the effect of in-core volumetric heating of MW
(Scheme 1.9).

OH o

>L§ Al-Montmorillonite >L<

o4 MW, 15 min, (98-99%) oH

Scheme 1.9: Pinacol-pinacolone rearrangement of geminal alcohol under

microwave irradiation
1.4.4 Zeolite supported solid acids

Zeolites are natural or artificial alumino-silicates with well-defined
crystalline structures. With unique microporous nature, shape and size of pore
system creates a steric effect on the reaction by controlling the accesability of
reactants and products. Thus, zeolites act as ‘shape selective catalysts’. Their
common catalytic applications are for shape selective applications such as
bromination, acylation and chlorination etc. in liquid phase reactions, zeolites
provides active sites located in rigid pores of alumino-silicate network facilitates
checking of reactant molecules and promotes the formation of one isomer (usually
most linear one) amongst other possible ones and can accelerate reaction rate
either in catalytic or stoichiometric manner [59]. Under microwave heating,
solvent free Claisen rearrangement of allyl 4-methoxyphenyl ether over HB zeolite
at 80°C for 6 min to yield 63% yield [60] as shown in Scheme 1. 10.

OH

©/OJ Zeolite |
NG A MW/ 80C

OCHj OCHj

Scheme 1.10: Claisen rearrangement of allyl 4-methoxyphenyl ether over Hp

zeolite under MW irradiation

Modified zeolites have shown better catalytic performance compared to

their parent HB zeolites. Tungstophosphoric acid modified HB zeolite (PW-

Hp zeolite) has efficiently catalyzed the microwave assisted Friedel-craft

acylation reaction of indole and acetic anhydride under solvent-free conditions
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due presence of better active catalytic sites and lower amount of Lewis acid sites
as determined by pyridine FTIR and ammonia TPD [61]. Microwave assisted
synthesis at 200 W, 120°C for 8 min over PW-Hp zeolites produced 100%
conversion of indole and 82.9%selectivity to 3-acetylindole within 8 min as
compared to its classing synthesis route with 3 h reaction time (Scheme 1.11).

o)
sole
+ o MW/ 120C
) T

PW-HB zeolite

/<Z\ ZT

0
Indole OCOCH;

Acetic anhydride i
3-acetylindole

Scheme 1.11: Microwave assisted Friedel-craft acylation reaction of indole

and acetic anhydride over PW-Hp zeolite

Regioselective alkylation of naphthalene with alcohols has also been
reported over H-mordenite (HM) zeolite catalyst under MW irradiation. During
the reaction of 2-isopropylnaphthalene with isopropyl alcohol the conversion and
selectivity of 43.5% and 66.4%, respectively were produced. Compared to
conventional heating, in-core volumetric heating of MW resulted as high reaction

rates and high selectivity for 2,6-dialkylnaphthalenes [62].
1.4.5 Polymer supported solid acids

Polymers especially spherical shaped has gained profound attention in
heterogeneous catalysis due to their high surface area, uptake ability of different
polarity and brittleness. In heterogeneous polymerizations, different synthesis
methodologies such as precipitation, suspension, dispersion, membrane/micro
channel emulsification and micro fluidic polymerizations have been used [63].
Using p-Toluenesulfonic acid doped polystyrene (PS-PTSA) with high
stability, low price and tunable Lewis acidity has efficiently catalyzed one pot
solvent-free microwave assisted cross-coupling-cyclization-oxidation to produce
functionalized pyrrole from aldehyde, amine, active methylene, and nitroalkane.
Compared to other catalysts such as FeCl;-SiO,, K-10 and InF3;, PS-PTSA was

able to produce superior yield 93% within 56 min as shown in Scheme 1.12 [64].
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Scheme 1.12: Microwave assisted substituted pyrrole over PS-PTSA catalyst

Using Polymer supported palladium (I1) catalyst rapid microwave
Cross-Coupling reaction of aryl bromides with aryl boronic acids and sodium
tetraphenylborate has been performed. The supported catalyst was prepared by
ultrasonication of commercial Merrifield resin which improved its synthesis rate
manifolds. The prepared catalyst efficiently catalyzed reaction upto five runs
without losing its catalytic activity and produced better vyields than its
conventional counterparts [65].

1.4.6 Mesoporous materials supported solid acids

Mesoporous materials has gained potential interest in the field of
heterogeneous catalysis due to its fascinating characteristics such as high surface
area, controllable pore size and narrow pore size distribution. Sulphated zirconia
(S2) firstly reported by 1979 by Hino and co-workers [66], has gained profound
attention in solid acid catalysis due to high surface acidity. MCM-41 supported
SZ has been used to catalyze regioselective nucleophilic opening of oxiranes with
aniline and benzylamine to synthesize synthesis of g-amino alcohols under
solvent-free microwave assisted conditions as displayed in Scheme 1.13 [67]. The
MCM-41 supported SZ catalyst gave remarkable vyields enabling the
regioselective synthesis of g-amino alcohols along with three reaction cycles

without loss of catalytic efficiency.
H OH

O H OH
A\ ¢ Rib, SZORSZM | o
60 C, MW _N N
R Rl R Rl
R

solvent-free
R]_: Ph
R1 =Ph-CH,
Scheme 1.13: Microwave assisted synthesis of g-amino alcohols under
solvent-free conditions over MCM-41 supported sulphated

zirconia
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Covalently linked sulfonic acid (SO3;H) modified MCM-41 mesoporous
catalysts was prepared by amine functionalization followed by sulfonation as
shown in Scheme 1.14. The prepared SOsH-MCM-41 was used as solid acid
catalyst for Friedel-Crafts tert-butylation of hydroquinone enhanced by
microwave heating. SOsH-MCM-41 gave excellent catalytic performance for the
reaction by achieving remarkable 88.0% hydroquinone conversion and 93.1%
selectivity (to 2-tert-butylhydroquinone (2-TBHQ) at 150°C after 8 min using
nitrobenzene as a solvent. In addition, formation of small quantity of 2,6-di-tert-
butylhydroquinone (2,6-DTBHQ, 4.0%) and other byproducts (2.9%) was also
noticed. This result signified that the molecular sieving effect took place in the
internal mesopores of the SO3H-MCM-41 turned the reaction towards the
formation of only monosubstituted tert-butyl product [68].

EtO— O~ _
oH EO—O0 ST ™"y,
Et0—0" O~ o
_ NH,
OH Toulene, reflux @)
Aminopropylation
//O
S
00 o
N
- : S~ "503H
Toulene, reflux —0— S T \H
0 yd

Sulfonation

Scheme 1.14: Functionalization of amine groups and anchoring of sulfonic

acid functional groups on MCM-41 support

SBA-15 and VSB-5 supported FeCl; catalysts have been synthesized as
an efficient, reusable and active Lewis acid by impregnation method. The catalytic
performance of the prepared catalysts was evaluated by microwave-assisted
Biginelli reaction using benzaldehyde, urea and ethyl acetoacetate under solvent-

free conditions as given in Scheme 1.15. The prepared FeCl;/SBA-15 and
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FeCls/VSB gave superior yields of 82 and 92% respectively at 180°C, 400W in
15 min than their parent support materials [69].

Ph
@) /K O Ph
H™ 70 Acid
Catalyst Et NH
EtO + | /&
Me O NH2 Me N @)
P "
NH-» O

Scheme 1.15: Microwave assisted one pot solvent-free Biginelli reaction
1.4.7 ZrO, supported solid acids

Over the past few decades, zirconia (ZrO,) based acid catalysts have
gained much popularity amongst other acid catalysts due to excellent catalytic
performance for hydrocarbon conversions at mild conditions. Amongst zirconia
promoted catalysts, sulphated zirconia (SZ) has been used widely for various
organic transformations including multicomponent reactions, isomerization,
alkylation, acetylation, esterification and some other industrial important reactions
[70]. As investigated by Hino and Arata [71] SZ possesses 10* times more acidity
than sulphuric acid and has been considered as ‘superacid’ catalyst [72]. But the
drawback of deactivation under both high temperature and in reducing atmosphere
led to SO« and H,S formation respectively reducing its catalytic activity and
stability. To overcome this limitation, researchers made SZ catalysts promoted by
transition metals such as Fe, Mn, W, Mo, Cr and with noble metal Pt and

developed types of superacid catalysts [73,74].

Nano-crystalline sulfated zirconia (SZ) has been efficiently used as solid
acid catalyst for microwave assisted synthesis of coumarin derivatives under
solvent-free conditions via Pechmann condensation reaction [75]. Using phenol
derivatives like m-amino phenol, phloroglucinol, pyrrogallol with ethyl

acetoacetate over SZ catalyst, significant yields of 5,7-dihydroxy 4-methyl
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coumarin and 7,8-dihydroxy 4-methyl coumarins were achieved within 5-20 min
at 130°C (Scheme 1.16).

The evaluation of catalytic activity of synthesized solid acid catalysts such
as (5-20%) Mo(V1)/ZrO, and SO,*/ZrO, by the microwave assisted synthesis
of novel aromatic esters. The results established ZrO, based catalysts as efficient
catalysts to produce aromatic esters in short duration of time [76].

OH
0] 0] SZ catalyst
N 130 C, 5-20 min = AN
DEP.UN ” >~ CHsOnE 0
X R OEt MW, solvent-free o R

m-subsituted Ethyl acetoacetate

7-subsituted-4-methylcoumarin
phenol

Scheme 1.16: Microwave assisted 7-subsituted-4-methylcoumarin synthesis
under solvent-free conditions over nano-crystalline sulfated

zirconia catalyst

In this series, M0oO3/CeO,-ZrO, catalysts were prepared by simple co-
precipitation to prepare CeO,-ZrO, support followed by impregnation of MoOs.
Amongst all, 20% MoO3/Ce0,-ZrO, efficiently catalyzed the synthesis of
B-enaminones by condensation of various anilines with dimedone under solvent-
free conditions in microwave irradiations producing 95% vyield within 3 min of
reaction time [77] (Scheme 1.17).

NH, o O
ﬁj MeO,/Ce0,-ZrO, @\ /@
MW, solvent-free
L oﬁ < /N
R R H

Scheme 1.17: Synthesis of B-enaminones by condensation of aniline with

dimedone under solvent-free and microwave irradiation
conditions over 20% MoQ3/CeO,-ZrO,

As precedented earlier, the world’s fossil fuel reserves will be diminished
by 2050 due to faster petroleum consumption (10° times) than the nature can
create. To fulfill current energy requirements and to replace dependency on non-

renewable sources has gained attention to search for renewable energy sources
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have gained much attention. Production of biodiesel from various natural sources
such as edible oils including soybean; canola; coconut; palm tree; rapeseed; rice
bran; sunflower and cottonseed oils; oils of non-edible crops such as jatropha;
castor; neem; karanja; rubber seed; used frying oils (waste cooking oil), animal
fats; beef and sheep tallow; pongamia pinnata; maize; yellow grease; poultry fat;
castor and algae and other feedstock macro and microalgae including
cyanobacteria, wastewater treatment plant activated sludge, switch grass and other
microbial communities is reported recently [78]. Using tungstated zirconia
(WOs3/ZrO,) solid acid catalyst, biodiesel is synthesized by in situ
transesterification from dried biomass using microwave and sonication
techniques. In situ transesterification combined the two steps (i.e. extraction of
lipid and conversion to biodiesel) to a single step and minimized solvent
requirement while the use of WO3/ZrO, catalyst with ease of separation and

effective reusability reduced the purification cost of biodiesel [79].

Microwave assisted benzoylation of benzene and its derivatives with
benzoyl chloride to give diphenylmethane (substituted diphenylmethane) over 5%
Bi,03/Zr0O;, 3% and 5% Sb,03/ZrO, under solvent-free conditions has been
reported as shown in Scheme 1.18. Compared to catalytic activity of ZrO,, Sbh and
Bi promoted catalysts performed well due to better dispersion and presence of

active surface sites [80].

R Cl 0
MW, 320W
_|_
Solvent-free R
Subsituted Benzoyl
benzene chloride

Diphenyl methane

Scheme 1.18: Microwave assisted benzylation reaction over Bi,O3/ZrO, and
Sh,03/ZrO; catalysts

1.4.8 Carbon supported solid acids

Carbon based solids are the next move toward more environmentally
benign processes which are nontoxic and easy in separation and have a high acidic

strength. SO3H supported on reduced graphene oxide nanosheets has efficiently
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catalyzed the synthesis of 6,6-(aryl(alkyl)methylene)bis(2,4-dialkylphenol)
derivatives from 2,4-dialkylphenols and aromatic and aliphatic aldehydes in
aqueous media under microwave irradiation (Scheme 1.19). In addition, the
catalyst could be recovered easily and reused several times without any
considerable loss of its catalytic activity [81].

)

or X
Alkyl-CHO

Sulfonated reduced graphene

oxide nanosheets
OH ~ OH OH Aryl OH
E ! R R - *l J\ *l ~

Scheme 1.19: Microwave assisted synthesis of synthesis of 6,6'-(aryl(alkyl)
methylene)bis(2,4-dialkylphenol)  derivatives over  SO3H

R Microwave irradiation
X=Me, OCH3, F, Cl, Br, CHO

R= Me, tert-butyl

supported on reduced graphene oxide nanosheets

Derived from Lignin-rich residue, sulfonated char solid catalyst has been
synthesized to catalyze microwave assisted hydrolysis of holocellulose (cellulose
and hemicellulose) for production of sugars through liquification of holocellulose.
Under microwave heating for 60 min at 393 K produced 82.5% vyield of sugars
comprising mono oligosaccharides and other units. The sulfonated char was
recycled upto three reaction cycles maintaining equivalent efficiency as fresh run
and showed better catalytic activity than dilute sulfuric acid in converting
holocellulose into sugars under microwave irradiation [82].

1.4.9 lon-exchange resins supported solid acids

lon-exchange resins are insoluble macroporous polymers having capability
to exchange specific ions with other ions within the polymer itself in a solution or
reaction media. Cation ion-exchange resin particles/PES hybrid catalytic
membrane has been used to catalyze esterification of acidified oil with methanol
for biodiesel production under traditional heating method and microwave
irradiation. Herein, biodiesel is produced from waste cooking oil containing lots
of free fatty acids (FFAs) which cannot be directly used for biodiesel production
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by alkaline-catalyzed transesterification due to soap formation. In previous years,
esterification of FFAs in waste cooking oils used to take place by homogeneous
strong acid-catalysts such as H,SO, and HCI. But drawbacks like difficulty in
separation from reaction mixture, corrosive nature and production of waste water
promoted the use of supported homogeneous catalyst. Using optimized reaction
conditions as reaction time 90 min, reaction temperature 60°C, methanol/acidified
oil mass ratio 2.0:1, catalytic membrane loading 3 g and microwave power 240 W
produced excellent FFA conversion upto 90%. Microwave assisted biodiesel
production is a rapid, easy and green route which can also reduce its overall
production cost [83].

1-aminomethyl-2-naphthols possessing depressor and bradycardia effects
in humans and has been synthesized by the reaction of 2-naphthol, arylaldehyde
and acetamide over Amberlite IR-120 under microwave heating and solvent-free
conditions [84]. Under microwave heating on replacing substituted benzaldehyde,
96-90% yields were achieved within 3-6 min without using any solvent as given

in Scheme 1.20.
CHO
OH O .
N J}\ AMberlite IR-120 OH
Rl |+ + CHj
_ NH, MW 360 W O NHCOCH;
R-

3-6 min

Scheme 1.20: Microwave assisted reaction of 2-naphthol, arylaldehyde and
acetamide over Amberlite IR-120 under microwave heating

and solvent-free conditions

1.10 Microwave assisted synthesis of materials and their
applications

Microwaves have found a particular niche in all realms of synthetic
chemistry especially in organic synthesis as heat source. In particular
nanoparticles (NPs) synthesis, involvement of microwaves provides homogeneous
in-core volumetric dielectric heating that leads to facilitates nucleation growth of
NPs due to its rapid and more spatially uniform nucleation and growth of NPs.
Following this phenomenon, new nanomaterials, catalysts as well as catalytic
supports has been synthesized and given revolutionary results in their respective
applications [7].
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Pure metal oxide NPs with controlled sized and shapes, high area to
volume ratio and large surface area has been extensively used in several areas of
science and industry, especially catalysis due to high surface activity [85].
Collodial Cu, Ag, Au, Pt NPs have been synthesized by ethanol/ethylene glycol/
CMC driven metal ion reduction mechanism under dielectric heating possessed
morphological features as nanospheres, naorods etc. [86]. Microwave assisted
synthesized NPs such as Ru, ZnO (prepared by different synthetic routes) NPs
have emerged as potential catalysts for various chemical applications as given in
Table 1.2.

Mesoporous materials with uniform pores and high surface area has also
been synthesized under microwave heating conditions with easier methodology
and in very short time period compared to their classical preparation pathways.
MCM-41, SBA-15 and SBA-16 have been synthesized under dielectric heating
and shown remarkable high surface area and pore size [87,88].

Microwave heating is also helpful in synthesizing metal coated
mesoporous materials as it also contributes into the uniform dispersion of metal
species on supports. Different materials synthesized under dielectric heating and
their applications are given in Table 1.2. In recent advancements, organically
modified mesoporous silica with high inherent chemical reactivity has wide
applications in separation technology and catalysis. These are synthesized under
microwave heating due to advantageous properties with retention of original
structural properties, homogeneous nucleation and reduced reaction time,
production of smaller and more uniform particles [89]. Microwave heating
technique has also become appealing tool in synthesis of organic biopolymers
such as Aliphatic poly(ester)s and poly(ester) block copolymers such as Poly(e-
caprolactone) (PCL), Poly(ester)-poly(ethylene oxide) block copolymers
including Polyurethanes (PUs), Poly alkyl carbonates (PACs), Polyamide, Grafted
polymerization (ring opening polymerization) etc [90]. Although, use of
microwave irradiation is in its infancy phase and lot of research is going on for its
widespread full-fledged applications but still exceptional versatile advantageous
characteristics and consistent modifications will give microwave chemistry a
sustainable future.
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Table 1.2: Microwave assisted synthesized materials with their applications

Type of

material

Ru NPs

Zn0O

powder and

Nano

ZnO hollow

spheres

SBA-12
supported
Au, Ag and
Pd

Fe-ISS,
Fe-HMM
Fe-MCM-41
Silica coated

CeO,

particles

TiO;

mesoporous

coated

Synthesis
methodology

Using reducing
agent and
polymeric

stabilizing agent
(glucose and poly
ethyl glycol)

Precipitation and

centrifugation,

Solvothermal method

under microwave

assisted conditions

Impregnation

Impregnation under

microwave

irradiation

Precipitation

Impregnation under

microwave

Conditions

Heated at
100°C, for 1 min
ramp time and
20 sec hold time

Final solution is
irradiated for 5
min, Irradiation
for 30 min at
200°C min

time (usually 2-
20 min) at 300-
450W(maximu
m power outpult,
100-140 -C

200W at 15 min

Microwave
irradiated for 2
min (Maximum
500W) at 70°C

7 and15 min

under

Application

Degradation of Congo

red dye

o-acylation alkyl or
aryl alcohol with

phenol, removal of
Cr(1V) from water

oxidations of styrene
and benzyl alcohol
with H202 under

microwave irradiation

microwave assisted
oxidation and

alkylation reaction

Degradation of

methylene blue

Degradation of

Ref.

[91]

[92],
[93]

[94]

[95]

[96]

[97]
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carbon irradiation atmospheric methylene blue
pressure
1.11 Fly ash as heterogeneous catalyst

‘Fly ash’ (FA) is known as the lightweight fine particles of residual ash
produced from combustion of pulverized coal in thermal power stations. To
reduce pollution it is captured by electrostatic precipitators and bag houses before
the flue gases reach the chimneys of power plants [98]. FA is a heterogeneous
mixture of silica, alumina, ferric oxide, calcium oxide and other metal oxides,
TiO, and Mn,O3 with crystallized phases of mulite, quartz and magnetite [99].
American Society for testing Materials (ASTM C618) [100] has categorized
FA into types: C and F. Class-F, contains combined SiO,, Al,O3, and Fe,O3
content of greater than 70% where as in case of Class C it is greater than 50%.
Class-F type FA, with natural pozzolanic characteristics and lime binding
capacity, has been widely used in cement manufacturing, building materials
concrete and concrete-admixed products [101]. FA has also been used in
adsorption of dyes and heavy metals [102,103], zeolites synthesis [104], air
pollution [105] etc.

In recent years, FA has also been used in heterogeneous catalysis as a
catalysts as well as catalytic support material under different reaction conditions.
FA activated under microwave heating has actively and rapidly catalyzed the
synthesis of array of naphthyl-substituted cyclohexanone, carboxylates,
indazolonols and nitro hydrozones in solvent-free conditions [106]. Microwave
assisted synthesis of solvent-free chalcones via cross aldol condensation reaction
has also been reported over sulphuric acid activated fly ash (H,SO4:FA) [107]

as shown in Scheme 1.21.

O

O O H2804: FA )J\
Ar” "CH;  Ar” H Mw4gow  ArT =G

Scheme 1.21: Microwave assisted synthesis of chalcones over H,SO4:FA

catalyst
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Mechanically activated FA has been transformed into an active solid acid
catalyst by acid activation under microwave heating and has efficiently catalyzed
microwave assisted esterification of salicylic acid and phenol as shown in Scheme
1.22. The catalyst was reused upto four reaction cycles maintaining catalytic
activity as fresh run [108].

OH OH

o)
OH
COOH /@
MSF-40
+ —_— 0 +  H,0
MW
Phenol

Salicylic acid
Phenyl Salicylate (Salol)

Scheme 1.22: Microwave-assisted solvent-free synthesis of salol over MSF
catalyst

FA loaded p-toulene sulfonic acid (Fly ash: PTS) prepared by mixing
has efficiently catalyzed aldol condensation of methyl ketones and substituted

aldehydes under microwave irradiated conditions [109].

H,SO, activated FA with active Bronsted acid sites has exhibited excellent
catalytic activity for dehydration of methanol under vapour phase conditions for
dimethyl ether (DME) production [110] (Scheme 1.23).

PO H,SO, treated FA ~ CH3;OH
Dimethyl ether Methanol

Scheme 1.23: Dehydration of dimethyl ether over H,SO, activated FA

catalyst under vapor phase conditions

Recently, FA supported SO,*-SnO; nano catalyst has been used for the
synthesis of serendipity product using substituted benzaldehyde, 3-amino-9-
ethylcarbazole and dimedone in aqueous media [111]. Similarly, FA supported
S042-Bi,O3 nano catalyst is found as promising catalyst for the synthesis of (6H-
pyrido[3,2-b]carbazol-4-yl)aniline derivatives in water. [112]. Cobalt supported
FA catalyst has been used for phenol degradation during waste water treatment
[113].
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FA supported scandium triflate (FST) as a Lewis acid catalyst has
actively catalyzed solvent free single pot Friedel-Crafts acylation [114]. Over FST
catalyst, gave remarkable acylation of 2-methoxynaphthalene (2-MN) using acetic
anhydride as an acylating agent achieving 84% conversion and 73% selectivity of
2-acetyle-6-methoxynaphthalene (6-AMN) a precursor for anti-inflammatory drug
(Scheme 1.24).

COCH;
M e OCH3 -

FST catalyst COCHjs
2-methoxynaphthalene 1-acetyl-2- 2-acetyl-6-methoxy

methoxynaphthalene naphthalene

Scheme 1.24: Friedel-craft acylation of 2-methoxynaphthalene (2-MN) over
FST catalyst

Similarly, cerium triflate loaded FA (CFT) has also been synthesized
having thermally stable and very active Lewis acid sites as displayed in Scheme
1.25, CFT has efficiently catalyzed acylation of veratrole with acetic anhydride

resulting 88% conversion to 3,4-dimethoxyacetophenone [115].

CF4
,A

N
e} \ q
F3C
\9 | @/
/;”’ \ 0 /
\ ’ /
\Ce/” B: onated sile
Lews :1(‘_/ /
H H H H H H H
| | [ (L | |
(o] (o] (0] ) O O
| l | | |
Sl Si Si Si Si

\/\/\/\/\/\f\/\/

Scheme 1.25: Proposed structure of Lewis acid sites on CFT catalyst

Chemically activated FA supported sulphated zirconia with strong
Bronsted and Lewis acid sites have actively catalyzed solvent-free benzoylation of

benzene and its derivatives with benzoyl chloride [116] as given in Scheme 1.26.
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Scheme 1.26: Benzylation of benzene and toluene with benzyl chloride over
SZF-12 catalyst.

Nano-crystalline solid acid catalyst was prepared by acid refluxing of FA
(AFAC). Prepared solid acid gave excellent yield of 97% with high purity of
acetylsalicylic acid (aspirin) and a remarkable conversion 87% of salicylic acid to
methyl salicylate (oil of wintergreen) [117] (Scheme 1.27).

OH (@) OH o 0
3
oH , P arac oy M
)L Jk + CH, OH
(@) C 0

CHj Hs
Lo Acetic acid
Salicylic acid Acetic anhydride Acetylsalicylic acid
0] OH @) OCHj3
OH
AFAC OH .  HO
+  CH30OH
Lo Methanol _ Water
Salicylic acid Methylsalicylate

Scheme 1.27: Solvent-free synthesis of acetylsalicylic acid and methyl

salicylate over AFAC catalyst
1.12 Perlite as heterogeneous catalyst

Perlite is a siliceous, amorphous, volcanic lava glass comes into the
category of igneous rocks. The perlite is produced by the flows related to thick
accumulations of tuffs, lava flows and domes. It is available in gery, silver grey,

dark brown and black colours. Chemically, perlite is a natural amorphous
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alumino-silicate with metastable form [118] as natural, vitreous material
containing 2-6% water [119]. Annual worldwide production of perlite is 700
million tones [120] Major producers are USA, Greece, China, Japan, Hungary and
Turkey. The average chemical composition is silica (75%), with alumina (14.8%),
K20 (4.8%), Na,O (2.9%), CaO (0.9%), MgO (0.1%), Fe,O5 (1.5%) and water
(4.0%) [121]. During high temperature calcination, perlite gets expanded upto 10-
20 times due to the vaporization of crystal water present in between perlite matrix
generating bubbles in the softened structure [122]. The obtained perlite is known
as ‘expanded perlite’ which gives magnificent insulation characteristics, low
density and high porosity. The silicon atom present on the surface of perlite tends
to retain their tetrahedral structure with oxygen atoms but at room temperature the
coordination is accomplished by monovalent surface —OH groups [123]. Thus,
various types of surface —OH groups as given in Figure 1.3 have been identified
on perlite surface which are mainly responsible for the adsorption capacity of
perlite [124].

OH
~ ~ OH /
— Si—OH si —— Si —OH
™~ ™~
/ / OH OH

Single (isolated) silanols Silanediol (geminal) Silanetriol
Figure 1.3: Types of arrays of hydroxyl groups present on surface of perlite

With all these expanded perlite has wide applications in the industry of
building construction [125], precursor of geo-polymer formation [126], oil
sorption [127], dye degradation [128], water purification [129], admixture to form

thermal-insulating resilient PU foam composites [130] etc.

Recently, perlite immobilized SO3H solid acid (PeSA) has been used as
green heterogeneous catalyst for the heterocyclic multicomponent reaction which
includes one pot synthesis of one pot synthesis of heterocyclic compounds such as
3,4dihydropyrimidin2-(1H)ones, 2,4,5-trisubstituted imidazoles coumarins and
bis(indolyl)methanes. [131]. SOsH-Perlite has also catalyzed the synthesis of 14-
aryl 14H-dibenzo[a,j]xanthenes under microwave irradiated conditions and gave
yield upto 82-96% with 4-10 min of short reaction time [132].
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1.13 Scope of the present work

The present research work accounts for the development of novel, greener
and cost-effective methodologies for the synthesis of fly ash and volcanic ash as
an activated and supported solid acid catalyst to efficiently catalyze organic
transformations under microwave assisted conditions. In heterogeneous catalysis,
for homogeneous dispersion of metal moieties on support material synthesis
methodology plays a vital role that directly affects its surface acidity and
selectivity towards organic reaction. Mechanical and chemical modification
techniques are used to improve textural, morphological and mineralogical
characteristics of these solid wastes for homogeneous dispersion of metal oxide
moities. The resulted experimental results has been given with scientific
illustrations to reveal changes occurred in phase, silica content and surface

activity after mechanical and chemical activation in support materials.

The solid acid catalysts were prepared by microwave assisted acid
activation and loading of metal i.e. sulfated tin (SO,*/Sn), niobium (Nb) and
tungsten (W) on solid waste supports. The physico-chemical features developed in
these catalysts were analyzed by sophisticated analytical techniques such as XRD,
FTIR, pyridine FTIR, UV-Vis DR, SEM-EDS and TGA.

Catalytic applications of the prepared catalysts were explored by
microwave assisted organic reactions such as esterification and condensation
reactions under solvent-free conditions. The obtained products by these reactions
play important roles in the field of pharmaceuticals, cosmetics, laser dyes,
agrochemical industries and bio-fuel additives. Microwave assisted conditions
provided dielectric and in-core volumetric heating which results as shorter
reaction times, better selectivity and yield of the product with minimizing side
product formation. While the uses of supported acid catalysts in combination with
microwaves act as a heat source and medium for the reactants, eliminates the use
of solvents and promotes ‘solvent-free’ conditions. Catalysts could be easily
regenerated by simple thermal activation and gave multiple numbers of reaction

cycles without losing their catalytic activity.
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ABSTRACT

The present chapter investigates the structural, textural and morphological
modifications of fly ash by mechanical and chemical activation with 5N H,;SO4
under microwave heating. The physico-chemical attributes of activated samples
were characterized by XRF, BET surface area analyzer, XRD, FTIR, pyridine
FTIR and SEM-EDX techniques. Mechanical activation of fly ash by ball milling
enhanced its degree of roughness and specific surface area (SSA) from 9 m?/g to
17 m?/g by breaking larger particles. As a green alternative to traditional heating,
microwave irradiation provided in-core volumetric heating to milled fly ash
samples during acid treatment to increase their surface area and acidity. The
microwave exposure time was varied as 20 and 40 min to measure the effect of
microwaves during acid treatment of milled fly ash. To evaluate the catalytic
efficiency of the microwave assisted sulphuric acid activated fly ash (MSF)
samples, solvent-free esterification for the synthesis of ‘salol’ under dielectric
heating was performed which is commercially used as antiseptic and mild
analgesic. The MSF-40 catalyst with 22 m?/g SSA and crystalline size of 14 nm
produced highest 88% conversion of salicylic acid and 90% vyield of salol,
indicating the presence of sufficient amount of surface acidic site. The catalyst
could be regenerated by simple microwave activation and reused upto four
reaction cycles. Similar FITR and pyridine FTIR spectra of fresh and regenerated

MSF-40 indicate structural and acidic stability under experimental conditions.
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2.1 Introduction

Approaches to address the environmental concerning challenges by
application of non-traditional methods such as microwave (uW) irradiation and
catalysis has emerged as major tools in green synthesis and engineering. The use
of ‘uW flash heating’ in synthetic chemistry has emerged as an energy efficient
heating source as it reduces processing time by several orders of magnitude by in-
core volumetric heating, suppresses side reactions, improves yield, product purity
and reproducibility compared to traditional processes [1]. Along with this,
encouragement of heterogeneous catalysis in organic synthesis has facilitated
greener, safer and non-corrosive route by reduction in waste and easy handling
allows the design of continuous flow processes that are economically very
attractive at the industrial scale compared to their homogeneous counterparts [2].
Involvement of uW irradiation with activated catalysts (AC) during reaction offer
several advantages. AC not only provide active surface for the reaction but also
acts as direct selective heating source by absorbing uW. The AC is also capable to
serve as medium for reactions, promotes dry or solvent-free synthesis. Use of
different phase catalyst other than reaction substrate provides easy recovery from

reaction mixture and reusability of catalyst after simple activation [3].

Acid activation of inorganic materials such as silica, clays and activated
carbon etc. with hot mineral acids under reflux condition is one of the widely used
techniques to improve surface acidity thus catalytic efficiency of the material. In
recent years, uW assisted acid treatment of clays has produced equivalent or
better results compared to traditional refluxing methodologies. Among uW
activation parameters, uW power plays a crucial role in specific surface area
(SSA) enhancement and can affect the basic skeleton during acid treatment.
Smectite clay treated with 2M HCI upto 500 W showed increased SSA but didn’t
change the component structure to any perceptible extent while the samples
activated at 650 W showed partial destruction in structure as evident by XRD and
also showed reduction in SSA [4,5]. Upto 600 W, Brazilian bentonite activated
with H,SO4 (6N) didn’t show any significant alternations and SSA also followed a

proportional relationship. Activation above 800 W power gave more drastic
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reduction and 1000 W showed complete destruction in structure while in SSA
sharp declination was observed [6]. uW assisted 4N H,SO, treated Amazon flint
kaolin served as an efficient solid acid catalyst for the biodiesel production with
96.4 % conversion rate for esterification confirming sufficient active catalytic
sites compared to catalyst prepared under reflux conditions [7]. A second-order
response surface model (RSM) with a central composite design was developed to
study the variation in specific surface area of activated bentonite with uW time,
acid normality and uW power. The obtained results revealed that increasing the
time and acid normality improves the textural properties of bentonites, resulted as
increased specific surface area (142 m?/g) with an acid normality of 5.2 N [8].

Fly ash (FA), an industrial solid waste has already been established as
active solid support with increased active acid sites on FA surface. But
conventional hydrothermal acid digestion and high temperature exposure for a
longer time encouraged for finding a faster technique for FA supported catalyst
preparation. uW irradiation heating has been reported earlier in FA sintering [9];

zeolite synthesis [10] and curing of FA filled epoxy composites [11].

This chapter reports microwave assisted sulphuric acid (5N H,SOy,)
activated FA catalyst possessing stable Bronsted active sites catalyzing
esterification reaction under microwave heating for solvent free synthesis of
phenyl salicylate. The phenyl ester of salicylic acid or phenyl salicylate is used in
medicine as internal antiseptic with name as ‘salol’. Due to its pleasant taste and
odour, it is used in perfumery, flavouring and sun tan preparations. It is also used
an anodyne, analgesic and pain relieving agent [12]. Having ability to absorb UV
light in the range of 290-325 nm, it finds its applications as ultraviolet radiation
filters [13]. Previously, vapour phase synthesis of phenyl salicylate has been
synthesized using sulphated zirconia and Mo(V1) ions modified zirconia catalysts
[14] while its convective preparation has been reported over sulphated oxides of
alumina, silica, zirconia and zeolites [15] catalysts. Recently, synthesis of salol
over HNOj; activated fly ash has been studied [16] But limitations such as longer
reaction time to achieve better selectivity of the product, poisoning of catalytic

active sites due moisture sensitive nature [17] and high preparation cost of
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catalysts inspired to find new synthesis routes under green protocols. In the
present work, microwave assisted synthesis of salol over MSF-40 catalyst of salol
has been reported. Solid acid catalyst (MSF) has been synthesized by acid
activation of fly ash under microwave heating. Microwave irradiation time was
varied as 40 and 20 min to study its on activation of fly ash. MSF-40 catalyst gave
remarkable 90% vyield of ester and efficiently reused upto four reaction cycles
without losing its catalytic efficiency.

2.2 Experimental details

2.2.1 Materials

2.2.2 Coal fly ash (Class F type with SiO,+Al,0; > 70 %) was collected from
Jamshedpur Thermal Power Station (Jamshedpur, Jharkhand, India). Concentrated
sulphuric acid (98 %), salicylic acid and phenol were purchased from S. D. fine
Chem. Ltd., India and were used as such.

2.2.3 Instrumentation details

Mechanical activation of fly ash was milled using high energy planetary
ball mill Retsch PM-100 having maximum rotation speed 650 RPM (Figure
2.1a). For sample milling, agate jar and 100 agate balls of 5 mm size are used

maintaining ball to powder weight ratio (10:1).

CEM microwave furnace (Model- Phoenix) with temperature range
to 100-1000°C is used for calcination of acid activated fly ash samples
(Figure 2.1b).

The acid activation of milled FA and its catalytic evaluation by
esterification reaction is carried out in CEM Focused Microwave™ Synthesis
System USA, Model-Discover having a continuous microwave power delivery
system with selectable power output from 0-300 watts (+/- 30 watts)
programmable in 1-watt increments, self-adjusting, single mode microwave cavity
with working frequency of 2.45 GHz and with manual and PC operated facility.
Operating temperature range is 25-250°C while power limit is 0-300 Watt.
Pressure is programmable from 0-300 psi (0-21 bar). The operating parameters
can be controlled by Synergy.exe software that enables on-line control during the

reaction run. The reaction temperature during the run can be monitored with
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infrared sensor placed aligned just below the reaction vessel. The system is also
facilitated by a magnetic stir bar and built-in automatic magnetic stirrer for
continuous stirring of substrate materials inside the vessel. To control pressure
under reaction conditions, IntelliVent™ Pressure Control System has installed
as given in Figure 2.3b&c, uses a load cell connected to a 10ml vessel and sense
the changes in the external deflection of the septa on top of the sealed pressure
vessel. This captures and release mechanism helps to secure the reaction in the
cavity. Teflon spill cup placed in the cavity protects detector from microwave
exposure. Air compressor is used for providing cool air during ‘cooling time’
phase of the reaction run. The reaction run in CEM synthesis system is divided

into three stages working either in open or closed vessel system:

o Ramping time: as CEM synthesis system starts, it is the time taken to
attain given reaction parameters (time, temperature and pressure) by
supply of maximum microwave power by microprocessor-controlled
single-magnetron system.

o Holding time: after attaining the given reaction conditions, system enter
into this phase. In this time period system maintains the reaction
parameters by controlling the power supply.

o Cooling time: after completion of the given reaction time period, system
transits into this stage to cool down reaction mixture within microwave
cavity by lowering the given reaction temperature and pressure parameters

below safer limits of 50°C and 15 psi respectively.

The preparation of the catalyst and its catalytic evaluation by organic reaction

takes place using following modes:
o Open vessel system

This type of vessel system is used for the preparation of the catalyst under
atmospheric pressure conditions using 80 ml round bottom flask with air
condenser as shown in Figure 2.2. Before using this feature, in Synergy.exe
software on menu bar go into the ‘option’ and mark ‘open vessel system’. On
starting up, all three processing stages i.e. ramping, holding and cooling time

are followed.
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<> Closed vessel system

Evaluation of catalytic activity of prepared catalysts is performed in closed
vessel system of microwave synthesis system (Figure 2.3a,b & c) using closed
pyrex glass vials (ca. 10 ml) with teflon-coated septa and teflon stirring bar.
The reaction is carried out at desired temperature in solvent-free condition using
power maximum or Powermax (Pmax) feature, responsible for maintaining
temperature throughout the reaction by simultaneous uW heating and cooling by
compressed air. The pressure parameter during the reaction is controlled by
IntelliVent™ Pressure Control System as described earlier. The reaction run is
accomplished through the same stages of ramping (time taken to attain given
time, temperature and pressure parameters), holding (maintaining and controlling

reaction parameters during the run time) and cooling time (to cool down reaction

mixture below safer limits).

(@ (b)

Figure 2.1: (a) Planetary ball mill (b) CEM microwave furnace
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Figure 2.2: (a) CEM Discover with open vessel system (under atmospheric
pressure conditions)

Micrawave.
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(b) (©)
Figure 2.3: CEM Discover with (a) closed vessel system (b) its pressure
IntelliVent™ system and (c) cross section view of IntelliVent™

pressure sensor
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2.2.4 Preparation of catalyst

As received fly ash was washed with distilled water and carbon creamed
up during washing was removed. The washed fly ash was dried at 100°C for 24 h
and mechanically activated for 15 h using high energy planetary ball mill (Retsch
PM-100, Germany) in an agate jar using agate balls of 5 mm size with rotation
speed of 250 rpm and having ball to powder weight ratio (BPR) of 10:1. Fly ash gone
through mechanical activation for 15 h (MFA-15) was chosen for further study
and calcined at 800°Cfor 3 h to remove impurities of carbon, sulphur and others.

Acid activation of MFA-15 was carried out in an open vessel system of
CEM microwave synthesis system. MFA-15 with 5N H,SO4 in a 1:2 molar ratio
was filled in a round bottom flask and refluxed under microwave heating at 90 °C
and 100 W for 20 and 40 min by following the same three ramping, holding and
cooling stages to complete the reaction run as described earlier. Thus, obtained
slurry was cooled, filtered and washed thoroughly with hot distilled water to
achieve pH 7 and make it free from sulphate ions (tested by BaCl, solution). The
activated samples were dried at 110 °C for 24 h followed by calcining at 450 °C
for 1 h under static condition in CEM microwave furnace (Model-Phoenix). The
prepared samples MSF-20 and MSF-40 are designated according to their
microwave irradiation time. Figure 2.4 represents the temperature and power
monitoring profile for acid activation of MSF-40 catalyst. The steps of synthesis

of acid activated fly ash catalysts are summarized in Scheme 2.1.

150 =

100

I'(°C) & P (W)

T T T v T Y T T
0 1o 0 3 40 50

Reaction time (min)

Figure 2.4: Temperature (T) and Power (P) profile of MSF-40 catalyst

synthesis
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As received Fly ash

§

Mechanical activation of fly ash for 15 h followed by
calcination at 800°C for 3 h

1

MFA-15 h

.

Microwave irradiated H,SO, activation of MFA-15
in weight ratio 1:2 for 20 and 40 min at 90°C

f

Filtration and washing with distilled water upto neutral pH

1l

Qualitative chemical tests of washings for complete removal
SO,>ions

4

Drying of obtained pulp at 110°C for 12 h

11

Calcination of dried materials in static air at 450 °C for 1 h

1

Microwave assisted sulphuric acid activated
MFA-15 (MSF) catalysts

Scheme 2.1: Synthesis of microwave assisted sulphuric acid activated MFA-

15 catalysts
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2.2.5 Characterization Techniques

The physico-chemical and morphological attributes of FA, MFA-15 and
MSF samples were analyzed by XRF, surface area analyzer, Powder XRD, FTIR
spectrophotometer, pyridine FTIR, SEM and SEM-EDX as described in

Annexure .
2.2.6 Catalytic activity of MSF catalysts

The microwave assisted solvent-free esterification reaction using salicylic

acid and phenol was carried by MSF catalyst as shown in Scheme 2.2.

OH OH OH
COOH MSF
catalyst
+ — 0 1 H,O
MW
Phenol  sajicylic acid
Phenyl Salicylate (Salol)

Scheme 2.2: Microwave-assisted solvent-free synthesis of salol by esterification

reaction over MSF catalyst

2.2.7 Microwave assisted solvent-free synthesis of salol

The catalytic performance of the prepared MSF catalyst was tested for
microwave assisted solvent-free esterification for synthesis of salol. The reaction
was performed in closed vessel system of CEM microwave synthesis system. In
10 ml Pyrex glass vial, phenol/salicylic acid with molar ratio of 2:1 and MSF
catalyst (salicylic acid/MSF catalyst weight ratio = 5:1) were taken. Prior to the
addition in reaction mixture the catalyst was activated at 450°C for 1 h in
microwave furnace. Then Pyrex vial containing reaction mixture was placed in
microwave cavity and intellivVent placed was over it. The closed vessel based
reaction was initiated at 120 °C; power 80 W with Pmax=0ON; pressure (Pr) = 30
psi for 10 min following the same three stages ramping, holding and cooling
stages as described earlier. After the reaction, acetone was added in the reaction

mixture to dissolve the unreacted salicylic acid and filtered to separate out the
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catalyst. The reaction conditions such as temperature, time, uW power, reactant
molar ratio and salicylic acid/MSF catalyst ratio were varied to obtain maximum
conversion and product yield. The analysis of salicylic acid conversion and
selectivity of the product ‘salol” was carried out by Gas Chromatograph. The
conversion of salicylic acid and yield of salol was calculated by using weight

percent method as follows:

(Initial wt % - Final wt %)
Conversion (%) = X 100
Initial wt %

g of salol obtained

Yield (%) of salol obtained = X 100
g of salol theoretically obtained

2.2.8 Catalyst regeneration

After initial run, the used catalyst was filtered, washed thoroughly with
acetone and dried in oven at 110°C for 12 h followed by activation at 450°C for 1
h in microwave furnace. Thus, the regenerated catalyst was used in next reaction

cycles under the same reaction conditions to analyze the stability of its acid sites.
2.3 Results and Discussion

Chemical composition of FA and MFA-15 was determined by XRF
analysis as given in Table 2.1 which shows small increase in silica content after
milling. In case of other metal oxides, marginal decrement in Al,O; and TiO,
percentage is observed while CaO and Fe,O; percentage showed marginal

increment with longer milling time is observed [18].

The elemental composition of MSF catalysts determined by EDS analysis
as given in Table 2.2 shows that MSF-40 catalyst possessed higher amount of Si
content as compared to MSF-20 while loss of other components was observed in
both samples. This result confirms that acid treatment facilitates increase in Si

content by leaching of the other components during acid activation [19].
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Table 2.1: Chemical composition of FA and MFA-15

Chemical Components (%o) FA MFA-15

SiO; 62 64.27
Al;,O3 29.7 28.2
Fe,Os 2.65 2.67
CaO 0.46 0.48
MgO 0.36 0.24
TiO; 1.33 1.28
Na,O 0.14 0.10

K,0 0.79 0.13
Other elements 2.63 2.62
LOI 2.6 1.85

Table 2.2: Atomic % composition of MSF catalysts

O Si Al Fe Ca K
Sample

(%) (%) (%) (%) (%) (%)
MSF-20 73.40 17.28 7.24 0.85 0.42 0.11
MSF-40 74.06 18.14 6.62 0.54 0.16 0.07

Changes in structural and textural properties of FA after mechanical
activation for 15 h are summarized in Table 2.3. Mechanical treatment by high
energy ball milling exerted high stress on FA particles led to breaking of bonds,
generation and migration of chemical moieties in bulk thus resulted as increased
specific surface area from 9 m?/g (FA) to 17 m?/g (MFA-15) along with marginal

increment in silica percentage.
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Table 2.3: Characterization of fly ash before and after mechanical as well as

mechano-chemical activation

Sample Specific surface area (m%/g) Crystalline size (nm)
FA 9 33

MFA-15 17 23

MSF-20 21 15

MSF-40 22 14

MSF catalysts prepared by acid activation under dielectric heating of
microwaves showed manifold increase in surface area as compared to their parent
material i.e. MFA-15 as represented in Table 2.3. MSF-40 catalyst possessed
better surface area of 22 m’/g as compared to MSF-20 (21 m?/g) due to longer
activation time. Increment in specific surface area from MFA-15 to MSF-40 was
observed due to increased finely dispersed silica components by dissolution of
mineral structure. However, further increase in uW activation time didn’t produce
any significant results [8].

The structural features of RFA and MFA-15 were characterized by powder
X-ray diffraction technique. XRD patterns as represented in Figure 2.5 (a & b)
revealed characteristic peaks of crystalline phases of mulite (3Al,03+2Si0;) at
16.4°, 25.8° and 26.2° while quartz (SiO;) can be identified with strong peaks at
20.73° 26.55° 40.68° and 49.95°. Peaks at 35.56° and 35.62° are designated to
iron oxide phases [20]. During high energy milling, high stress exerted on FA
sample has caused reduction in crystallite size from 33 to 23 nm and increase in
amorphous domains [21]. The intensity of quartz and mulite phases has reduced
the most during the mechanical treatment.

Acid activation with 5N H,SO,4 under dielectric heating for 20 and 40 min
has increased amorphous content while crystalline size was reduced to 15 nm
(MSF-20) and 14 nm (MSF-40) due to dissolution of some crystalline phases
during acid treatment as illustrated in Table 2.3. The resemblance in XRD
patterns of FA and MSF samples shown in Figure 2.5 (¢ & d) gives an evidence
that dielectric heating at low (100 W) uW power has not altered the basic skeleton
of FA. Nevertheless, the surfacial structural changes were noticed due to partial
destruction of alumino-silicate components evident by the increased silica content
as shown in Table 2.2. Similar results were also reported in the literature
signifying the effectiveness of uW heating with low power supply [4,5].
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Figure 2.5: Powder XRD patterns of (a) Raw FA (b) MFA-15 (c) MSF-20 (d)

MSF-40
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The FTIR spectra of RFA and MFA-15 in Figure 2.6a shows a broad band
with a maximum centered at 3500-3000 cm™ attributed to surface silanol -OH
groups due to physisorbed water. The peak at 1650 cm™ attributed to the bending
vibration (80-4) Of coordinated water molecule. Mechanical activation for 15 h
broke the quartz crystallites as evident by broadness in region of 1000-1200 cm*
range corresponding to the valence asymmetric stretching vibrations of the silicate
oxygen skeleton [22]. The whole exercise resulted as increased amorphous
segments and formation of more of Si-OH groups.

FTIR spectra of MSF samples (Figure 2.6b) show noticeable increment in
broadness at 3500-3000 cm™ compared to RFA due to increased silanol groups
and adsorbed water molecules on the surface. Instead of remaining isolated these
surfacial hydroxyl groups shows extensive hydrogen bonding with their
neighbouring hydroxyl groups resulting in broadness of band. The increased
amorphous silica in milled and acid activated samples can be characterized by an
intense band in the range of 1000-1300 cm™ observed due to asymmetric Si-O-Si
stretching which represents a higher shift from 1042 cm™ (MFA-15) towards 1048
cm® (MSF-20) and 1061 cm™ (MSF-40). The promotion in amorphous silica
percentage (Table 2.3) in MSF catalysts enhanced surface area and increased
population of surface hydroxyl groups are responsible for the improved surface

reactivity of the samples.

The pyridine adsorbed FTIR spectra of MSF catalysts are shown in Figure
2.7a & b. The IR peaks at 1540 cm™and 1450 cm™ in MSF catalysts confirms the
presence of sufficient Bronsted and Lewis acidity due to formation of coordinated
pyridine and hydrogen bonded pyridine respectively with surface -OH groups
while band at 1490 cm™ show the pyridine associated with all acidic sites [23].
The pyridine adsorbed spectrum of MSF-40 catalyst shows more intense peak at
1540 cm™ and 1448 cm™ confirming the presence of higher amount of acidic sites
as compared to MSF-20. Microwave heating efficiently facilitates the surface
acidity of the materials along with its textural and structural properties in less time
under controlled heating [7]. A peak appeared at 1598 cm™ in both catalysts
corresponding to physisorbed pyridine [24].
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Figure 2.6: (a) FTIR spectra of (i) MFA-15 (ii) MSF-20 (iii) MSF-40
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Figure 2.7: (a) Pyridine adsorbed FTIR spectra of (i) MSF-20 (ii) MSF-40

SEM micrographs of RFA in Figure 2.8a revealed its heterogeneous
nature, comprising particles of different dimensions and shape, relatively smooth
surface hollow cenospheres [25], whereas SEM image of MFA-15 (Figure 2.8b)
shows that particles are broken down into irregular shaped particles with increased
surface roughness. SEM images of MSF-40 revealed increased large gelatinous
mass due to partial dissolution of alumino-silicate phases during acid treatment as

shown in Figure 2.8c.

2.4  Comparative study of MSF-40 catalyst with other catalyst
prepared under conventional heating

Comparative study of structural and textural attributes of treated fly ash
samples prepared under conventional and dielectric heating conditions is given in

Table 2.4.
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Table 2.4: Comparative characterization of MSF-40 and other catalyst

Catalyst Preparation ~ Concentration  Surface area  Crystalline
time of H,SO4 (m?/g) size
MSF-40 40 min SN 22 14
Other 5 days 5N 23 13
catalyst

MSF-40: chemically activated fly ash under microwave heating for 40 min; Other

catalyst (SAFA: H,SO, treated fly ash under conventional heating source)

As compared to other catalyst (SAFA) [21] having 5 days refluxing
preparation methodology, MSF-40 catalyst has prepared in very short time of 40
min under microwaves heating and has given almost similar results. Hence, these
results presents strong evidence that microwave assisted heating can also generate
analogous results as non-traditional heating source without disturbing its basic

silicate skeleton.
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(c)
Figure 2.8: SEM micrograph of (a) RFA (b) MFA-15 and (c) MSF-40
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2.5 Catalytic activity of MSF catalysts

pW assisted solvent-free synthesis of salol (phenyl salicylate) using
phenol and salicylic acid (SA) was chosen as test reaction to check the catalytic
activity of MSF catalysts. The reaction was also preceded uncatalyzed and using
MFA-15 as catalyst conditions. The conversion of salicylic acid was poor in
uncatalyzed condition (Table 2.5). Amongst all, MSF-40 catalyst gave the highest
conversion (88%) of SA with 88% conversion and 90% yield of salol within 10
min due presence of sufficient amount of Bronsted acidic sites. On other hand,
MSF-20 with 78% conversion and 82% yield of salol due having lesser population
of acidic sites compared to MSF-40 catalyst. Hence, optimization of the
esterification reaction parameters under microwave heating was carried out using
MSF-40 catalyst to obtain maximum selectivity and yield of salol followed by its

reusability evaluation.

Table 2.5: Catalytic activity of MFA-15, MSF catalysts and catalyst-free

condition for esterification reaction under microwave

irradiation
Catalyst Conversion% of Yield% of salol
SA
- Nil Nil
MFA-15 25 16
MSF-20 78 82
MSF-40 88 90
SAFA 74 79

Reaction conditions under microwave irradiation: Temperature = 120°C; Time = 10
min; molar ratio (SA: Phenol) = 1:2; SA to MSF-40 catalyst ratio = 5:1, P = 80W; Py =
ON; Pr =30 psi

Microwave assisted esterification reaction for salol synthesis was taken as
test reaction to evaluate the catalytic performance of activated fly ash prepared

under microwave (MSF-40) as well as conventional heating (SAFA) as shown in
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Table 2.5 [22]. MSF-40 catalyst with more amounts of active catalytic sites gave
better yield as compared to SAFA. These results confirms that microwave assisted
acid activation facilitates homogeneous volumetric heating of the materials which
results as better performance during course of the reaction to produce maximum

yield with least amounts of by-products.
2.5.1 Effect of reaction temperature

Optimization of reaction temperature was carried out under temperature range
from 70°C to 140°C to achieve maximum conversion% and yield% of phenyl
salicylate. As illustrated in Figure 2.9, conversion % of SA and yield of salol has
showed an increasing trend with rise in reaction temperature. Maximum
conversion of SA 88% was obtained at 120°C with 98% selectivity and 90% vyield
of salol within 10 min by in-core volumetric heating of microwaves. The
conversion of SA, selectivity and yield salol remained almost constant upto
140°C.
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Reaction conditions: Temperature = 120°C; Time = 10 min; molar ratio (SA: Phenol) =
1:2; SA to MSF-40 catalyst ratio=5:1, P =80W; Pax= ON; Pr = 30 psi

Figure 2.9: Variation of conversion (%) of SA and yield (%) of salol over

MSF-40 catalyst with temperature
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2.5.2 Effect of reaction time

The effect of reaction time period on conversion of SA and yield of salol
with maintaining rest of the reaction parameters same is represented in Figure
2.10. The conversion and yield parameters showed proportional relationship with
increase in reaction time. The maximum conversion of SA was 88% with 90%

yield within 10 min of reaction time was achieved and remained almost constant

upto 14 min.
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Reaction conditions: Temperature = 120°C; Time = 10 min; molar ratio (SA: Phenol) =
1:2; SA to MSF-40 catalyst ratio=5:1, P =80W; Pa= ON; Pr = 30 psi

Figure 2.10: Variation of conversion (%) of SA and yield (%) of salol over
MSF-40 catalyst with time

2.5.3 Effect of microwave power

The influence of microwave power on the conversion% of SA and salol
yield% was examined at different microwave power ranging from 60 to 100 W as
illustrated in Figure 2.11. Maximum 88% conversion and 90% yield was obtained
at 80W, after which the conversion & yield parameter remained constant till
100W. On further increasing power output conversion and yield parameters

remained constant.
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Reaction conditions: Temperature = 120°C; Time = 10 min; molar ratio (SA: Phenol) =
1:2; SA to MSF-40 catalyst ratio=5:1; Pr = 30 psi

Figure 2.11: Effect of microwave power on SA conversion% and yield% of

salol

2.5.4 Effect of reactant molar ratio

The influence of molar ratio of SA and phenol on conversion and yield of
salol was monitored at different molar ratios from 1:1 to 1:3 by increasing the
amount of phenol only. However, using higher concentration studies with salicylic
acid could not be conducted due to solubility restrictions [15]. As shown in Table
2.6, on increasing molar ratio of SA to phenol from 1:1 to 1:2, maximum
conversion of SA (88%) and 90% yield of salol was obtained. The above results
show that the yield of product increased with increasing the molar ratio of SA to
phenol. This is mainly due to the reversible nature of the esterification reaction.
With increase in molar ratio SA to phenol leads to a shift of equilibrium to the
direction of salol ester production. However, further increasing molar ratio to 1:3,
decrease in yield % of the salol was observed due to formation of diphenyl ether

(by-product) formation at higher phenol content [12].
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Table 2.6: Effect of molar ratio of SA/phenol on conversion (%) and yield
(%) of salol over MSF-40 catalyst

Molar ratio Conversion (%) Yield (%)
(SA : phenol)
11 35 42
1:1.5 64 72
1:2 88 90
1:3 79 82

Reaction conditions: Temperature = 120°C; Time = 10 min; SA/MSF-40 catalyst weight
ratio=5:1; Power = 80W; P = ON; Pr = 30 psi

2.5.5 Effect of SA to MSF-40 weight ratio

The effect of SA to MSF-40 weight ratio on conversion and yield was
monitored by varying the amount of catalyst under optimized reaction conditions
as shown in Table 2.7. Weight ratio of 5:1 gave maximum conversion of 88 % of
SA and 90% vyield of salol due to availability of sufficient amount of active
catalytic sites. On further increase in the amount of catalyst no further change in

conversion % was observed.

Table 2.7: Effect of SA to MSF-40 weight ratio on conversion (%) and yield
(%) of SA to salol with MSF-40 catalyst

SA to MSF-40 weight ratio Conversion (%) Yield (%)
10:1 74 76
51 88 90
2:1 88 90

Reaction conditions: Temperature = 120°C; Time = 10 min; molar ratio (SA: Phenol) =
1:2; Power = 80W; Prax = ON; Pr =30 psi

64



Chapter-2

2.6 Proposed mechanistic pathway of salol formation over
acidic sites of MSF-40 catalyst

In proposed mechanism of salol synthesis, the salicylic acid gets adsorbed
on acidic sites of MSF-40 catalyst and transforms into an electrophile by
borrowing a proton from its surface hydroxyl groups. When phenol (dipolar
species) interacts with the electric field component of microwave it starts
oscillating and collide with neighbouring charged particles i.e. carbonium ion,
results as intermolecular friction. This friction generates intense internal heat
responsible for the formation of intermediate species which further leads to
formation of salol with subsequent removal of water as a by-product as shown in
Scheme 2.3.

OH OH O|H TH ‘|39
Active acidic /—*o Si Si Si
sites \Y | | |
OH OH OH (]
‘ Salicylic acid
MW
Si Si Si OH
@ OH
MSF-40 Catalyst
surface
OH
H +
0"
OH
Phenol
@]
Phenyl salicylate (Salol)

Scheme 2.3: Proposed mechanistic pathway of microwave-assisted
esterification of salicylic acid with phenol over MSF-40

catalyst
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2.7 Regeneration and reusability of MSF-40 catalyst

The spent MSF-40 catalyst was washed, filtered and regenerated by simple
microwave regeneration method by microwave calcining at 450°C for 1 h.
Compared to the conversion and yield obtained in fresh run, the regenerated MSF-
40 efficiently catalyzed esterification reaction upto four reaction cycles with SA
conversion 88-84% and 86-81% vyield of salol as shown in Figure 2.12, indicates
that acidic sites are not lixiviated during regeneration. FTIR spectrum of fresh
MSF-40 and regenerated catalyst after fourth reaction cycle (Figure 2.13a) shows
resemblance in structural features and also signifies the stability of acidic sites
during the reaction and even after regeneration. The pyridine FTIR spectrum of
regenerated catalyst after fourth reaction run (Figure 2.13b) further confirms the
sustainability of acidic sites developed through non-traditional acid activation
method. The significant decrease in conversion was observed after fourth reaction
cycle due to blockage of active sites of the catalyst by the deposition of

carbonaceous material [26].

H Conversion
& Yield
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Fresh | 1 11 v

Reuse Number

Figure 2.12: The reusability of MSF-40 catalyst for microwave assisted

esterification reactions
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Figure 2.13: FTIR spectra of (A) (a) Fresh MSF-40 (b) regenerated MSF-40
catalyst and (B) pyridine FTIR of regenerated MSF-40 catalyst
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2.8 Product identification

m.p. 41- 43 °C; FTIR: 3190 cm™, 1670 cm™, 1745 cm™, 1500 cm™, 1460
cm?, 1210 cm™

2.9 Conclusion

The present research work provides an energy efficient microwave
methodology over traditional thermal refluxing for acid activation of FA under
less processing time. Mechanical activation of FA increased surface area by
breaking down larger particles while acid treatment under microwave heating
further increased surface area, silica content and surface hydroxyl groups resulted
as increased surface activity without alternating the basic skeleton of FA to any
noticeable extent. Prepared MSF-40 catalyst gave 88% conversion of salicylic
acid and 90% vyield for solvent-free esterification reaction under dielectric heating.
This investigation concludes that microwave in-core heating is a clean, fast and
innovative source for improving the surfacial properties of FA and provides cost
effective pathway for organic transformations with high conversion and better

yield.
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ABSTRACT

The present work describes the synthesis of fly ash supported sulfated tin catalyst
for the synthesis of 14-aryl-14H-dibenzo[a,j]xanthenes via condensation reaction
under microwave irradiation. STF catalysts with varying metal content (6, 10 and
16 wt.%) were synthesized by two step methodology which included chemical
precipitation followed by 1N sulphuric acid impregnation. Prepared samples were
characterized by N, adsorption-desorption, XRD, FTIR, UV-Vis DR and SEM-
EDX techniques. Tetragonal phases of SnO,, important for catalytic activity of the
STF catalysts were confirmed by XRD patterns while the active sulfur groups
were corroborated by the bands of S=O and S-O bonds appeared in FTIR spectra.
With increase in tin content from 6 to 16 wt.%, Bronsted and Lewis acidic sites in
prepared samples were also increased. Inductive effect of S=O bond on loaded
Sn** species strengthened the Lewis acidity whereas adsorption of water
molecules on these groups induced strong Bronsted acidity in STF catalysts.
Catalytic performance of STF catalysts was evaluated by microwave assisted
synthesis of 14-aryl-14H-dibenzo[a,j]xanthenes via condensation reaction.
Synthesis of dibenzoxanthenes under in-core volumetric heating of microwaves
has increased yield% in short reaction time. Thus, the activity and simple
recyclability without losing catalytic activity has made STF catalyst a good

alternative to literature methods.
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3.1 Introduction

New environmental legislation and attention towards ‘green and clean’
technology have led to the development of environmentally benign catalysts. This
involves the use of solid catalysts which are emerged as potential alternative to
homogeneous liquid acids due to non-hazardous nature, enhanced selectivity,
requirement in catalytic amounts, easy separation without any problem of waste
disposal and easier post reaction work-up procedure [1]. In 1979, Hino and Arata
first synthesized SOf‘/MXOy type solid acid catalysts which possessed remarkable
catalytic performances for organic reactions [2]. These catalysts have received
much attention due to their advantageous attributes like high acid strength, stable
in moisture, air and thermal conditions, less corrosive to reactors and containers
and possessed remarkable catalytic performances over their homogeneous
counterparts. Amongst sulfated metal oxides family, sulfated zirconia has been
widely studied and possessed stronger acidity than SO4*/Fe;0s, SO4*/TiO2, SO4*
/SiO, and SO,*/HfO, [3]. Recently, it has been proved that sulfated tin oxide has
higher acid strength and catalytic activity than that of sulfated ZrO; [4,5,6]. Thus,
sulfated tin oxide (STO) (SO,*/Sn0,) has become an interesting alternative to
commercially available heterogeneous catalysts. STO catalyst has already been
used for dehydration of xylose [7], acylation reaction [8], biodiesel production [9]
and synthesis of pyrimidopyrimidines [10] and liquid phase selective dehydration
of sorbitol to isosorbide [11] etc. Nevertheless, studies concerning the SO4%/SnO-
study are relatively limited due to difficulty in its preparation methodology. As
the synthesized silica supported and pure SnO; remain as fine particles so to avoid
the loss through filtration, ammonium acetate treatment is suggested to overcome
the loss [12]. The acetate form is comparatively bigger in size than hydroxide
form which can be separated easily through filtration. Tin oxide has been
extensively used as solid acid or redox catalyst but low thermal stability and
tendency to aggregate into large crystals at working temperature (approx. 400°C)
limit its applications in field of catalysis [13]. Incorporation of tin on silica
support provides better dispersion of tin species, high activity and resistance to

deactivation [14]. While deposited active sulfate species bound to the surface of
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metal oxide generates strong Lewis acidity by their inductive effect and also
nurtures their Bronsted acidic sites by adsorbed water molecules [15]. Hence, for
the development of solid acid catalyst with strong acidic strength, addition of

sulfation becomes an imperative condition.

The synthesis of xanthene derivatives has received special attention due to
their wide area of therapeutic and biological properties such as antibacterial, anti-
cancer, anti-viral and activity. Along with these they are also used as photo-
sensitizers in photodynamic therapy for the treatment of localized tumors, pH-
sensitive fluorescent materials for visualization of bio-molecular scaffolds and as
fluorescent dyes [16]. The many synthesis methods have been reported by
numerous approaches including trapping of benzynes by phenol [17], reaction of
2-naphthol with formamide [18], cyclodehydrations [19] etc. However, use of
excess reagents, prolonged reaction times, low yields, use of toxic solvents and
harsh reaction conditions demands to find new alternative routes. Use of solid acid
catalyst such as p-toluene sulfonic acid [20], silica sulfuric acid [21], amberlyst-15
[22] and Yb(OTf)3 [23] etc. has been introduced for xanthenes synthesis via one
pot condensation of B-naphthol and aryl aldehydes. These reported methods have
improved the synthesis performance still some drawbacks viz. requirement of
large amount of expensive reagents and catalysts, longer reaction times and
tedious post work-ups, need of special apparatus etc are still remains area of
research. Therefore, it is required to develop new eco-friendly synthesis pathway

to mitigate these limitations along with improving product yield.

Recently, fly ash supported SO,*/SnO; catalyst has been developed by
hydrothermal method for the synthesis of serendipity product via oxidation
process [24]. In the present endeavor, fly ash (class-F type) was mechanically
activated by milling for 15 h and used as catalytic support for the synthesis of fly
ash supported sulfated tin catalyst. Structural changes in mechanically activated
fly ash (MFA-15) after ball milling and loading of tin species on milled MFA-15
were investigated by XRD and FTIR. While textural properties were described by
N, adsorption-desorption. Pyridine adsorbed FTIR spectra confirmed the presence

of both type of acidic sites on all loaded samples and were conserved even on high
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calcination temperature. Using similar methodology tin was also loaded on
mechanically activated fly ash under microwave assisted conditions. But the
prepared catalyst gave HgCl, test (test for determination of Sn** species) due less
binding of tin moieties with active surface sites of fly ash. Although, presently
many research papers has been published related to microwave assisted loading of
metal oxides on different inorganic supports with efficient catalytic performances
[25] but synthesis of fly ash supported metal oxide under this non-conventional
heating was not feasible. Whereas, synthesized STF catalysts under conventional
heating didn’t give HgCl, test due to strong binding of tin moieties with fly ash
surface. The catalytic performance of STF catalysts were evaluated under
microwave assisted one pot, solvent-free synthesis of 14-aryl-14H-
dibenzo[a,j]xanthenes under optimized conditions. Using activated fly ash as
catalytic supports makes the whole process more economical and encourages the

use of this anthropogenic solid waste in tin based catalysts also.

3.2 Experimental details

3.2.1 Materials and reagents

Fly ash (class-F) was collected from Tata Thermal Power Plant,
Jamshedpur, India. Stannic chloride pentahydrate (SnCls.5H,0), ammonium
acetate and ammonium hydroxide were purchased from Loba Chemie. 2-naphthol

and benzaldehyde were supplied from S.D. fine chemicals, India.
3.2.2 Catalyst synthesis

The STF catalyst was synthesized in two steps using precipitation method
followed by addition of sulfate groups through aqueous impregnation of 1N

H,SO, adopting procedure described as follows:

Fly ash was milled in high energy planetary ball mill (Retsch PM-100,
Germany) in an agate jar using agate balls with ball to powder ratio (BPR) of 10:1
for 15 h at 250 RPM rotation speed. Mechanically activated fly ash (MFA-15)
possessing 17 m?/g surface area was chosen as catalytic support material and

calcined at 800°C for 3 h to remove carbon, sulphur and other impurities.
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() Loading of tin on MFA-15 using precipitation method

The required amounts (1.06 g for 6 wt%, 1.771 g for 10 wt% and 2.834 g
for 16 wt%) of stannic chloride pentahydrate were dissolved in double distilled
water. The prepared solution was drop wise added into 6 g of MFA-15 in 100 ml
beaker under constant stirring. Ammonium hydroxide (28%) was gradually added
dropwise into the solution under stirring until final pH=8 was reached. The
precipitated solution was kept on stirring for 24 h at 250 RPM and then filtered
and washed thoroughly with 4% CH3;COONH, solution until all chloride ions
were eliminated (silver nitrate test). The washed slurry was left in oven at 80°C
for 24 h drying and calcined at 600°C for 3 h in muffle furnace. The resultant
samples were designated as tin loaded MFA-15 (TF-15) and used further for

sulfation.
(i)  Aqueous impregnation of TF samples by H,SO, solution

Fly ash supported sulfated tin samples were prepared by acid impregnation
of prepared TF samples with appropriate amount of 1N H,SO, solution (1g of TF
powder per 15 ml of 1N H,SO, solution) and kept under stirring at 280 RPM for
12 h. The obtained slurry was dried at 110°C for 24 h and calcined at 550°C for 3
h. The resultant samples were designated in the text as STF-6, STF-10 and STF-
16 according to the wt% of the metal. The steps involved in the synthesis of fly

ash supported sulfated tin are summarized in Scheme 3.1.
3.2.3 Catalyst characterization

Physico-chemical, morphological, surfacial and textural properties of the
synthesized STF catalysts were analyzed various techniques such as N
adsorption-desorption, X-ray diffraction, FTIR, pyridine FTIR, DR UV-Vis and
SEM-EDS as illustrated in Annexure 1.

3.2.4 Catalytic performance of STF catalysts

Evaluation of the catalytic activity of the prepared STF catalysts were

performed by microwave assisted xanthenes synthesis as shown in Scheme 3.2.
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Mechanical activation of FA for 15 h by
high energy planetary ball mill

<

Calcination at 800°C for 3 h

o
MFA-15

. 4

Addition of aqueous solution of tin chloride followed by
precipitation by NH,OH solution till pH 8

o

Washing by 4 wt.% CH;COONH, solution till complete
removal of Cl-ions

o
Filtering, drying for 24 h and calcination at 600 °C for 3 h

O
Tin loaded MFA-15 (TF)

4

Acid impregnation of TF samples with 1N H,SO, solution

. 4

Drying in oven for 24 h and calcination at 550°C for 3 h

$
STF catalyst

Scheme 3.1: Synthesis of fly ash supported sulfated tin (STF) catalyst
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OH CHO | > X

XS
2 N I STF catalyst O O
MW, Solvent- free O ‘
2-naphthol aryl aldehyde

X=H, CH30-, 3-NO,, 3-Cl 14-Aryl-14H-d|benzo[a,J]xanthenes

Scheme 3.2: One pot solvent-free synthesis of 14-Aryl-14H-dibenzo[a,j]

xanthene under microwave heating over STF catalysts

20 mmol of 2-naphthol and 10 mmol of benzaldehyde (benzaldehyde/STF
catalyst weight ratio=5:1) were filled in 10 ml pyrex glass vial. 0.2 gm of STF-16
catalyst was added into the reaction mixture and before adding into reaction
mixture, prepared STF catalyst was activated for 1 h at 400°C in muffle furnace.
The reaction was carried out at 120°C, 60 psi pressure, 100W power with Pyax
feature and medium stirring mode for 12 min in closed vessel system of CEM
(model Discover) microwave synthesis system following all stages of ramping,
holding and cooling as described in Chapter 2. After the completion of the
reaction, the catalyst was filtered out and unreacted aldehyde was separated from
product by washing with chloroform. To achieve maximum selectivity and yield
of the 14-phenyl-14H-dibenzo[a,j] xanthene, reaction parameters viz. time,
temperature, reactant molar ratio, catalyst to substrate ratio, power were
optimized. The analysis of benzaldehyde conversion was carried out by Gas
chromatograph. The conversion of benzaldehyde and yield of 14-phenyl-14H-
dibenzo[a,j]xanthenes was calculated by using weight percent method as follows:

(Initial wt % - Final wt %)

Conversion (%) = Initial wt %

g of xanthene obtained

ield (9 ined = X 100
Yield (%) of salol obtained g of xanthene theoretically obtained

3.2.5 Catalyst regeneration

After extracted from fresh run, the obtained catalyst was washed
thoroughly with acetone and dried in oven at 110°C for 12 h followed by
activation at 400°C for 1 h in muffle furnace. Thus, the regenerated catalyst was

ready to use for next reaction cycle under the same reaction conditions.
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3.3 Results and discussion

The physico-chemical properties of MFA-15 and prepared STF catalysts
are given in Table 3.1. Increase in tin and sulphur content from 6 to 16 wt.%
blocked the small pores of the MFA-15 which led to progressive decrease in BET

surface area with increase in Sn and S content.

Table 3.1 Physico-chemical properties of MFA-15 and STF catalysts

Sample Sn content S content (wt.%)  BET surface area
(Wt.%) (m?/g)
MFA-15 0.0 0.07 17
STF-6 4.6 2.3 14
STF-10 8.1 3.6 12
STF-16 13.4 5.9 9

The X-ray diffractogram of MFA-15 shows crystalline phases of quartz,
mulite, hematite and small amount of magnetite along with some amorphous
content obtained due to breakage of large particles as indicated in Figure 3.1 (a).
After Sn loading, the sustainability of structural properties of fly ash as shown in
Figure 3.1 (b-d) reveals the framework stability during catalyst preparation. The
X-ray diffraction patterns of STF-6, STF-10 and STF-16 catalysts show a intense
peak at 20 = 15° corresponding to tin silicate (SnSiO3) [26] component indicating
towards incorporation of tin oxide species in the silica network of MFA-15. XRD
patterns of all samples displayed characteristic peaks of SnO, tetragonal phase
(1CDD, PDF file no. 41-1445) with cassiterite rutile structure at 26 = 26.6, 33.82
and 51.8 [27] which is very important for the development of strong acidic sites in
sulfated tin oxides [28]. XRD peaks at 25.2° and 42.82° corresponding to
metastable orthorhombic phase of SnO, (JCPDS No. 29-1484) were also observed
in all catalysts [29]. Metastable phase formed during transformation of distorted

tetragonal phases into stable rutile tin oxide phase [30].
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Figure 3.1: XRD patterns of (a) MFA-15 (b) STF-6 (c) STF-10 and (d) STF-16
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The FTIR spectra of MFA-15, TF-16, STF-16 are shown in Figure 3.2. In
the FTIR spectrum of MFA-15, appearance of a broad band between 3500-3000
cm™ attributed to stretching vibrations of surface -OH groups of Si-OH and
adsorbed water molecules on the surface while peak at 1650 cm™ is assigned to
bending mode (d0-n) Of water molecules. While broadening of band appeared in
the range of 1000-1200 cm™ is attributed to valence vibrations of the silicate
oxygen skeleton characterized to the increased silica content due to 15 h milling
[31]. FTIR spectrum of TF-16 has shown increased broadness and intensity of the
band between 3500-3000 cm™ denoted to the increment in amount of surface
hydroxyl groups due to tin loading as displayed in Figure 3.2(b) [32]. The
anchoring of tin species in MFA-15 was indicated by shifting of Si-O-Si
stretching band at 1042 cm™ to lower wave number 974 cm™ for TF-16 [33].
Presence of dispersed SnO; clusters in MFA-15 silica network was evident by

presence of its characteristic bands at 620 and 574 cm™ [34].

After sulfation, the structural changes produced in TF samples are
illustrated in Figure 3.3 (a-c). Sulfate promoted tin loaded fly ash (STF-16)
showed broader band at 3000-3500 cm™ due to strong hydrogen bonding [35] and
red shift in wave number corroborated to the addition of sulfate species and
enhancement in acid strength by generation of S-OH groups [36] as shown in
Figure 3.2(a). As compared to STF-16, STF-10 and STF-6 displayed narrower
broad band with lesser intensities due to lower Sn contents responsible for
anchoring S-OH groups during acid impregnation. All STF catalysts showed
increased intense bands highlights the presence of silanol groups in sufficient
quantity after calcination at 550°C for 3 h signifies the stability of Bronsted acidic
sites in prepared catalysts. The vibration band appeared at 1660 cm™ is attributed
to the bending mode of water molecules [35]. The decrease in intensity of the band
at 620 cm™ was also noticed as effect of sulfate addition due to stretching
vibrations of S=O and the interaction of SnO, loaded MFA-15 resulted to a
weaker bonding of Sn-O [37]. In all STF samples, new bands in the range of
1200-900 cm™ region (Figure 3.3) are noticed after incorporation of SO,% ions
which are absent in TF-16 sample as shown in Figure 3.2. The bands at 1246 and

1144 cm™ are ascribed to S-O asymmetric stretching vibrations corresponding to
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the chelated sulfuric groups that are connected through bridge on the surface of
Sn** cations [38]. The intense band at 1382-1391 cm™ account for the asymmetric
stretching vibration of S=0 at sulfate ion bonded to the tin oxide surface [39]. On
hydration red shift in wave number to 1346 cm™ of this band is observed here
corresponding to decrease in bond order of S=O covalent bond and an increase in
partial charge of oxygen atom as also reported elsewhere [40] resulting as increase
in acidic strength of catalysts. On increasing from STF-6, STF-10 to STF-16 the
intensity of these peaks increased signifying strong interaction of SO,* ions with
tin loaded MFA-15 catalysts. The ionic structure of sulfate group bonded to
surface in presence of adsorbed water molecules is also responsible for the
Bronsted acidity of the catalyst [41]. Thus, the presence of these bands
corroborates the strong interaction of SO,* species with tin containing silica of
MFA-15 support. The absence of band around 1400 cm™ in all catalysts denotes

the absence of polynuclear sulfates S,0-> species on the catalytic surface [42].

FTIR spectroscopy using pyridine as a probe molecule is one of the most
suitable analytical tool to distinguish Lewis and Bronsted acidic sites [43]. Figure
3.4 represents the pyridine chemisorbed FTIR spectra of TF-16 and STF-16
catalyst in magnified range of 1700-1400 cm™. Compared to STF-16, TF sample
showed less intense bands of Lewis acidic site at 1440 and 1615 cm™ along with
bands at 1550 and 1655 cm™ denoted to Bronsted acidic site as reported earlier
also [44]. While sulfate promoted STF samples (Figure 3.5) possessed the intense
bands of pyridinium ions (pyridine-Bronsted acid site complex) represented as the
IR vibrations at 1553 and 1638 cm™ whereas covalently bounded pyridine
(pyridine-Lewis acid site complex) ascribed for the band at 1445 cm™ [45].
Amongst STF samples, STF-16 catalyst with highest amount of Sn and S loading
showed the most intense bands for both the acidic sites corroborating the presence
of strong acidic sites. Thus, incorporation of sulfate ions in fly ash supported tin
samples has induced strong Bronsted and Lewis acid sites required for
development of highly active solid acid catalyst. More sulfate species coordinated
to the structure of metal oxide induces strong Lewis acidity may due to the ability
of the sulfur element to form surface sulfur complex having S=O covalent bond

that acts as electron-withdrawing species followed by the inductive effect. Thus,
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the inductive effect of S=O makes the Lewis acid strength of Sn** stronger [46]
and the Bronsted acidic sites are provided by protons generated by sulfate groups.
Interchange of Lewis and Bronsted acidic centers is a significant concept which is
also described in Scheme 3.2. During the adsorption of water vapour or hydration,
availability of H3O" and HSO, converts Lewis acidic sites into Bronsted acidic
sites with high protonic character [41]. Intensity of these peaks is observed to be
the highest in STF-16 as compared to STF-6 and STF-10 catalyst. The increased
tin content from 6 to 16 wt.% facilitated loading of more amount of SO,* groups
responsible for generation of Bronsted and Lewis acidic sites in better quantity.
These results show similarity with earlier reported work, in which increasing
zirconia content (6 to 12 wt.%) in fly ash supported sulphated zirconia catalyst
produced more concentration of both Lewis and Bronsted acidic sites due to better
loading of sulphate ions [35]. The intensive band at 1508 cm™ results from the

contributions from both Bronsted and Lewis acidic sites Figure 3.4 & 3.5 [47].
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Figure 3.2: FTIR spectra of (i) MFA-15 (ii) TF-16 and (iii) STF-16
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Figure 3.3: FTIR spectra of (a) STF-6 (b) STF-10 and (c) STF-16
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Figure 3.4: FTIR spectra of pyridine adsorbed (a) TF-16 and (b) STF-16
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Figure 3.5: FTIR spectra of pyridine adsorbed (i) STF-6 (ii) STF-10 and (iii)
STF-16

Diffuse reflectance UV-Vis spectroscopy is a very sensitive probe for the
determination of type and coordination state of Sn species. It elucidates the
incorporation of tin in MFA-15 structure as displayed in Figure 3.6. All STF
samples exhibit electronic absorption bands in the range of 200-800 nm. Intense
band with maximum intensity appeared at 210 nm ascribed to the isolated
Sn**species in tetrahedral coordination and possessing ligand to metal charge
transitions (LMCT) from O% to Sn** [48]. Increase in intensity of this band with
increasing Sn content, signifies the successful deposition of tin species on silica
framework of MFA-15. Electronic band at 270 nm displayed presence of some
extra framework of Sn** species indicating towards the formation of small tin
oxide agglomerates [49].

The surface morphologies of MFA-15 and STF-16 sample are displayed in
Figure 3.7. Mechanical activation for 15 h has transformed smooth surface of fly
ash particles into uneven, rough and irregular shaped due to break down of fine
particles (Figure 3.7 a) [31]. SEM micrographs of STF-16 in Figures 3.7b,c&d
show MFA-15 loaded SnO, species having flowery flakes like arrangement which
has grown and dispersed all over the fly ash surface [24].
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Figure 3.6: UV-VIS DR spectra of (a) STF-6 (b) STF-10 and (c) STF-16
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© | @
Figure 3.7: SEM micrographs of (a) MFA-15 and (b) STF-16 catalyst and
(c&d) its magnified images
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3.4 Catalytic performance of STF catalysts

The catalytic performance of the prepared catalysts were evaluated by
microwave assisted 14-phenyl-14H-dibenzo[a,j]xanthenes synthesis at 120°C in
12 min using benzaldehyde and -naphthol in molar ratio 1:2 and benzaldehyde to
STF catalyst ratio 5:1, pressure (Pr) = 60 psi and 100 W power. No product
formation was observed only in (uW) heating and absence of catalyst. The
reaction was also preceded using MFA-15 as catalyst but STF catalysts produced
better conversion and selectivity results as shown in Table 3.2. Amongst STF
catalysts, STF-16 gave the highest conversion of 95% and 90% vyield due to
presence of sufficient amount of Bronsted acidic sites compared to STF-6 and
STF-10 catalysts.

Table 3.2: Catalytic activity of MFA-15, STF catalysts and catalyst-free
condition for 14-phenyl-14H-dibenzo[a,j]Jxanthenes synthesis

under microwave irradiation

Catalyst Conversion% of Yield% of 14-phenyl-14H-
benzaldehyde dibenzo[a,j]xanthenes
Only uW Nil Nil
MFA-15 21 15
TF-16 64 48
STF-6 79 71
STF-10 88 82
STF-16 95 90

Reaction conditions under microwave irradiation: Temperature=120°C, Time=12
min, benzaldehyde/STF-16 ratio=5:1, benzaldehyde/p-naphthol=1:2, Pr=60 psi,
Power=100W and P.x= ON
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As suggested by above results, STF-16 was considered as principal
catalyst to optimize reaction parameters such as reaction time, temperature, power
consumption, catalyst to substrate ratio and reactant molar ratio for obtaining
maximum conversion and yield of 14-phenyl-14H-dibenzo[a,j]xanthenes under
microwave assisted solvent-free conditions. The maximum efficiency of STF-16

was determined by its reusability evaluation.
3.4.1 Effect of reaction temperature

To evaluate the effect of reaction temperature on conversion and yield of
the product, the reaction temperature was varied from 90°C to 140°C. On
increasing temperature, increase in conversion and yield was noticed as illustrated
in Figure 3.8. Maximum 95% conversion and 90% vyield of xanthenes was
obtained at 120°C whereas further rise in temperature, no appreciable change was

noticed.
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Figure 3.8: Variation of conversion% and yield% of 14-phenyl-14H-

dibenzo[a,j]Jxanthenes over STF-16 catalyst with temperature

Reaction conditions: Time=12 min, benzaldehyde/STF-16 ratio=5:1, benzaldehyde/p-
naphthol=1:2, Pr=60 psi, Power=100W and P ;= ON
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3.4.2 Effect of reaction time

The experiments were carried out at varying reaction time period to
determine the optimum reaction time (Figure 3.9). Under microwave irradiation,
on increasing reaction time from 3 to 12 min, the conversion of benzaldehyde was
increased upto 95% while yield of xanthenes was upto 90% respectively. With

increase in time period, these parameters remained almost unaffected.
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Figure 3.9: Variation of conversion% and yield% of 14-phenyl-14H-
dibenzo[a,j]xanthenes over STF-16 catalyst with reaction time

Reaction  conditions:  Temperature=120°C,  benzaldehyde/STF-16  ratio=5:1,
benzaldehyde/p-naphthol=1:2, Pr=60 psi, Power=100W and Pp.x= ON

3.4.3 Effect of microwave power

The microwave power parameter was also examined in the range of 70W
to 120W to achieve the highest product yield. A proportional relationship between
microwave power and benzaldehyde conversion with yield was observed as
illustrated in Figure 3.10. At 100W, maximum 95% benzaldehyde conversion and
90% vyield of 14-phenyl-14H-dibenzo[a,j]xanthenes was achieved whereas its

successors power didn’t create much difference in these values.
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Figure 3.10: Variation of conversion% and yield% of 14-phenyl-14H-dibenzo[a,j]
xanthenes over STF-16 catalyst with microwave power

Reaction conditions: Temperature=120°C, Time=12 min, benzaldehyde/STF-16

ratio=5:1, benzaldehyde/p-naphthol=1:2, Pr=60 psi, and P = ON

3.4.4 Effect of benzaldehyde and B-naphthol molar ratio

The effect of molar ratio of benzaldehyde and B-naphthol was studied at
four different molar ratios viz. 1:1, 2:1, 1:2 and 1:3. The change in yield% at
different molar ratios is shown in Table 3.3. Using molar ratio of 2:1 of
benzaldehyde and B-naphthol, appreciable yield% was not observed due to lack of
adequate quantity of B-naphthol required for better synthesis of xanthene product
as described in Scheme 3.4. On increasing molar ratio of benzaldehyde and B-
naphthol to 1:2, the yield raised to 90% due to presence of sufficient molar
amount of reactants. Further increase in molar ratio to 1:3, the excess amount of
B-naphthol restricted the stirring of the reaction mixture during the course of
reaction under microwave heating and thus, impeded the reaction progress and led

to decreased product yield.
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Table 3.3: Effect of benzaldehyde to B-naphthol ratio on conversion%
of benzaldehyde and yield%b of 14-phenyl-14H-dibenzo[a,j] xanthenes

Benzaldehyde to Conversion% of  Yield% of 14-phenyl-14H-
B-naphthol molar ratio benzaldehyde dibenzo[a,j]xanthenes
2:1 72 53
11 88 79
1:2 95 90
1:3 84 62

Reaction conditions: Temperature=120°C, Time=12 min, benzaldehyde/STF-16
ratio=5:1, benzaldehyde/p-naphthol=1:2, Pr=60 psi, Power=100W and P = ON

3.4.5 Effect of benzaldehyde to STF-16 catalyst weight ratio

To determine the optimum amount of STF-16 catalyst, different
experiments under microwave irradiation were conducted using different
benzaldehyde to STF-16 catalyst weight ratios maintaining rest of the reaction
conditions as earlier. On increasing weight ratio from 10:1 to 5:1, due to
availability of better quantity of Bronsted sites increment in the benzaldehyde
conversion to 95% and product yield with 90% was noticed (Table 3.4). The
conversion% and yield% remained almost same on further rise in catalyst weight
ratio to 2.5:1.

Table 3.4: Effect of benzaldehyde to STF-16 catalyst weight ratio on
conversion% of benzaldehyde and yield% of 14-phenyl-14H-

dibenzo [a,j] xanthenes

Benzaldehyde to STF-16 Conversion% of Yield% of 14-phenyl-
catalyst weight ratio benzaldehyde 14H-dibenzo
[a,j]xanthenes
10:1 85 77
5:1 95 90
2.5:1 95 90

Reaction conditions: Temperature=120°C, Time=12 min, benzaldehyde/p3-naphthol=1:2,
Pr=60 psi, Power=100W and P, = ON
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3.4.6 Effect of substituted groups

To determine the effect of substituent on the yield% of the xanthenes,
different functional groups containing benzaldehyde derivatives were used and the
obtained yield% is displayed in Table 3.5.

Table 3.5: Synthesis of 14-aryl-14H-dibenzo[a,j]xanthenes derivatives under
microwave heating conditions catalyzed by STF-16 catalyst

Entry R-CHO Product Time (min) Yield%

)
aY

)
O

12 90
CHO O
o)
OCH; OCHjs
2 qj O 15 86
CHO O O
0
NO, NO,
10 96

CHO

~-
aY
)
&
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Effect of substituent groups attached on benzaldehyde skeleton on the yield of the
product, 14-aryl-14H-dibenzo[a,j]xanthene has been illustrated in Table 3.5.
Xanthene compounds bearing electron withdrawing groups (EWGSs) gave better
yield as compared to electron donating groups (EDGs). EWGs can activate the
carbon atom of the carbonyl group for the nucleophilic attack on the a position of
the B-naphthol whereas EDGs inactivate the carbonyl group via resonance
resulted by non-bonded electron pair of the OCHj3 group (Entry 2 Table 3.5) and
thus, decrease in rate of reaction and yield of the product is observed. Among
EWGs, para substituted aryl aldehydes compound produced better yield compared
to ortho substituted compounds due to steric effect between substituent at ortho
position of the benzene ring and the xanthene ring. Thus, it can be concluded that
aldehydes with EWGs reacted very well and produced excellent yields in shorter
time than EDGs containing aldehydes which took longer reaction time.

3.4.7 Comparison with other reported catalyst

As depicted from Table 3.6, fly ash supported sulfated tin catalyst (STF-
16) has given better yield of xanthene compound than some earlier reported

commercial catalysts.

Table 3.6: Comparative study of catalytic potential of STF-16 catalyst with
other reported catalysts for the synthesis of 14-phenyl-14H-

dibenzo[a,j]xanthenes under microwave irradiation

Catalysts Microwave Time Yield% Reference
power (W) (min)
Perlite-SO3H 700 8 86 [50]

nanoparticles*

P,Os/Al,O3** 900 12 85 [51]
STF-16*** 100 12 90 Present
work

* |n microwave oven
** |n microwave laboratory system (micro-synth), model; Milestone
***In microwave synthesis system (CEM), model; Discover
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3.5 Mechanistic aspects

The proposed model structure of STF-16 catalyst is displayed in Scheme 3.3
(2@ & b). Tin species are supported on MFA-15 surface by Si-O-Sn linkage.
Sulfate species are bonded to tin atoms by bidentate chelating ligand as illustrated
by FTIR spectra. Presence of Bronsted and Lewis acidic sites on STF-16 catalyst
was confirmed by pyridine probed FTIR spectra described earlier in this chapter.
The presence of surface sulfur complex with covalent S=O bond, produces
inductive effect which generates strong Lewis acidity in STF catalysts.
Adsorption of water molecules with surface sulfate groups behaves like ionic
sulfate and generates Bronsted acidic sites [41]. However interconversion of
Lewis to Bronsted acidic sites may occur during the reaction which is shown in
Scheme 3.3. Other acidic sites on the surface are due to Si-OH or Si-Sn-OH

groups.

In the synthesis of 14-phenyl-14H-dibenzo[a,j]xanthenes, the interaction
of aryl aldehyde with the Bronsted acidic sites of STF-16 catalyst as shown in
Scheme 3.4, generated the more electrophilic carbon center (microwave active
species) of the activated aldehyde to form intermediate (I) which oscillates with
electric field of the microwaves. The intermediate (I) interact with the first
molecule of B-naphthol and produced intermolecular heat which helped in initial
formation of carbonium ion (I1). The formed carbonium ion reacts with the active
methylene of second molecule of B-naphthol to produce oxonium species (I11)
which under goes intramolecular cyclodehydration reaction to afford 14-phenyl-
14H-dibenzo[a,j]xanthenes as product and water as by product. Involvement of
microwaves accelerated the intermediate formation by direct internal heating of

reactant molecules and thus, speeded up rate of reaction product formation.
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Scheme 3.3: Proposed model structure of MFA-15 supported sulfated tin

catalyst (a) Generation of Bronsted and Lewis acid sites due to
S04%/Sn0O,-MFA-15 (b) Generation of Bronsted site due to Si-
Sn-OH
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Scheme 3.4: Suggested reaction pathway for the one pot synthesis of

14-phenyl-14H-dibenzo[a,j]xanthenes under microwave assisted
solvent-free conditions
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3.6  Regeneration and reusability of STF-16 catalyst

The spent STF-16 catalyst removed from reaction cycles was filtered,
washed and regenerated by calcining at 400°C for 1 h. After regeneration, STF-16
catalyst was efficiently used upto five reaction cycles with conversion and yield of
14-phenyl-14H-dibenzo[a,j]xanthenes upto 91-79% and 90-78% resp. as shown in
Figure 3.11, indicating towards the sustainability of Bronsted acidic sites during
regeneration. FTIR spectra of fresh STF-16 and regenerated catalyst of fifth
reaction cycle as represented in Figure 3.12, illustrates the structural as well as
acidic site stability during the reaction under microwave heating and after
regeneration. Significant declination in yield% was noticed after fifth reaction
cycle due to the physical adsorption of carbonaceous materials that blocked the
active catalytic sites and hindered the contact of reactant molecules with catalytic
sites. [52]. Similarity in the FTIR spectrum of fresh STF-16 and regenerated STF-
16 catalyst (Figure 3.12) indicated the sustainability of sulphate and tin moieties
with no change in chemical composition of surface structure. The stability,
heterogeneity of STF-16 catalyst and probability of leaching of active sulphur and
tin species was confirmed by Sheldon’s hot filtration test [52] in which catalyst
was taken off during midway through the reaction and then the progress of
reaction is observed further in absence of the catalyst. The results showed that the
extraction of STF-16 catalyst produce negative impact and reaction didn’t proceed
further. Hence, fly ash supported sulphated tin catalyst containing active sites are
responsible  for  microwave assisted synthesis of  14-phenyl-14H-
dibenzo[a,j]xanthenes and catalytic species are not leached out during the course

of the reaction.
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Figure 3.11: Reusability of STF-16 catalyst for microwave assisted 14-phenyl-
14H-dibenzo[a,j]xanthenes
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Figure 3.12: FTIR spectra of (a) Fresh STF-16 (b) regenerated STF-16
catalyst
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3.7 Product identification

Product identification of selected dibenzoxanthenes is done by melting
point analysis, *H NMR, **C NMR and FTIR techniques:

14-phenyl-14H-dibenzo[a,j]xanthenes: m.p.= 182-183°C; FTIR (cm™): 3059,
2894, 1630, 1590, 1515, 1255, 821; *H NMR (CDCls): & 6.46 (1H, s, CH), 6.92-
7.02 (t,21H, J=7.6, Ar), 7.14-7.18 (d, 2H, J=7.5 Hz), 7.40-7.45 (t, 2H, J=7.5 Hz),
7.49-7.53 (m, 4H, Ar), 7.57-7.60 (t, 2H, J=7.2, Ar), 7.82-7.85 (d, 2H, J=8.0, Ar),
8.38-8.42 (d, 2H, J=8.8,Ar); *C NMR (CDCl;): 148.79, 145.07, 131.42, 131.13,
128.93, 128.82, 128.55, 128.34, 126.46, 124.32, 122.76, 118.09, 117.39, 38.12

14-(4-Nitrophenyl)-14H-dibenzo[a,j]Jxanthene: m.p.= 308-309°C, FTIR (cm™):
3059, 2894, 1630, 1590, 1515, 1255, 821; *H NMR (CDCls): & 6.63 (s, 1H, CH),
7.44-7.48 (t, 2H, Ar), 7.52-7.55 (d, 2H, Ar), 7.60-7.65 (t, 2H, Ar), 7.69-7.72 (d,
2H, Ar), 7.83-7.88 (t,4H, Ar), 8.00-8.02 (d, 2H, Ar), 8.28-8.33 (d, 2H, Ar); *C
NMR (CDCls): 152.08, 148.82, 146.24, 131.15, 129.14, 129.07, 128.90, 127.24,
124.65, 123.82, 122.07, 118.13, 115.84, 37.92

3.8 Conclusion

In the present study, an efficient, recyclable and cost effective solid acid
catalyst is synthesized by loading of sulfated tin on 15 h mechanically activated
fly ash. Mechanical activation improved the bulk and surface reactivity and
facilitated surface area increment responsible for efficient loading of tin species
on fly ash support. Loading of tin moieties on milled fly ash was done by
chemical precipitation followed by sulphuric acid impregnation of MFA-15
supported tin species for deposition of active sulfur groups. The deposition of tin
species in MFA-15 was confirmed by the presence of tetragonal phases in XRD
patterns and Si-O-Sn bond in FTIR spectra whose intensity was increased with
increasing metal content (6 to 16 wt.%). FTIR spectra also displayed the bands of
S=0 and S-O bonds, corroborating the deposition of sulphur on prepared STF
catalysts. Sulfation of tin loaded samples enhanced the strength of Lewis acidity
of Sn** due to inductive effect and Bronsted acidity due to surface -OH groups.

The proposed model structure of the catalyst suggests interconversion of Lewis
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acid sites to Bronsted acid sites. The catalyst STF-16, with tin (13.4 wt.%) and
sulfur (5.9 wt.%) gave the highest yield of 14-phenyl-14H-dibenzo[a,j]xanthenes
under microwave assisted conditions. The catalyst was easily regenerated by
simple filtration, thermal activation and recycled upto five reaction cycles
suggesting that acid sites were conserved efficiently. Sheldon’s hot filtration test
suggested that tin and active sulfur species were not lixiviated during the reaction
run under dielectric heating. Fly ash supported sulfated tin catalysts are green and
advantageous alternative of traditional homogeneous acids in terms of simple
synthesis process, excellent catalytic activity, recyclability and reusability upto
number of cycles.
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ABSTRACT

Fly ash supported niobia (NBF) has been reported as solid acid catalyst for
microwave assisted solvent-free synthesis of coumarins and its derivatives.
Varying amounts of niobium wt.% loaded on 15 h milled low calcium fly ash
were studied. The prepared NBF samples were characterized by XRD, FTIR,
pyridine FTIR, UV-vis DR and SEM-EDX techniques. Characterization results
showed that with increase in niobium content polymerized niobyl species with
strong Lewis and Bronsted acid sites were stabilized on fly ash. NBF-10 sample
with sufficient amount of Bronsted sites gave maximum 88% yield of coumarin
under dielectric heating. Use of microwave active reactants such as resorcinol,
ethyl acetoacetate and ethanol generated as side product augmented the reaction
rate to produce maximum yield%. NBF-10 catalyst could be regenerated and
reused upto maximum four reaction cycles and also passed hot filtration test

indicated its structural stability during the course of reaction.
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4.1 Introduction

Coumarins are the benzo-2-pyrone derivatives mainly occur in the plants of
Rutaceae and Umbelliferae family which include carrot, parsley, cumin, and
celery [1]. These are one of the most important compounds of natural products
and in synthetic organic chemistry due to their ample of applications in
perfumery, agrochemicals, as intermediates and additives in food and cosmetics
[2]. In pharmaceuticals, Dicoumarol, a fermentation product of coumarin is a
potent anticoagulant while other pharmaceutically important coumarins
derivatives such as Genticin a chemopreventitive agent is used to treat breast and
prostate cancers and novobiocin, coumermycin and chlorobiocin are DNA gyrase
inhibitors [3]. Amongst coumarin derivatives, 7-hydroxy-4-methylcoumarins (-
methylumbelliferone) is used as efficient laser dye, standard for fluorometric
determination of enzymatic activity, fluorescent brightener and as a starting
material for the preparation of insecticide and fluorocoumarin [4].

Coumarins are mainly extracted from plant sources by different extraction
methods such as maceration under sonication, infusion and supercritical fluid
extraction [5]. However, requirements of sophisticated instruments based on
separation process to get pure product and tedious and time consuming process
has encouraged its synthetic production route to meet out the consumption
demands. Various synthetic methods such as Pechmann condensation [6],
Knoevenagel condensation [7], Perkin [8], Reformatsky [9], Wittig reaction [10]
and Claisen rearrangement [11] have been widely used for coumarins synthesis.
But most of these methods suffer from harsh reaction conditions like use of toxic
reagents, longer reaction time, high temperature etc. However, Pechmann
condensation is one of the most widely used method involving condensation of
phenol derivatives with a B-ketoester [12]. Commonly Pechmann condensation is
catalyzed by conc. H,SO,4 [13], trifluoroacetic acid [14] and P,Os etc [15].
Synthesis methods using transition metal catalysis [16], ionic liquid [17] and
microwave irradiation [18] have also been reported in the literature. But these
procedures also somewhere suffers limitations such as low thermal stability, lack
of reproducibility and use of catalysts in stoichiometric amount creating

environmental problems during disposal of post-reaction waste. To overcome
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these drawbacks, use of heterogeneous catalysts as an environmentally benign
alternative has been inculcated using non-conventional synthesis routes such as
microwave assisted conditions.

Niobium oxide and its compounds have received an increasing attention in
the field of catalysis with diverse functions such as promoter, support, redox
materials and acid catalysts [19]. As the pure amorphous niobium oxide possesses
low surface area and poor thermal stability [20]. Recently, more emphasis has
been given on emphasis has been given on the development of supported catalysts
with enhanced efficiency. The materials containing niobium (Nb) in form the of
mixed oxides, niobia supported various oxides, Nb-containing layered materials
etc. have been applied in different reactions such as dehydration of alcohols [21],
condensation [22], esterification [23], hydrolysis [24], biodiesel production [25]
and photocatalysis [26]. Dispersion of niobium oxide over inorganic supports
produces different surface species and their catalytic activity depends upon the
metal precursor, metal loading and synthesis procedure. Thus, at low niobium
oxide loading (1 wt.%) on silica isolated NbO, units predominates while
increasing Nb loading species of polymerized NbOy or bulk Nb,Os forms [27].
According with Tanabe’s approach incorporation of Nb>* into tetra coordinated
silica network generates Lewis and Bronsted acid sites depending upon
coordination environment of Nb and relative ratio of Nb to silica in the sample
composition [28].

Here in, synthesis and characterization of mechanically activated fly ash
supported niobia species and their catalytic activity for the solvent-free, one pot
synthesis of 7-hydroxy-4-methylcoumarin under microwave heating has been
investigated. Structural features in niobia loaded fly ash were determined by XRD
and FTIR while morphological characters were illustrated by SEM micrographs.
Dispersion of niobia states was analyzed by UV-vis DR spectra. Acidity
measurements were performed by pyridine probed FTIR spectra. Leachability of
Nb species was observed by Sheldon’s hot filtration test. Regeneration and reuse
of the prepared samples also reflected the stability and conservation of acid sites
as well as bonding strength of introduced niobia species in mechanically activated
fly ash.
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4.2  Experimental details

4.2.1 Materials and reagents

Fly ash (class-F type) was collected from Tata Thermal Power Plant,
Jamshedpur, India. Niobium oxalate hydrate (C1oHsNbO20.xH,0) was purchased
by Alfa Aesar. Ethyl acetoacetate, m-amino phenol, resorcinol, pyrrogallol and

phloroglucinol were supplied by S.D. fine chemicals, India.
4.2.2 Catalyst synthesis

The steps involved in the synthesis of fly ash supported niobium catalyst
are summarized in Scheme 4.1. Different niobium (Nb) containing milled fly ash
samples were synthesized by incipient wetness impregnation method on 15 h
mechanically activated fly ash (MFA-15) by the following procedure: As received
fly ash was mechanically activated by milling in high energy planetary ball mill
(Retsch PM-100, Germany) in an agate jar using agate balls with Ball to Powder
ratio (BPR) of 10:1 for 15 h at 250 RPM rotation speed. MFA-15 possessing 17
m?/g surface area was calcined at 800°C for 3 h and chosen as catalytic support
material. Requisite amounts (0.6949 g for 2wt.%, 1.737 g for 5 wt.% and 3.474 g
for 10 wt.%) of aqueous solution of niobium oxalate hydrate were added to 6 g of
MFA-15 samples in 100 ml beaker and kept for 24 h stirring. After impregnation,
samples were washed with distilled water till pH 7, dried in oven at 110°C for
24 h and calcined in air at 550°C for 6 h. These catalysts were denoted as NBF-X,
where x = 2, 5 and 10 wt.% of the Nb content.

4.2.3 Catalyst characterization

Physico-chemical properties of the synthesized NBF catalysts were
analyzed by using various techniques such as N, adsorption-desorption, X-ray
diffraction, FTIR, pyridine FTIR, DR UV-Vis and SEM-EDS as illustrated in

Annexure I.
4.2.4 Catalytic performance of NBF catalysts

Evaluation of the catalytic activity of the prepared NBF catalysts were

performed by microwave assisted coumarins synthesis as shown in Scheme 4.2.
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Scheme 4.2: Schematic representation of solvent-free, microwave assisted
Pechmann condensation for synthesis of 7-subsituted-4-methyl-

coumarin.

In the typical procedure protocol, resorcinol (10 mmol) and ethyl
acetoacetate (20 mmol) in 1:2 molar ratio with NBF catalyst in resorcinol to NBF
ratio=5:1 were filled in 10 ml pyrex glass vial. Before adding into reaction
mixture, prepared STF catalyst was activated for 1 h at 450°C in muffle furnace.
The reaction was carried out at 140°C, 50 psi pressure, 120W power with Pax
feature and medium stirring mode for 15 min in closed vessel system of CEM
(model Discover) microwave synthesis system following the all stages of
ramping, holding and cooling as described in Chapter 2. In the resulted mixture
petroleum ether was added to remove unreacted reactant and filtered to separate
out the catalyst. The crude product was recrystallized in ethanol to afford the
corresponding pure product. To achieve maximum conversion and yield of the
coumarins, reaction parameters were optimized. The analysis of benzaldehyde
conversion was carried out by Gas chromatograph. The conversion of

benzaldehyde and yield of coumarins was calculated as outlined below:

(Initial wt % - Final wt %)

Conversion (%) = Initial wt %

g of coumarins obtained

Yield (%) of salol obtained = 100

- - X
g of coumarins theoretically
obtained

After extracted from fresh run, the obtained catalyst was washed
thoroughly with acetone and dried in oven at 110°C for 12 h followed by
activation at 450°C for 1 h in muffle furnace. Thus, the regenerated catalyst was

used in next reaction cycle maintaining similar reaction conditions as earlier.
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Mechanical activation of FA for 15 h by
high energy planetary ball mill

$

MFA-15

§

Calcination at 800°C for 3 h

4

Addition of agueous solution of niobium oxalate solution
prepared according to requied amount of wt.% loading

2

Aging the slurry for overnight under constant stirring

-

Washing of prepared samples by distilled water till pH=7

$

Dried in oven at 110°C for 24 h

$

Calcination at 550°C for 6 h

L 4

NBF catalyst

Scheme 4.1: Synthesis of fly ash supported niobia (NBF) catalyst
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4.3 Results and discussions

Surface area is continuously decreased on increasing the niobium content
from 2 to 10 wt% in the catalyst sample as shown in Table 4.1 indicate the
incorporation of impregnated niobium particles in MFA-15. Table 4.2 summaries
the atomic % of different elements in MFA-15 and NBF catalyst which are

determined from EDS spectra as displayed in Figure 4.1 & 4.2 respectively.

Table 4.1: Specific surface area of MFA-15 and NBF samples

Sample Specific surface area (m?/g)
MFA-15 17

NBF-2 16

NBF-5 14

NBF-10 11

Table 4.2: Atomic % of elements in MFA-15 and NBF-10 catalyst

Sample  Si(%) O(@®%) AlI®%) Nb(®%) Fe(%) Ti(%) K (%)

MFA-15  15.68 72.45 8.91 0.005 1.19 0.45 0.28

NBF-10  16.05 65.32 9.35 6.7 0.92 0.47 0.31

Figure 4.3 (a-d) displays the XRD patterns of MFA-15 and NBF catalysts
with different niobium content at different 20 angles ranging from 10° to 70°.
MFA-15 displayed crystalline phases of mulite phases at 20 = 16.6° and 26.3°
along with strong peaks of quartz at 20.7°, 26.6° and 49.8°. The effect of 15 h
milling resulted as increased amorphous content due to breaking of crystalline
phases [29]. Similarity in XRD patterns MFA-15 and NBF catalysts indicates that
incorporation of niobium has not altered the structural framework of fly ash.
Although no appreciable Nb,Os peaks were observed in all the NBF catalysts but
on increasing Nb content, small reflections at 260 = 36.6°, 42.8°, 44.3° 46.4° and
50.2° corresponding to the presence of orthorhombic (T) phases of Nb,Os (JCPDS
no. 30-0873). [30].
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Figure 4.1: EDS spectrum of MFA-15 catalyst
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Figure 4.2: EDS spectrum of NBF-10 catalyst
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Figure 4.3: XRD patterns of (a) MFA-15 (b) NBF-2 (c) NBF-5 (d) NBF-10
catalysts
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The FTIR spectra of MFA-15 and NBF catalysts are shown in Figure 4.4
(a-d). In MFA-15, a broad band between 3500-3000 cm™ is attributed to
stretching vibrations of surface hydroxyl groups of Si-OH and adsorbed water
molecules on the surface while peak at 1650 cm™ assigned to bending mode (80.+)
of water molecule. While broadening of band appeared in the range of 1000-1200
cm™ is attributed to asymmetric stretching vibrations of Si-O-Si skeleton as
characterized by the increased silica content due to 15 h milling [31]. In FTIR
spectra of NBF catalysts displayed broad band is assigned to surface -OH groups
while the peak at 3524 cm™ is denoted to Nb-OH as appeared in NBF-10 and 5
samples [32]. Incorporation of Nb species in silica network of MFA-15 was
evident by the red shift of the wave number of asymmetric mode of Si-O-Si from
1042 cm™ to 1036, 1029 and 1022 cm™ for NBF-2,5 and 10 respectively assigned
to Nb-O-Si. The peaks appeared at 976 cm™ in NBF-2 catalyst is ascribed to
(Nb=0) stretching band which shifted to higher wave number to 981 cm™ & 986
cm™ for NBF-5 and NBF-10 respectively evidencing the presence of mono-oxo
species. With increase in Nb loading to NBF- 10 samples appearance of peaks at
885 cm™ and 620 cm™ indicated the presence of ([-O-Nb-O],) stretching modes in
Nb-O-Nb and Nb-O bondings corresponding to the presence of polymeric niobate
species as shown in Scheme 4.3. While in case of NBF-5, lower wavenumber of
these angular vibrations are observed indicating lesser polymerized niobyl forms
over its surface [33]. NBF-2 has not shown both these peaks in FTIR spectrum
indicating the presence of only monooxo niobium oxide species on the surface.
The polymeric species formation possibly by restricted due to very low

concentration of niobia on MFA-15 surface.

Pyridine adsorbed FTIR spectroscopy was used to determine the types of
acid sites present in NBF samples. The relevant parts (1700-1400 cm™) of

collected spectra are shown in Figure 4.5 (a-c). All NBF samples possessed
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intense bands 1450 cm™ and 1615 cm™ attributed to pyridine coordinated to Lewis
acid centers. The bands at 1554 and 1648 cm™ revealed the presence of pyridine
ions bonded to Bronsted acid sites [34]. In NBF catalysts, NbO, tetrahedra units
having +5 charge and polymeric NbOs moieties with highly distorted octahedra
(Nb=0) generates Lewis acidity. While the Nb-OH bond as shown Figure 4.4 in
the form of Nb-(OH)-Si and/or slightly distorted octahedral forms with Nb-O-Nb
bond are responsible for generation of Bronsted acid centers. The pyridine
adsorbed spectrum of NBF-10 catalyst shows intense peaks at 1648 and 1450 cm™
indicating the presence of higher amount of Bronsted and Lewis acid centers as
compared to NBF-2 and NBF-5 which are attributed to increase in Nb content
from 2 to 10 wt.%. Presence of band at 1498 cm™ are associated to both Lewis

and Bronsted sites present in all the samples [34].

Due to chemical interaction between Nb-O-Si, the generation of Bronsted
acid site is expected as the protons are required to balance excess negative charge
on O atom which is analog of Si or Al atom in the alumino-silicate cenospheres of
fly ash [19]. The generation of Bronsted acid site is explained by Kung’s
assumptions [35,36] is explained by two modes: (1) electronic interaction between
Nb,Os and fly ash or alumino-silicate component (2) Nb-O bonds neighbouring
the more covalent Si-O possess higher ionicity. Reduction of the electron density
on OH bonds occurs due to inductive effect of nearly electronegative anions. As a

consequence, OH bonds are weakened and Bronsted acid sites are generated.

At higher Nb loading, it is seen that increased amount of Lewis acidity is
slightly lower than that of Bronsted acidity which indicates the presence of
slightly distorted NbOg structures as evident by FTIR spectra (Figure 4.5). The
interaction of niobia with support and formation of Nb-O-Si is also evident on
FTIR spectra. Since, Nb is more electronegative than Si (Pauling scale 1.6 and

1.0) the niobia oxide ionic character and generation of Lewis acid sites in the NBF
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samples can be a consequence of high ionicity of Nb-O bond. As reported earlier,
the higher Lewis acidity could be generated on the first layer of the supported
Nb,Os on TS-1 [19].

As accordance to the earlier reported work [37], the IR peak observed in the
range of 700-900 cm™ (Nb-O-Nb) are significantly broader than the band at 986
cm™ (Nb=0) due to the distribution of the bond and chain lengths found in
polymerized metal-oxygen—metal (M-O-M) bonds. The structural distortions in
monolayer type covered surface species generally cause shift (shortening of bond
lengths) in metal-oxygen vibrational modes as increase in metal loading takes
place. As shown in Figure 4.4 shifts in the wave number assigned to ([-O-Nb-
O]n) stretching modes present in Nb-O-Nb polymerized forms shifted towards
higher values i.e. 874 cm™ (NBF-5) to 885 cm™ (NBF-10) with increase in
niobium content at monolayer coverage. However, in supported Nb,Os, the Nb=0O
stretching frequency generally remains unaffected or slight shift is observed due
to the delocalization and concentration of NbOx vibrational potential energy in the
Nb=0 bond which can’t be strongly influenced by less energetic Nb-O vibrations
present in NbO4 or NbOg units [37]. Therefore, on the basis of these bond length
and bond strengths, the NBF-10 catalyst posses monolayer coverage as it possess
band at 986 cm™ indicated that the Nb=0O is vibrationally isolated due to

negligible interaction with support.
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Figure 4.4: FTIR spectra of (a) MFA-15 (b) NBF-2 (c) NBF-5 and (d) NBF-10
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Figure 4.5: Pyridine FTIR spectra of (a) NBF-2 (b) NBF-5 and (c) NBF-10
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The coordination geometry and chemical arrangement of the niobium
species dispersed on MFA-15 support has been evaluated through DR UV-Vis
spectroscopy which are displayed in Figure 4.6(a-c). These absorption bands are
attributed to ligand to metal charge transfer (O to Nb®") which can be associated
with the excitation of an oxygen 2p electron in the valence band to the empty
orbital of the conduction band of 4d of Nb* ions surrounded by the oxygen [38].
The band observed around 210 nm is attributed to isolated mononuclear Nb(V)
species with tetrahedral coordination present in the silica framework [39]. Another
electronic band observed at 250 nm indicated the presence of NbOg species with
octahedral coordination [40]. A weak band observed at 320 nm indicated that
niobium oxide is visibly appeared at high Nb (10 wt.%) content loaded sample
only with strong interaction with silico-aluminate phases of fly ash. Appearance
of this band is usually noticed in the samples prepared by impregnation method,
corresponding to the niobia species in form of nanodomains (polymerized species
of NbOg octahedra clusters) [41]. In NBF-2 catalyst, presence of peaks at 220 nm
and 250 nm indicated the presence monomeric isolated NbO4 and NbOg species
respectively while intensity of these peaks is increased in NBF-5 sample
corresponding to NbO, units and with few polymerized NbOg species. In NBF-10
catalyst with high Nb content (10 wt.%) further bridging of Nb-O-Nb bonds led to
the formation of Nb,Os nanodomains along with polymerized NbOg and NbO,

species.

SEM images of MFA-15 and Nb loaded samples are displayed in Figure
4.7a. Mechanical activation has transformed smooth, spherical cenospheres of FA
into irregular shaped, agglomerated particles with rough surface due to structural
break down [29] while SEM images of NBF-10 show increased agglomerated
content due to loading of niobia species on surface of fly ash particles (Figure

4.7b&c).
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Figure 4.6: DR UV-Vis spectra (a) NBF-2 (b) NBF-5 and (c) NBF-10
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(b)

(©)
Figure 4.7: SEM images of (a) MFA-15 (b) NBF-10 and (c) its magnified

images
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4.4 Catalytic performance of NBF catalysts

Catalytic efficiency of the prepared NBF samples was investigated by
synthesis of 7-Hydroxy-4-methylcoumarin via. condensation reaction under
microwave assisted conditions. Reaction was performed using resorcinol and
ethyl acetoacetate (EAA) in molar ratio 1:2 along with resorcinol to NBF catalyst
ratio 5:1, pressure (Pr) = 40 psi and 120 W power at 140°C for 15 min. Reaction
was not preceded presence of microwaves while very less yield was obtained over
MFA-15. On another hand, using NBF catalysts better conversion of resorcinol
and yield of the product was obtained as shown in Table 4.3. Compared to NBF-2
and 5, NBF-10 catalyst with sufficient amount of Bronsted acid sites was able to

produce better yield of 7-Hydroxy-4-methylcoumarin.

Table 4.3: Catalytic activity of MFA-15, NBF catalysts and catalyst-free

conditions for microwave assisted 7-Hydroxy-4-methylcoumarin

synthesis
- o ] N
Catalyst Conversion% of Yield% of 7 Hydrqu 4-methyl
resorcinol coumarin

- nil nil
MFA-15 26 18
NBF-2 72 66
NBF-5 84 79
NBF-10 92 88

Reaction conditions under microwave irradiation: Temperature = 140°C; Time = 15
min; Pr = 40 psi; resorcinol / EAA = 1:2; resorcinol / NBF catalyst ratio = 5:1 and P =
120W with Pyax = ON.

As evaluated by above results, NBF-10 was considered as main catalyst for
optimization of reaction parameters to achieve maximum conversion and yield of
7-Hydroxy-4-methylcoumarin under microwave assisted solvent-free conditions.
Along with this study, reusability and leachability performance of catalyst was
also checked to determine its maximum efficiency and thermal stability of its

acidic sites during course of the reaction.
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4.4.1 Effect of reaction temperature

Effect of temperature on conversion and yield of product was monitored in
the range of 100-150°C (Figure 4.8). On increasing reaction temperature, these
factors were also increased upto 140°C giving maximum 92% conversion and
88% yield. While further increase in reaction temperature, conversion and yield%

remained constant.
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Figure 4.8: Variation of conversion% and yield% of microwave assisted

7-Hydroxy-4-methylcoumarin synthesis with temperature

Reaction conditions: Time = 15 min; Pr = 40 psi; resorcinol / EAA = 1:2; resorcinol /
NBF catalyst ratio = 5:1 and P = 120W with P, = ON.

4.4.2 Effect of reaction time

Reaction time was also varied from 3 to 18 min for determining optimum
time to obtain maximum conversion% and vyield% of 7-Hydroxy-
4-methylcoumarin  (Figure 4.9). Reaction time also showed a proportional
relationship with these parameters. At 15 min reaction time, maximum conversion
of 92% and 88% yield was achieved. Whereas extending the reaction time upto 18
min, constant values of conversion and yield were noticed. This may be due to
less concentration of ethyl acetoacetate (EAA) left after consumed in the reaction
and more time is required to generate carbocation from the EAA. In initial stage

of reaction, desorption rate of product is high but as concentration of the product
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increases in the reaction mixture, the reaction rate becomes sluggish or reaches a

constant value [42].
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Figure 4.9: Variation of conversion% and yield% of microwave assisted

7-Hydroxy-4-methylcoumarin synthesis with reaction time

Reaction conditions: Temperature = 140°C; Pr = 40 psi; resorcinol / EAA = 1:2;
resorcinol / NBF catalyst ratio = 5:1 and P = 120W with P, = ON.

4.4.3 Effect of microwave power

To obtain  maximum resorcinol conversion and 7-Hydroxy-4-
methylcoumarin yield under minimum energy requirements, microwave power
parameter was varied from 90 to 150W. As given in Figure 4.10, yield% showed
directly proportional relationship with microwave power. At 120W, maximum
92% conversion and 88% vyield was achieved while further increment in

microwave power didn’t improved yield% of the product.
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Figure 4.10: Variation of conversion% and yield% of microwave assisted
7-Hydroxy-4-methylcoumarin  synthesis with microwave
power

Reaction conditions: Temperature = 140°C; Time = 15 min; Pr = 40 psi; resorcinol /
EAA = 1:2; resorcinol / NBF catalyst ratio = 5:1 and P = 120W with P, = ON.

4.4.4 Effect of resorcinol to EAA molar ratio

Molar ratio of resorcinol to EAA molar ratio was varied from 2:1 to 1:3
given in Table 4.4. With resorcinol to EAA molar ratio of 2:1, better conversion
and yield was not observed due to hindrance in stirring during course of reaction.
With increase in molar ratio to 1:1, increment in conversion and yield was
observed. Maximum 92% conversion was achieved with molar ratio of 1:2 having
sufficient amount of reactants to get 88% yield of 7-Hydroxy-4-methylcoumarin
as product. On using molar ratio of 1:3, observed decrease in product yield was
noticed due to enhanced adsorption of EAA on active sites of the catalyst causing
blockage of acid adsorption centers. Thus, competitive adsorption of EAA on acid

sites with resorcinol reduced the efficiency of the catalyst [42].
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Table 4.4: Effect of resorcinol to EAA molar ratio on conversion% of

resorcinol and yield% of 7-Hydroxy-4-methylcoumarin

Resorcinol to EAA Conversion% of Yield% of
molar ratio resorcinol 7-Hydroxy-4-methylcoumarin
2:1 49 42
1:1 87 76
1:2 92 88
1:3 39 35

Reaction conditions: Temperature = 140°C; Time = 15 min; Pr = 40 psi; resorcinol /
NBF catalyst ratio = 5:1 and P = 120W with P; = ON.

4.4.5 Effect of resorcinol to NBF-10 catalyst weight ratio

To determine the maximum efficiency of catalyst with adequate quantity,
resorcinol to NBF-10 catalyst weight ratio was varied maintaining other reaction
parameters same as earlier (Table 4.5). Yield of 7-Hydroxy-4-methylcoumarin
was increased with catalyst weight ratio. Maximum 92% conversion and 88%
yield of 7-Hydroxy-4-methylcoumarin was achieved at 5:1 due to availability of
sufficient amount of Bronsted acid sites. Yield% of coumarins remained
unaffected on further increase in resorcinol to NBF-10 catalyst weight ratio to
2.5:1.

Table 4.5: Effect of resorcinol to NBF-10 catalyst weight ratio on
conversion% of resorcinol and yield% of

7-Hydroxy-4-methylcoumarin

Resorcinol to NBF-10 Conversion% of Yield% of
catalyst weight ratio resorcinol 7-Hydroxy-4-methylcoumarin
10:1 84 76
5:1 92 88
251 92 88

Reaction conditions: Temperature = 140°C; Time = 15 min; Pr = 40 psi; resorcinol /
EAA = 1:2 and P = 120W with P, = ON.
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4.4.6 Effect of substituent groups on phenol substrate

Effect of substituent groups on the yield% of 7-Hydroxy-4-methylcoumarin
synthesis under dielectric heating is displayed in Table 4.6.

Table 4.6: Synthesis of 4-methylcoumarin derivatives under microwave

heating conditions catalyzed by NBF-10 catalyst

Time ]
Entry R-CHO _ Yield%
Product (min)
OH
G, Lo e
OH © OH
NH,
2 @\ m 12 94
OH o o NH,
OH OH
HO OH
© OH
OH
OH =
4 @i 18 86
o
OH OH
OH
- QL oo n
OH
(0] (@]
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It is evident that the yield of corresponding coumarins is greatly affected
by the presence of activated group and their position in phenol ring. m-amino
phenol (Entry 2) gave the highest yield due to better activation of the aromatic
ring. Pyrrogallol (Entry 4) gave lesser yield than that of phloroglucinol (Entry 3)
even then both substrates have two electron donating hydroxyl groups but the
activation of aromatic ring is better in phloroglucinol with two hydroxyl groups at
meta-positions than that of one hydroxyl group at ortho-positions positions in
pyrrogallol. The decrease in the strength of the ring activating group also affected
activity of the substrate. Amongst substituted phenols studied here phenol was
least reactive (Entry 5).

4.4.7 Comparison with other reported catalyst

As depicted from Table 4.7, fly ash supported niobia catalyst (NBF-10)
has given better yield of xanthene compound than some earlier reported

commercial catalysts.

Table 4.7: Comparative study of catalytic potential of STF-16 catalyst with
other reported catalysts for the synthesis of 7-hydroxy-4-

methylcoumain under microwave irradiation

Catalyst Temperature Time Yield Reference
(°C) (min) %

12-TPA/TIO; 130 30 71.8 [43]

NBF-10 140 15 88 Present work

4.5 Mechanistic aspects

The proposed model structure of NBF catalysts are shown in Scheme 4.3.
XRD, FTIR and DR UV-vis studies have revealed the formation of monomeric,
polymeric and nanocrystalline niobia units over the MFA-15 surface with increase
in Nb content. In NBF-2 catalyst, niobia species are dispersed on fly ash support
through monomeric isolated species with NbO, units along with dispersed isolated
NbOs units through Nb-O-Si linkages. With increase in Nb concentration to 5
wt.%, interaction of isolated niobia species with their nearest neighbours formed

polymeric units of NbO6 species through bridging Nb-O-Nb bonds by
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accumulating Nb-O-Si bond [44]. In NBF-10 catalyst, population of Nb-O-Nb
bridge bonds increases well with increase in Nb content that led to the formation
of nano crystalline Nb,Os units. These nanocrystalline species along with
polymeric NBOg and NBO, species have formed monolayer coverage over fly ash

surface.

Presence of excess of effective positive charge (+5) on NbO4 and NbOg
(highly distorted octahedral) unit having Nb®>* ion generates Lewis acid sites [40]
while Bronsted acid sites are originated from Nb-OH-Nb (slightly distorted
octahedral) and Nb-(OH)-Si bonds [45]. It is considered that Pechmann
condensation reaction is very much depends upon the Bronsted acid sites of the
catalyst [46], the bridged Nb-OH-Nb containing hydrogen produces better
catalytic activity than Nb-OH-Si bonds which has also been confirmed by more
yield% over NBF-10 catalyst compared to NBF-2 catalyst and finds good

similarity with earlier reported work [44].

Pechmann condensation for synthesis of 7-hydroxy-4-methylcoumarin has
been proposed by two mechanistic pathways. One is reported as on the Brénsted
acid sites of NBF-10 catalyst chemisorption of ethyl acetoacetate (EAA) takes
place and nucleophilic attack of resorcinol on it generates an intermediate and
ethanol as side product. The formed intermediate rapidly undergoes cyclization
via. intramolecular condensation and yielded 7-hydroxy-4-methylcoumarin with
water as side product. Electrophilic reaction of chemisorbed EAA on resorcinol is
ruled out due to not formation of chromones as side product and the mechanism
proposed by Sudha et al. [47]. Use of microwave active reactants i.e. phenolic
substrates and ethyl acetoacetate facilitated the reaction towards better product
yield in less time. Possessing good microwave absorption capacity, the ethanol
and water molecules generated as side products also helped to maintain Brénsted
acid sites in NBF catalyst during the reaction (Scheme 4.3) to produce good yield
of 7-hydroxy-4-methylcoumarin. Thus, use of microwaves as a heating source has
made whole process energy, time and atom efficient. The plausible mechanism for

the formation of 7-hydroxy-4-methylcoumarin has been illustrated in Scheme 4.4.
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with Nb-O-Nb bridging bonds with Lewis (highly distorted)
and Bronsted (slightly distorted) forms
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4.6 Regeneration and reusability of NBF-10 catalyst

The spent catalyst extracted from reaction cycle was filtered, washed and
thermally regenerated by calcining at 450°C for 1 h. After regeneration NBF-10
catalyst was efficiently used upto four reaction cycles with conversion 87-77%
and yield in the range of 85-72% respectively (Figure 4.11) under microwave
assisted conditions signifying the stability of Bronsted acid sites during
regeneration and during course of the reaction. After fourth reaction cycle, the
observed decrease in conversion and yield of 7-Hydroxy-4-methylcoumarin was
noticed due to physical adsorption of carbonaceous materials which blocked the
active catalytic sites [48]. As shown in Figure 4.12, the resemblance in the FTIR
spectrum of fresh NBF-10 and regenerated NBF-10 catalyst signifies the presence
of niobyl species and with no change in chemical composition of catalyst surface.
Sheldon hot filtration test was also performed by removal of NBF-10 catalyst
during the course of reaction. This test was found negative as reaction didn’t
proceed further after catalyst removal, which confirmed the stability,
heterogeneity and non-leaching ability of Nb species loaded on MFA-15 support
[48]. Thus, NBF-10 catalyst possesses stable acidic sites which remained
conserved and active during the microwave assisted synthesis of

7-Hydroxy-4-methylcoumarin under solvent-free conditions.
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7-Hydroxy-4-methylcoumarin synthesis

100
e
80
=
b
8 60 (b)
8 /
2
5 40 o @
|_
207
3524
1650

3500 3000 2500 2000 1500 1000

Wavenumber cm™

Figure 4.12: FTIR spectra (a) NBF-10 and (b) regenerated NBF-10 catalyst

130



Chapter-4

4.7 Product identification

Product identification of 7-Hydroxy-4-methylcoumarin is done by melting

point analysis, *H NMR and FTIR techniques:

m.p.: 185-187°C; *H NMR: §, 2.61 (s, 3H, CHs) 6.18 (s, 1H), 6.68 (d, 1H), 6.76-
6.81 (dd, 1H), 7.54 (d, 1H), 10.51 (s, 1H, -OH); FTIR (cm™): 3162, 2912, 1677,
1232, 1070, 786

4.8 Conclusion

Niobium is a minor constituent of fly ash present in trace amount. By
enhancing the Nb content in fly ash an active, reusable and thermally stable solid
acid catalyst has been synthesized via impregnation method. With increasing
niobium amount to 10 wt.%, formation of nano-crystalline niobia species were
noticed along with polymeric NBOg and NbO, units in the form of monolayer
coverage over surface of milled fly ash. Increasing intensity of bands
corresponding to Bronsted and Lewis acid sites in NBF samples confirmed the
enhancement of acidity with increasing Nb wt.%. Possessing active acid centers,
NBF-10 catalyst efficiently catalyzed microwave assisted, solvent-free synthesis
of 7-hydroxy-4-methylcoumarin with 92% conversion and 88% yield. Catalyst
was able to conserve acid sites after thermal activation and gave four reaction
cycles with remarkable conversion and product yield. Thus, present work provides
simple methodology to synthesize niobium oxide loaded fly ash as a new solid
acid catalyst with stable acidic sites. Use of microwave heating and solvent-free
conditions instead of using organic solvents makes the whole process in

accordance with green chemistry principles.
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ABSTRACT

Synthesis of chemically activated perlite supported tungsten oxide (PTO) catalyst
has been reported using impregnation method. Thermal activation followed by
chemical treatment of perlite under microwave heating was carried out to increase
silica content, active sites for anchoring active metal oxide moieties and specific
surface area of the support material. By varying amount of tungsten content from
2 to 20 wt.%, formation of different tungstate forms and their dispersion on perlite
support was studied. With increase in tungsten content (PTO), increased amount
of WOj3 crystallites was noticed that blocked the interaction of active sites and
reactant molecules which resulted as decrease in conversion% of levulinic acid.
PTO-10 catalyst with sufficient amount of Bronsted acid sites was able to catalyze
microwave assisted solvent-free esterification for levulinate ester synthesis using
Levulinic acid and alcohols under microwave heating conditions. Catalyst was
also regenerated and reused upto five reaction cycles with similar efficiency as
fresh run. Use of perlite with silica as major constituent can become a suitable
substitute of commercially available silica. Synthesis of cost-effective, efficient
and reusable solid acid catalyst along with energy and time saving synthesis of
fuel additive, levunilate ester makes good agreement with the protocols of green

chemistry.
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5.1 Introduction

The inevitable depletion of petroleum sources has driven global concern to
use and promote natural resources based renewable biofuels and feedstock
chemicals in recent years [1]. Amongst these chemicals, levulinic acid (LA) or
gamma-ketovaleric acid has been considered as one of the top twelve building
blocks to produce a spectrum of fuel additive and also in polymer and resins [2]. It
is commercially produced from biomass such as cane sugar, starch, and
lignocellulosic materials from agricultural wastes. Levulinate esters such as ethyl,
methyl, n-butyl levulinates are produced by esterification of LA with fuel-grade
alcohols [3]. In particular, ethyl levulinate (EL) has oxygen content 33% and
possess similar properties to biodiesel fatty acid methyl esters (FAME). So it can
be used upto 5 wt.% as the diesel miscible biofuel (DMB) which improves the
fuel characteristics such as stability in flash point, reduction in sulfur content,
viscosity and burning of fuel with high lubricity [4]. Traditionally, EL was
synthesized by using inorganic liquid acids such as H,SO,4, HCI, H3PO, etc. but
environmental problems such disposal, handling, corrosive nature and non-
reusability to substitute them with industrially greener solid acid catalysts.
Recently, synthesis of EL was reported over UDCaT-5 catalyst [5], sulfonic
mesostructured silicas [6], immobilized Candida Antarctica lipase B (Novozym
435) [7], dodecatungstophosphoric acid supported on desilicated H-ZSM-5 [3],
sulfated mesoporous zirconosilicates [8], sulfated Si-doped ZrO, [9], sulfonated
carbon nanotubes [10] etc. But poor reusability, use of expensive reagents and
harsh conditions are still remaining area of further research. Recently, EL are also
synthesized under microwave assisted conditions using Al(SO,4); catalyst and
have produced 99.4% yield within 10 min at 110°C [11].

In the field of heterogeneous catalysis, supported tungsten-oxo-species
(tungstate) are best known for their catalytic activities for esterification [12],
alkylation [13], Synthesis of 1,8-octahydroxanthene derivatives [14], furfural
synthesis [15], oxidation reaction [16], petroleum and pollution control problems
[17,18] etc. However, catalytic activity is strongly influenced by the interaction of

tungsten oxides domains with support, WOy precursor and content as well as
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thermal history of these support materials [19]. At low tungsten content Lewis
acid sites are found due to monomeric tetrahedral forms with low surface
coverage while with increase in tungsten content, Bronsted acid sites are present
due to predominance of polytungstate species with W-O-W modes. Further
increment in tungsten amount formation of crystallites on the top of tungstate
monolayer surface led to decrease in interaction of reactants and active sites [20].

This chapter describes the synthesis of activated perlite supported tungsten
oxide (PTO) catalyst for the microwave assisted solvent-free esterification
reaction. The tungsten amount was varied to determine the dispersion of tungstate
domains over perlite support. Prior to use as a catalytic support, perlite was
chemically activated under microwave heating to improve its silica amount and
specific surface area. The tungsten amount was varied to determine the dispersion
of tungstate domains over chemically activated perlite support. The prepared
samples were characterized by various characterization techniques to determine
their structural, textural and morphological characteristics. PTO catalysts
efficiently catalyzed the esterification reaction under microwave assisted
conditions and produced similar conversion performance as fresh run upto five
reaction cycles. Thus, the present research work describes the novel use of perlite

in field of heterogeneous catalysis for industrial important synthetic applications.
5.2 Experimental details

5.2.1 Materials and reagents

Perlite (volcanic ash) was supplied by Indica Chemical Industries Pvt. Ltd.
Kotdwar, India. Ammonium metatungstate hydrate ((NH4)sH2W12039.XH,0) was
purchased from Alfa Asear and HCIOy, levulinic acid and ethanol were purchased

from Loba Chemie.

5.2.2 Catalyst synthesis

Raw perlite (RP) was thermally activated at 800°C for 3 h and labeled as
thermally activated perlite (TAP). 10 gm of TAP was chemically activated using

5N HCIO4under open vessel system of microwave synthesis system CEM (model
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Discover) at 90°C for 60 min following the all stages as described in Chapter 2.
The resulted slurry was filtered and washed with deionized water to remove
perchlorate ion. Washed sample was dried in oven at 110°C for 24 h and calcined
at 500°C for 4 h. Prepared sample was denoted as chemically activated perlite
(CP) and used as support material for the synthesis of perlite supported tungsten
oxide catalyst using incipient wetness impregnation method. Requisite amount of
ammonium metatungstate (for 2 wt.%, 10 wt.% and for 20 wt.%) was dissolved in
distilled water and added into 6 g of CP with constant stirring. This slurry was
stirred for 24 h and then dried in oven at 110°C for 24 h. The resulted solid was
calcined at 550°C for 6 h in a tubular muffle furnace under static conditions
(Scheme 5.1) and denoted as perlite supported tungsten oxide (PTO-x, where

represents 2, 10 and 20 wt.% content).
5.2.3 Catalyst characterization

Physico-chemical properties of the synthesized PTO catalysts were
analyzed various techniques such as N, adsorption-desorption, X-ray diffraction,
FTIR, pyridine FTIR, DR UV-Vis, SEM-EDS and TGA as illustrated in

Annexure I.
5.2.4 Catalytic performance of PTO catalysts

Evaluation of the catalytic activity of the prepared PTO catalysts was

performed by microwave assisted esterification as shown in Scheme 5.2.

o) @)
OH OR
PTO-10
)J\/\”/ +  C,HsOH )J\/\’( L H,O
o MW, 110 € o)
L Ethanol .
Levuinic acid thano Alkyl levulinate

Scheme 5.2: Schematic representation of microwave assisted solvent-free
esterification for synthesis of alkyl levulinate over PTO-10

catalyst
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Thermal activation of RP at 800°C for 3 h

2

Thermally activated perlite (TAP)

§

Chemical activation under microwave heating at
110°C for 60 min

4

Washing till pH=7, dried and calcined at 500C for 4 h

U

chemically activated perlite (CP)
!

Addition of aqueous solution ammonium metatungstate

Aging the slurry for 24 h under constant stirring

L

Dried in oven at 110°C for 24 h

3

Calcination at 550°C for 6 h

PTO catalyst

Scheme 5.1: Synthesis of activated perlite supported tungsten oxide (PTO)

catalyst
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In the typical procedure, levulinic acid (LA) (10 mmol) and ethanol (30
mmol) in 1:3 molar ratio with PTO catalyst in LA to PTO ratio=5:1 were filled in
10 ml pyrex glass vial. Before adding into reaction mixture, prepared PTO
catalyst was activated for 1 h at 450°C in muffle furnace. The reaction was carried
out at 110°C, 40 psi pressure, 100W power with Pma feature at medium stirring
mode for 15 min in closed vessel system of CEM (model Discover) microwave
synthesis system following the all stages of ramping, holding and cooling as
described in Chapter 2. In the resulted mixture petroleum ether was added to
remove unreacted reactant and filtered to separate out the catalyst. To achieve
maximum LA conversion and selectivity of the ethyl levulinate, reaction
parameters were optimized. The analysis of LA conversion was carried out by Gas
chromatograph. The conversion of LA and selectivity of ethyl levulinate was

calculated as outlined below:
(Initial wt % - Final wt %)
Initial wt %

Conversion (%) =

(GC peak area % of alkyl levulinate product)
Sum of total peak area % for all products

Selectivity (%) of ethyl levulinate =

After extracted from fresh run, the obtained catalyst was washed
thoroughly with acetone and dried in oven at 110°C for 12 h followed by
activation at 450°C for 1 h in muffle furnace. Thus, the regenerated catalyst was
ready to use for next reaction cycle maintaining the same reaction conditions as

earlier.
5.3 Results and discussion

Table 5.1 summarizes the physico-chemical attributes of RP, TAP and CP
before and after thermal and chemical activation. Raw perlite (RP) with 73.9%
silica content and 5 m?/g surface area possess light grey colour due to the presence
of carbon particles and small amount of other elements. On calcination at 800°C
for 3 h, light grey colour of RP changed into light pink due to removal of

moisture, few metals, sulfur impurities and other organic matter that led to
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increase in silica and alumina percentage [21]. Surface area was also reduced to
4m?lg after thermal activation. In chemically activated perlite (CP), the silica
content and surface area was increased due to leaching of crystalline phases and
metal impurities such as Fe, Zn and Ti etc [22]. On increasing tungsten loading
from 2 to 20 wt.% reduction in surface area was noticed due to the blockage of the
pores of support material after incorporation of tungstate species by impregnation

method.
Table 5.1: The physico-chemical attributes of perlite before and after

thermal, chemical activation and after tungsten loading

Specific surface

Samples SiO; (wt.%) W content (wt.%) area (M?/g)
RP 73.9 0.0 5
TAP 74.3 0.0 4
CP 82.6 0.0 9
PTO-2 82.6 1.4 8
PTO-10 82.6 7.3 7
PTO-20 82.6 15.6 5

The structural changes in perlite before and after thermal and microwave
assisted chemical activation were illustrated by X-ray diffraction patterns as
shown in Figure 5.1 (a-c). Broad XRD pattern of raw perlite (RP) confirms the
absence of any ordered crystalline structure [23] which is typical for amorphous
solids. Amorphous substances show an atomic arrangement that is either random
or short range order. Although TAP possess highly ordered structure with a single
crystalline peak at 20 = 27.62° due to presence of tridymite (polymorphs of
quartz) phase (JCPDS No. 42-1401). A broad hump spread between 15-35° is
characteristic of amorphous nature of silica [24]. The presence of crystalline,

amorphous or both the phases are related to the calcination temperature or the
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method of sample attainment [25]. On chemical activation under microwave
heating silica content was increased (Figure 5.1c) due to partial destruction of
silico-aluminate components as reported earlier [26]. Resemblance in basic
skeleton of raw perlite and chemically activated sample evidenced that microwave

heating has not altered the basic silica framework.

The XRD patterns of PTO catalysts are given in Figure 5.2 (b-d). The
XRD pattern of PTO-20 has shown sharp peaks at 20 = 23.1°, 27°, 29°, 33.29°,
34.1°, 42°, 48° corresponding to monoclinic WO3 crystallites on fly ash surface
[27]. The splitting of broad peak at 23.1° into 23.3, 23.5 and 24.2° peaks also
evidenced the crystalline formation [16]. In case of PTO-10 wt.% the intensity of
these peaks was reduced while in PTO-2 dominancy of amorphous content over
crystalline form was observed. Appearance of amorphous content indicated that
the tungsten species are homogeneously dispersed in silica framework of MFA-15
while with increase in tungsten content prominent WO3 crystalline form was
observed [13]. The structure of WO3 is influenced by calcination temperature and
NH," content. As prepared samples were calcined at high temperature i.e. 550°C,
the possibility of formation of remaining various phases such as hexagonal
tungsten bronze (HATB) and tetragonal hydrogen tungsten bronze (THTB) is
ruled out due to removal of residual ammonium cations occluded in these

intermediate crystalline forms [28].
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Figure 5.1: XRD patterns of (a) raw perlite (b) thermally activated perlite
(TAP) and (c) chemically activated perlite (CP)
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Figure 5.2: XRD patterns of (a) activated perlite (b) PTO-2 (c) PTO-10 and
(d) PTO-20
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The structural features of RP, TAP and CP are illustrated by FTIR spectra
as given in Figure 5.3. A broad band observed between 3700 and 2800 cm™
indicated stretching vibrations due to the presence of surface -OH groups and the
adsorbed water molecules bound on silica surface. The bending mode of water
molecule was shown by the peak observed at 1630 cm™ [29]. After thermal
treatment of RP at 800°C for 3 h, decreased the intensity of these peaks were
observed. The peaks between 1200 and 1000 cm™ are corresponding to
asymmetric Si-O-Si stretching vibrations while band at 805 cm™ ascribed to its
symmetric stretching mode . In amorphous silica presence of a relatively strong
peak at~ 810 cm™ distinguishes it from the band of crystalline silicate [30]. The
intense peaks present in the range of 480-455 cm™ are devoted to the Si-O
asymmetric bending vibration of Si-O-Si bond. In FTIR of TAP, the intensity of

these peaks have become more intense and moved towards higher wave number.

After chemical treatment, the broadness and intensity of the band at 3700-
2800 cm™ and 1630 cm™ was observed indicating towards the increment in active
surface Si-OH groups. Increment in the broadness in the band at 1200-1000 cm™
also indicated towards increased amorphous silica content due partial dissolution
of alumino-silicate structure under microwave heating. Hence, without affecting
the basic skeleton of RP chemical activation under microwave heating has
increased amorphous silica content and surface area which are essential

requirements for the use of TAP as a catalytic support.

Figure 5.4 (a-d) shows the FTIR spectra of PTO catalysts with varying
amounts of tungsten content. With increase in tungsten content from 2 to 20 wt.%,
the broad band in the region 3700-2800 cm™ was reduced due to consumption of
surface -OH groups during tungstate-silica interactions. Complete removal of
residual ammonium cations was evidenced by absence of the band at 1401 cm™
[31]. The band observed at 3488 cm™ and 3576 cm™ indicated the presence of W-
OH groups related to supported tungstate species and Si-OH groups respectively.

The reduction in broadness of the band ascribed for Si-OH stretching vibrations
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was noticed after inculcation of tungsten moieties due to consumption of hydroxyl
groups in the tungstate-silica chemical interactions [32]. The band observed at
1168 cm™ corresponding to Si-O-Si asymmetric vibrations in CP is shifted to
lower wavenumber at 1162, 1160 and 1156 cm™ for PTO-2, 10 and 20 assigned to
due to the formation of W-O-Si. In PTO-2 catalyst, the peak appeared at 1012 cm’
! corresponding to (W=0) stretching mode indicated the presence of mono-oxo-
tungstates [33]. However, presence of small peaks appeared at 830, 750 and 584
cm™ ascribed to bridging W-O-W and W-O modes respectively indicated the
presence of some polymeric forms along with few nanodomains of tungsten oxide
which are uniformly dispersed over CP surface [34]. With increase in tungsten
content to 10 wt.%, intense peaks appeared at 838 and 750, 585 and 1016 cm™
indicates the increasing quantity of polytungstates and some WOj3; crystallites,
forming extra-framework structure over CP surface. While in PTO-20, presence
of intense peaks 1020, 844, 755 and 588 cm™ indicated the presence of
polytungstates and bulk crystalline WO3 species.

Insight study of nature of surface acid sites of CP and PTO catalysts was
determined by pyridine probed FTIR technique. Figure 5.5 (a-d) have shown IR
bands at 1450, 1498, 1550, 1615 and 1650 cm™ typical chemisorbed pyridine. The
band at 1540 and 1650 cm™ corresponds to pyridinium ion coordinated with
Bronsted acid sites whereas 1445 cm™ and 1615 cm™ account for molecular
pyridine coordinated to Lewis acid sites. Band at 1498 cm™ is attributed to
pyridine adsorbed over both Lewis and Bronsted acid sites. PTO catalysts have
shown more intense bands as compared to CP signifying that tungstates have
contributed to enhance surface acidity of perlite support. PTO catalysts possess
Lewis acid sites due to W®* (W=0) species while Brénsted acid sites due to W°®*-
OH or W-O-W [35]. PTO-10 catalyst with predominance of polytungstates and
WO3 nano clusters possess OH groups associated with bridging W-O-W linkages
are mainly responsible for generation of Bronsted acid sites whereas presence of
W°®* species have contributed for Lewis acidity generation [31]. On increasing

WO, coverage over the CP surface to compensate the increasing charge density,
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migration of (H®") protons takes place from W-O-W to neighbouring to WOy
domains which delocalizes electron charge density among several W°* Lewis acid
centres that leads to formation of H>" ‘WOs), ® active Bronsted site centers [36].
While in PTO-2 catalyst, lesser Bronsted acid sites are noticed possibly due to less
charge delocalization over small amount of polymeric forms species having small
domain size. In case of PTO-20 catalyst, decrease in Bronsted acid sites are
observed due to increased amount of bulk WO3 crystallites over other tungstate
species. As reported earlier, increase in bulk WO3 crystalline species forms H®*
(WOs), ® or oxygen deficient WOs., species upon reduction by proton species.
These species can’t be reduced further to form O-H groups with Bronsted acid
character. [35]. However, presence of Bronsted and Lewis acid character is still
noticed in PTO-20 catalyst due to presence of polytungstates contributing in the
formation of H®" ‘WO3), > active Bronsted site centers and W°®" for Lewis acid

sites over CP surface.
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Figure 5.3: FTIR spectra of (a) RP (b) TAP and (c) CP
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Figure 5.4: FTIR spectra of (a) CP (b) PTO-2 (c) PTO-10 and (d) PTO-20
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Figure 5.5: Pyridine FTIR of (&) CP (b) PTO-2 (c) PTO-10 and (d) PTO-20
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UV-vis diffuse reflectance spectra of the PTO catalysts with different
tungsten loading are shown in Figure 5.6. The observed bands are due to ligand to
metal charge transfer (O 2p-W 5d) whose energy depends upon the metal loading
[37]. Absorption band observed at 230 nm and 260 nm corresponding to W(V1)
tetrahedral and W(V1) octahedral species respectively has shown to the presence
of monomeric and polymeric tungstates [38]. On increasing tungsten content, a
small band at 340 nm assigned to octahedral species in WO3; or WOgs-like
nanocrystallites is noticed [39] while peak observed at 370 nm is corresponding to
bulk WOj3 crystallite formation [40]. In PTO-2 catalyst, presence of intense peaks
at 220 nm and 260 nm indicated the presence of tetrahedral and octahedral
monotungstates along with some polytungstates with octahedral coordination. A
small band observed at 340 nm showed the indicated the presence of few nano
domains of WOj3 crystallites. In PTO-10 catalyst in addition with these bands,
appearance of a small band at 370 nm indicated the formation of WO3 crystallites.
On further increase in tungsten content to 20 wt.% in PTO-20 catalyst, increased
intensity of the peaks at 340 and 370 nm corresponding to WOs;-like
nanocrystallites and bulk WOg3 species respectively indicated the presence of

increased amount these species over CP surface.

The morphological attributes of RP, TAP and CP were evaluated by SEM
images as displayed in Figure 5.7 (a-c). RP particles are irregular shaped, thin
plate particles with broken or ragged edges (Figure 5.7a). As compared to RP,
TAP has gained less irregular morphology due to evaporation of water and
removal of carbonaceous material on calcining the RP at high temperature. This
result implies that thermal activation does not affect the morphology of RP to any
drastic extent [41]. After microwave assisted chemical activation, appearance of
agglomerated particles evidenced by the increased silica content after acid
leaching. SEM image of PTO-10 catalyst (Figure 5.7d) show dense agglomerated

tungstate moieties dispersed on the support surface.
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Figure 5.6: UV-vis DR spectra of (a) PTO-2 (b) PTO-10 and (c) PTO-20
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Figure 5.7: SEM micrographs of (a) RP (b) TAP (c) CP and (d) PTO-10
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The TGA curve of raw perlite (RP) is shown in Figure 5.8. The
continuous mass loss in temperature between 50 to 700°C can be attributed to
removal of moisture content or physically adsorbed water molecules along with
some volatile components. The total weight loss is 12.47%. The whole
dehydration loss is divided into three parts: in first temperature range 50-250°C,
molecular water either bounded loosely or trapped in pores is removed while in
second range 250-550°C water molecules bound in inner pores of perlite are
released. From the last temperature range > 500°C —OH groups associated to the

oxygen atoms bound by strong hydrogen bonding are evacuated [42].

The TG curve of PTO-10 catalyst as shown in Figure 5.9 show sharp
initial weight loss upto 250°C is assigned to removal of large amount of
physisorbed condensed water. The weight loss observed in the range of 250-
400°C is due to desorption of ammonia and structural water followed by the
weight loss between 400-600°C due to removal of ammonia and material
restructures itself into monoclinic WO3 phase [28]. No further was occurred from

600°C signifying the stability of tungstate forms on CP support.
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Figure 5.9: TGA curve of PTO-10 catalyst
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5.4 Catalytic performance of PTO catalysts

The catalytic activity of prepared PTO catalysts were evaluated by
microwave assisted solvent-free esterification of levulinic acid and alcohols to
synthesize ethyl levulinate using reaction parameters as 110°C temperature,
pressure (Pr) = 40 psi and power=100W with Py = ON feature within 15 min time
period. Levulinic acid is able to auto catalyze the reaction [43] yet in the present
reaction conditions, conversion and selectivity vary with PTO at fixed reaction
conditions. CP was able to catalyze the reaction to some extent but PTO catalysts
gave excellent conversion and selectivity% to alkyl levulinates. PTO-10 catalyst
with sufficient amount of Bronsted acid sites gave highest 94% conversion and
98% selectivity (Table 5.2). The decrease in conversion and selectivity PTO-20
catalyst is observed due to predominance of non-acidic tungsten oxide crystallites
at high tungstate loading which blocked the pores and hindered the approach of

the reacting molecules to active sites [44].

Table 5.2: Catalytic activity of activated perlite, PTO catalysts and catalyst-
free condition for esterification for synthesis of alkyl levulinates

under microwave irradiation

Catalyst Conversion% of Selectivity% of ethyl
levulinic acid (LA) levulinates
] 18 24
CP 21 20
PTO-2 68 24
PTO-10 94 08
PTO-20 82 86

Reaction conditions under microwave condition: Temp. = 110°C, pressure (Pr) = 40
psi, time = 15 min, molar ratio = LA/ethanol (1:3), LA/catalyst weight ratio = 5:1, Power
= 100W and Py = ON
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On the basis of above results, PTO-10 catalyst is chosen as prime catalyst
to further optimize reaction conditions such as reaction time, temperature, power
consumption, catalyst to substrate ratio and reactant molar ratio for obtaining
maximum conversion with highest selectivity of the desired product under
microwave assisted solvent-free conditions. The maximum efficiency of PTO-10

was determined by its reusability evaluation.
5.4.1 Effect of temperature

To study the effect of temperature on conversion and selectivity, studied
reaction was performed at different temperatures ranging from 60-130°C as
shown in Figure 5.10. The maximum conversion of 94% and 98% selectivity was
achieved at 110°C within 15 min. While further increase in reaction temperature
upto 130°C, declination in the conversion and selectivity was noticed because rise
in temperature increased acid solubility and dissociation which decreased binding

equilibrium that led to unfavourable esterification conditions [45].
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Figure 5.10: Variation of conversion% and selectivity% of ethyl levulinates

over PTO-10 catalyst with temperature

Reaction conditions: Time = 15 min, LA/PTO-10 ratio = 5:1, LA/ethanol = 1:3, Pr = 40
psi, Power = 100W and P .= ON
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5.4.2 Effect of reaction time

Reaction time parameter was also optimized from 5 to 25 min to achieve
maximum conversion and selectivity at constant reaction conditions. On
increasing reaction time from 5 to 15 min 94% conversion and 98% selectivity
was achieved. Conversion and selectivity remained unaltered on further extending

the reaction time upto 20 min (Figure 5.11).
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Figure 5.11: Variation of conversion% and selectivity% of ethyl levulinates

over PTO-10 catalyst with time

Reaction conditions: Temperature = 110°C, LA/PTO-10 ratio = 5:1, LA/ethanol = 1:3,
Pr = 40 psi, Power = 100W and Py.,x= ON

5.4.3 Effect of microwave power

To evaluate the effect of microwave power on conversion of LA and
selectivity of ester under esterification reaction, microwave power was also varied
from 60 to 110 W as displayed in Figure 5.12. Conversion was uniformly
increased upto 94% upto 100W as displayed in Figure 5.12. With further increase

in power, conversion and selectivity remained constant.
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Figure 5.12: Variation of conversion% and selectivity% of ethyl levulinates
over PTO-10 catalyst with microwave power (W)

Reaction conditions: Temperature = 110°C, Time = 15 min, LA/PTO-10 ratio = 5:1,

LA/ethanol = 1:3, Pr = 40 psi, Power = 100W and P, = ON

5.4.4 Effect of levulinic acid and ethanol molar ratio

The esterification of LA with alcohol is a reversible reaction. By
minimizing backward reaction high conversion could only be achieved. This can
be possible by either removing the product water simultaneously or by using
excess of ethanol. In present reaction system, it is not possible to remove water, as
the boiling point of ethanol (351 K) is much lower than the boiling point of water
(373 K). Hence, the ethanol was taken in excess to accelerate the reaction rate in
forward direction. With increase in molar ratio from 1:1 to 1:4, conversion% of
LA and ester selectivity% was increased as the excess amount of ethanol has
favored the ester formation (Table 5.3). However, with further increase in ethanol
amount to 1:5 molar ratio, dilution of reactants has lowered LA conversion, due to

mass transfer limitation [4]
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Table 5.3: Effect of levulinic acid and ethanol ratio on conversion% of

levulinic acid
Levulinic acid and ethanol Conversion% of Selectivity% of ethyl
molar ratio levulinic acid (LA) levulinate
1:1 82 91
1:2 89 94
1:3 94 98
1:4 90 96
1:5 83 89

Reaction conditions: Temperature = 110°C, Time = 15 min, LA/PTO-10 ratio = 5:1, Pr
= 40 psi, Power = 100W and Px= ON

5.45 LA to PTO-10 molar ratio

To achieve maximum conversion and selectivity of ethyl levulinate LA to
PTO-10 catalyst ratio was varied as given in Table 5.4. With increase in ratio
from 10:1 to 5:1 the LA conversion% increased uniformly, indicating towards the
presence of sufficient amount of active acid sites. Further increase in LA to PTO-

10 ratios didn't produce any significant change in conversion%.

Table 5.4: Effect of LA to PTO-10 catalyst weight ratio on conversion% of

LA
LA to PTO-10catalyst Conversion% of LA Selectivity% of ethyl
weight ratio levulinate
10:1 86 91
5:1 94 98
2.5:1 94 98

Reaction conditions: Temperature = 110°C, Time = 15 min, LA/ethanol = 1:3, Pr = 40
psi, Power = 100W and P = ON
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5.4.6 Effect of substituted groups

To determine the effect of substituent on the conversion of the LA,
different carbon chain containing alcohols were used and the resulted

conversion% are shown in Table 5.5.

Table 5.5: Effect of various alcohols in microwave assisted solvent-free

esterification of levulinic acid

Entry R-CHO Product Time (min)
@]
1 CH,OH O 15
3 H3 CH3
@)

O
@)
2 CH;CH,OH H3C)J\/\[( ™~ CH,CH3 15
O

O
3 HyC~~ OH HSCJ\/\H/ O~ ~_-CH; 20
(@]

o
o
4 @ ch)‘\/\’( /\© =
OH 0

As suggested by the above results, lower carbon chain containing alcohols
i.e. methanol and ethanol actively participated to produce esterification reaction
(Entry 1 & 2). On the other hand, bulkier carbon chain containing pentanol
(Entry 3) has taken longer time as compared to short carbon chain substrate due
steric hindrance of carbon chains during the product formation. Due to resonating
effect of benzene ring, benzyl alcohol also actively participated and produced

desired levulinate ester.

5.5 Mechanistic aspects
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The structure of PTO catalysts were proposed and correlated to its
catalytic activity as shown in Scheme 5.3. According to the detailed study of the
results of XRD, FTIR, UV-vis DR, at PTO-2 catalyst contains of isolated mono-
0X0 tungstates with tetra and octahedral coordination and some polymerized
tungstates as nano domains of WO; like structures which are homogeneously
dispersed on CP structures. In PTO-10 catalyst polytungstates (octahedral
coordination) becomes abundant with WO3 nano-crystallites with bridging W-O-
W while formation of some bulk WOg; crystallites are observed as extra
framework structures over CP support. Further increase in tungsten loading (PTO-
20) led to increased amount of WO3 crystallites over polytunstates is observed as
shown in Scheme 5.3 [46].

As discussed earlier, PTO-10 catalyst with polytungstates and with
predominant nano and few WO3 clusters caused charge compensation by protons
present on neighouring W-O-W by delocalization among W®" Lewis acid sites
generates active Bronsted acid sites (Scheme 5.3) whereas, as shown in pyridine
FTIR spectra of PTO-20 catalyst, reduction in Bronsted acid sites was observed
due to predominance of bulk WOjs structures over polytungstates produced H®*
(WO3),° or oxygen deficient WOs., species which are unable to reduce further to
form -OH Bronsted sites [35]. In PTO-2 catalyst less amount of acid sites were
developed due to presence of monotungstates species and small amount of
polytungstates and nano WO; crystallites that led to improper charge
delocalization. However, presence W-O-W bridging bonds helped to generate

Bronsted acid sites and W®" species contributed to produce Lewis acidity.

The studied esterification reaction follows single site Eley-Rideal
mechanism as shown in Scheme 5.4. The reaction is initiated by chemisorption of
the LA molecule on the Bronsted acid site on PTO-10 surface, forming a
protonated LA intermediate and increases electrophilicity of carbonyl carbon. The
formed carbocation was attacked by the nucleophile oxygen atom in the alcohol
for the formation of corresponding oxonium ion. Finally, the proton transfer from
this oxonium ion and the loss of water molecule produced ester as main product

with simultaneous regeneration of the acid site of PTO-10 catalyst. Use of
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microwave active LA and alcohols also accelerated the reaction rate as evident by
reduction in reaction time at higher alcohol amount also acted as microwave

supplier to the reaction medium homogeneously being microwave active.
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Scheme 5.3: Possible molecular structures for WOXx surface species over
chemically activated perlite (CP) (a) Monomeric tetrahedral
and (b) octahedral tungstate species (c) Charge delocalization
by H* amongst WO, neighbours via bridging W-O-W bonds on

polymeric tungstate species with nano clusters over CP (d)

161



Chapter-5

WO; crystallite formation along with polytungstates on surface

of CP
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Scheme 5.4: Proposed reaction pathway for solvent-free microwave assisted
esterification of levulinic acid and ethanol to produce ethyl

levulinate over PTO-10 catalyst

162



Chapter-5

5.6 Regeneration and reusability of PTO-10 catalyst

The spent PTO-10 catalyst was removed from reaction cycles, then
filtered, washed and regenerated by calcining at 450°C for 1 h. After regeneration,
PTO-10 catalyst was efficiently used upto five reaction cycles with conversion
and selectivity upto 94-75% and 98-78% respectively as shown in Figure 5.13.
Significant declination in conversion% was noticed after fifth reaction cycle due
to the physical adsorption of carbonaceous materials that blocked the active
catalytic sites and hindered the contact of reactant molecules with catalytic sites
[47]. The FTIR spectra of regenerated PTO-10 catalyst shows similarity with
fresh PTO-10 catalyst (Figure 5.14) indicating no change in chemical
composition of catalyst surface. Hence, PTO-10 catalyst containing active
Bronsted sites are responsible for microwave assisted esterification of levulinic

acid and ethanol to give ethyl levulinates.
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Figure 5.13: Reusability of PTO-10 catalyst for microwave assisted

esterification of levulinic acid and ethanol
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Figure 5.14: FTIR spectra of (a) Fresh PTO-10 (b) regenerated PTO-10

catalyst

5.7 Product identification
Ethyl levulinate: m.p.: 203-206°C, FTIR (cm™): 2962, 2874, 1728, 1210

5.8 Conclusion

Highly active perlite supported tungsten oxide catalysts with varying
tungsten content has been synthesized by incipient wetness impregnation of
ammonium meta tungstate over chemically activated perlite. Before tungsten
loading, surface modification of perlite was carried out by thermal activation
followed by microwave assisted chemical treatment. On increasing tungsten
amount and calcination at 550°C temperature formation of monoclinic WOj3;
crystallites were observed which was highest in PTO-20 compared to PTO-10 and
2 Wt.% as revealed by XRD patterns. PTO-20 with predominance of crystallite
form was not able to catalyze the reaction efficiently due to blockage of active
acid sites whereas PTO-10 catalyst with mono polytungstates and few WOj;
crystallites gave excellent 94% conversion and 98% selectivity towards ethyl
levulinate formation. The catalyst was regenerated and reused upto five reaction
cycles with equivalent efficiency as fresh run. Thus, the present research provides
novel use of perlite as a cost effective, recyclable solid acid catalyst which can
become suitable substitute of commercially available costly solid catalysts used in
industrially important organic transformations.
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CHARACTERIZATION TECHNIQUES

Physicochemical properties of the prepared catalytic materials were
characterized by N, adsorption-desorption, XRD, FTIR and pyridine FTIR, SEM-
EDS, TGA, UV-Vis DRS. The reaction product s are analyzed by *H NMR, *3C
NMR, FTIR and gas chromatography.

1. X-ray fluorescence spectrometer (XRF)

The chemical components of the prepared samples were analyzed from by
X-ray fluorescence spectrometer (Philips PW 1606).

2. N, adsorption-desorption analysis

The specific surface area, pore size and pore volume of the prepared
samples were measured by N, adsorption-desorption isotherms study at liquid
nitrogen temperature by BET and BJH approaches using 77K by NOVA 1000e
surface area and pore size analyzer. The samples were degassed under vacuum at
120°C for 4 h, before adsorption measurement to evacuate the physisorbed

moisture.
3. X-ray diffractometer (XRD)

Powder X-ray diffraction studies were carried out by using (Bruker D8
Advance diffractometer, using Ni-filter and Cu Ka radiation (E=8047.8 ¢V, A=
1.5406 A°). The samples were scanned in 26 range of 5-75° at a scanning rate of
0.04 s, The crystalline size of phases was determined from the peak of maximum
intensity (20 = 26.57) by using Scherrer formula as Eq. (1) with a shape factor (K)
of 0.9.

Crystallite size = K.A / W.cos0 (1)

Where, W=W,-Ws; W, is the broadened profile width of experimental sample and

W is the standard profile width of reference silicon sample.



4. Fourier transform infrared spectrophotometer (FTIR)

Fourier transform infrared (FTIR) study of the synthesized samples was
performed by FTIR spectrophotometer (Tensor-27, Bruker, Germany) in DRS
(Diffuse Reflectance Spectroscopy) system by mixing the sample with KBr
(spectroscopic grade) in 1:20 weight ratio in the range of 550-4000 cm™ with
resolution of 4 cm™. FTIR spectrophotometer (Alpha-T model, Bruker, Germany)
is also used to record FTIR spectra in range of 400-4000 cm™ with resolution of 4
cm™ by mixing the sample with with KBr (spectroscopic grade) in 1:20 weight

ratio.
5. Pyridine FTIR

The acid sites in prepared catalysts were determined by Pyridine adsorbed
FTIR. The sample (0.2 g) was activated at 450°C for 2 h and then exposed to
pyridine (25 ml) for 24 h. The FTIR spectra of the adsorbed samples were
recorded by FTIR spectrophotometer (Tensor-27, Bruker, Germany) in DRS
(Diffuse Reflectance Spectroscopy) system in the range of 550-4000 cm™ with

resolution of 4 cm™.

6. Diffuse reflectance UV-Visible spectrophotometer (DR UV-Vis)
The UV-Vis DRS spectra of the prepared catalysts were recorded on
Perkin Elmer Lambda 950 UV-Vis spectrophotometer equipped with Harrick

DRS assembly in the range of 200-800 nm at ambient temperature.
7. SEM-EDX

The detailed imaging information and morphological features of the
samples were provided by SEM (Model-JEOL JSM 5600). The % elemental

analysis was performed by using EDX studies.
8. Thermogravimetric analysis (TGA)

The TGA analysis of the samples was done with STA 6000 (Perkin
Elmeris) thermal analyzer by heating the sample in the range of 25-900°C with

the heating rate of 10°C/min under nitrogen flow (20 ml/min).



9. 'H and ®C NMR

'H and **C NMR analysis of the reaction products was done with ECS 400
MHz (JEOL) NMR spectrometer.

10.  Gas Chromatograph

The products were analyzed by Gas Chromatograph (Agilent Technologies
7820A) with FID detector and Agilent J&W Advanced Capillary HP 5 GC
Columns of 30 m length and 0.320 mm diameter, programmed oven temperature
of 60-325°C and N, (1.5 ml/min) as a carrier gas.

11.  Melting point apparatus

Melting points of the synthesized products were determined by using Xd-6

microscope melting point apparatus.
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List of papers published: 4

1.

“Pure silica extraction from perlite: Its characterization and affecting factors”,
Khushboo Srivastava, Niharika Shringi, Vijay Devra, Ashu Rani,
International Journal of Innovative Research in Science, Engineering and
Technology 2 (2013) 2936-2942.

“Environmental benign route for the utilization of fly ash as heterogeneous
acid catalyst for various organic transformations,” Khushboo Srivastava,
Niharika Shringi, Vijay Devra, Ashu Rani, International Journal of
Inventions in Research, Engineering Science, and Technology 1 (2014) 74-75.

“A facile method for production of Amorphous Silica from Perlite under
Microwave Irradiation”, Khushboo Srivastava, Niharika Shringi, Vijay Devra
and Ashu Rani, International Journal of IT, Engineering, Applied Sciences
Research, 4 (2015) 18-24.

“Microwave Assisted Acid Activation of Fly Ash: A Green Process for
Enhancing its Physico-Chemical Attributes for Esterification under Dielectric
Heating”, Niharika Shringi, Khushboo Srivastava and Ashu Rani, Chemical
Science Review and Letters 4 (2015) 561-570.
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Papers and posters presented/ participated in International Conferences

1.

Participated in Indo-Swedish Symposium on strategic Knowledge on
Climate Change, held on 9 Oct. 2012 at Department of Pure & Applied
Chemistry, University of Kota, Kota,.

Participated in International Workshop on Green Initiatives in
Energy, Environment and Health, held on 2™ and 3™ Dec.
2013Gautam Buddha University, New Delhi.

Accepted research paper in International Conference on Emerging
Trends in Engineering and Applied Sciences-2013 (ICATEAS-2013)
held on 27™ and 28™ Dec. 2013 organized by IEEE and CSI at Rajasthan
College of Engineering for Women, Jaipur, Rajasthan.

Presented research paper in International Conference on Advance
Trends in Engineering and Technology (ICATET) 2013, during 19"
to 20" Dec, 2013 at Arya College of Engineering and IT, Jaipur,
Rajasthan.

Participated in 4" International Conference on Solid Waste
Management and exhibition on Municipal Services, Clean
technology and Machineries, ICONSWM 2014, held on 28" and 30"
Jan. 2014 at Acharya Agriculture University, Hyderabad, Andhra
Pradesh, India.

Presented research paper in International Conference on Advance
Trends in Engineering and Technology (ICATET) 2013, held on 18"
and 19" April 2014 at Arya College of Engineering and IT, Jaipur,

Rajasthan.

Papers and posters presented/ participated in National Conferences/

Workshops

1.

Accepted abstract in National Conference on Innovative use of Fly Ash
at Jindal Steel Works (JSW) Energy’s Barmer Plant, 21" June 2013.



2.

Oral and Paper presentation in National Seminar on “Socio-Legal
Issues and Challenges of Female Feticide and Infanticide in India”
held on 4™ and 5™ Oct. 2013 organised by Women cell, sponsored by
National Commission for Women, New Delhi: UGC, New Delhi &

University of Kota, Kota.

Participated in National Conference on Frontiers in Physical, Chemical
and Biological Sciences held on 4" to 6" Oct. 2013 at Department of
Chemistry, University of Pune, Pune Maharashtra, India.

Presented poster in National Conference on Global Environmental
Changes and Disaster Management for Sustainable Life on Earth- A
Burning Issue held on 21™ Oct. 2013 at Maharshi Arvind College of
Engineering and Technology, Ranpur, Kota, Rajasthan.

Participated in 5™ National Academic Workshop on Organic
Mechanisms & Analytical Techniques used in Chemical Sciences,
during 21™ Oct. to 25" Oct. 2013 at Department of Pure & Applied
Chemistry, University of Kota, Kota, Rajasthan.

Actively participated in National Symposium on E-Resources, held on
16" to 17" Dec. 2013 at Department of Library and Information Science,
University of Kota, Kota, Rajasthan.

Presented oral in National Seminar on Environmental issues and
Social Sciences, held on 21" to 22™ March 2014 at Department of Social
Sciences, University of Kota, Kota, Rajasthan.

Presented poster in National Seminar on Recent Advancements in
Protection of Environment and its Management Issues (NSRAPEM-
2015) held on 27" to 28™ Feb. 2015 at Maharishi Arvind College of

Engineering and Technology, Ranpur, Kota, Rajasthan.

Annexure IV

Industrial tour visit at Jindal Steel Works (JSW) Energy’s Barmer

Thermal Power Plant, Barmer, Rajasthan, 21% June 2013.

Industrial tour visit at Pesticide India Pvt. Ltd. Udaipur, 29" Nov. 2014.
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B Onarscterieation of AS

Pror o e s 0 & cuw nsazrsl, e compononts wf porlty
way chancseriaed by XEF (In sl 800, (TN

AM); 2% N (4. 7% KA (445%), Zo0) (004),

FoO (0AAL TH0H (0,100, dnd ave clements |2 %)

TP coutsim 729 wiy silics with 3 m'/g wetaoe srva and
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contalns whiks fine solad with 94 40% yieMd of S0, Savleg
~104 m* g specific sarfoce s wn the range of SO0 wm -
08 pm partiche sire 1DS spocus of P and AS aw abo
shown im Figun 4 indacating the preseace of high amocnt
-(Iin-lullhnhsuncun'-i‘ﬁlnlr L om ignition
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uf periste m muffhe faace at ill'l: lht ER

st wiaa 4.1 wi % which ln!hnunn--l
af mamture and cocuisting carbon frum sample
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Figure % Types of sllnnod groups and dlotase bridges oo the surface of AS
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Microwave Assisted Acid Activation of Fly Ash: A Green Process for
Enhancing its Physico-Chemical Attributes for Esterification under
Dielectric Heating
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anious techavues (e, XIE. N: adsorpelon desormption, e

CXRD FTIR, pynidise FTIR wnd SEM wemr wl

| Mechanical sctivation broke bge purticies wad acid eyt Saticylary
| weatment undor mucrowave beating provided in-core (Sakot)
solumetric healtag of saple W lnoeese surface srea und

scdity. The propared MSF-30 camiyws with crywmnlline g e 2t - o
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ubermstions sod SSA abso falkiwed o proportions] relatiombip. Activation sbove #00 W power guve moee drastic
reduction sad 1000 W dbeowed complete destruction i structure winde i SSA sluary declisution was sheerved |6]
WW amiaod AN HoSOL mesied Amszon st kaolin served s mn efficont sabud acid catalyst B the hiodieset
production with W4 s converuon e fior eterification confleming sefficient acive catalytie snes comparnl 1

Gatabyst peepmend indet tethn conditions (1] ‘

Toecently. My ash (FA) has bees e setive solud sapport o symibvesis of diffrest Deterogeosows
Brunaied sd Leww veid qualysis such as FA spporsed scamdiom (niftate (V). suilphatcd siscumta 19] and cermm

emcourzped 1 fied & fevter techmugue for A catatyst FW arradiation besting b boen reparied
m«a-umnummc and curiny !'Aﬂhdquymllu Durmg the present
work, MoS0, sctivited FA i prepared i micrownie rencios possossing stable Brllastod sctive sites cumlyzing WW
woted sbveme free sythests of phery! salicybie. commercially kmown o “sulol’, widely used 2 st sotsepuic.
anndyne analgen | 4] sl whiruvsolet rashation Gltees [15)

Experimental

Mareriats and Apparamy

Conl Ny wsh (Cloww ¥ type with Si0==ALO, > 70 %) win cotiechn) fiom Jamsbedpar Thermal Power Statcon
(Jammbadpat. . Concemrated slphuric scid (93 %), salicylic acid amid pherel wire pischasnd om

ﬂ—u-yhl mall Retsch PN 100, Germany: The prepared catalysts ware calcmed m CEM microwave furnace
(Madel Phoenn). The ackd scrivation of malled FA and it catalytic exatustvon for esterification reaction was carmed
ot b1 Micrawave symihens vyatem CEM. USA (Modeh Discover) aingle mode type. sy follimsang mades.

uuamw-—&mv’mmmwnww
magoction aystem. The maximum wW iimadistion power was wtifized during ‘ramgloyg tane” 10 sttsin desired
semperamare and thm, Jower power i used t0 maimtam resction temperature during the ol time’ The resction
st wis cooled b A0 'O within the bastrament in * cosling time'’

Clavedd versel (ysem

Evabustion of eemlbytic sctivity of peepored FA samples were porformed in closed vewsed
p*nlom-nwupuu-“mmm--u--m
temmperature i sobvent- free condstion unimg pawer maximmm (Fu,.) feasure, responsible for maimainmg emperafire
theoagbout the resction by simmultascom PW bheating and cocling by compressed air. The resction ren wws
sccomplished theomgh the same stapes of rampng. bolding snd cooling tme as mentioned in open vessed syvicm.

Preparation wf castys

For prepuraton of MSIF camalysts, raw FA was mechansally activased i ball mill fir 13 10 0 wynthesize MFA-15
having specific mrface sres (17 '/g) adconding to earhier procedure [ 16). For the cemoval of carbon, sullur and ocher
upurition, MPA-13 was calcined ot £00 °C for 3 1 bn muille fursace. Then MFA- 1S was reflased i SN H SO0 12
molar ratio m an open vewsel systens ot 90 °C and 100 W poser for 20 ned 40 mils lhpwultnumﬂ.

Chowt Sct Rev Lot 2015, 4(14), 561570 Article CS01204605 62
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Tnerest wod washod thowosghly with hot dutilled wmer 0 acdmews (81 7 uml b 1 froe I sulpliase 1oos (Tevsed by
Bl sobmion). The nctvated samples were dined at |10 °C for 23 b fillowed by caleiming o 450 °C for | b wider
wate comdition m nvcrowaw farnace. The prepood samples MSE 20 gind MSF -0 s0v dosgrated scconding o theit
melehmdeMhuﬂMd

e

Tormpensta ')
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Beaction tme bmnd
Figure | Tosperatuce and Poger peodile of MSF 40 cacalyst.

Phemyl Sabcylatr (Salel)
Seheme | Micrownve-amisted solvest: free xynthenis of salol over MSF coatyst
It typecal reaction procedure. 20 mmol of phenol, 10 mmol of salyfic 3cwd and cusalyst (salicylic acsd’

MSF catalyst welght ratio « 1) wore Blled in Pyrex ghas vial Prior to the resction, catalyst win act|vased at 430 °C
for | i mcrowave furmace, Alter the renction, scetone was added in the reaction mixture to dissobve the unroacied

dmm-ﬂ.mw-d-hknum‘umﬂdnﬂnww
THIO A) baving o flame lootsstion derector and HP-S capillary colummn of 30 m length and 025 mm dismeser,
progrimmed oven temperature of 70-240 C and N; (25 mimmin) ax a carmier gov. The comversion of salicyhic scxd asd
yiekd of salol was cxdoulated by wming swight pescent method 4s follows

Chem Sci Rev Lot 2015, 14, 381570 Artiche CS01 204603 R
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Comersaon (%)= 100 « (Inmtial wt *s - Fmal w1 %)/ Inetiad wt %
§ of Salol obtumed

*+¥ 12l of Salol cbramed = 100
2 of 3301 thesretically cbinmed

Cuannlyst evgemerwtion

Afler the imitial m the used catalyst was fillered. washed horoughly w1t avetone wod dried in oves ut 110°C fr 12
I dallowed by astovatian o€ 430 °C for | b fn mécrowsre furmace. This, the segenenatnd catalyw s meed (i seat
reschiom cycley wader the same rosction conditons.

Results and Discussion

The chasges s avucrars! sod rexmel properties of FA atler mechamcal and chemicad sctivation ane sianmatined in
Table 1. Increment i specific surfsce area flom 17 m g (MEA-15) 10 22 m''g (MSF40) wits clwervedd e %0
imcremsed finely dispersed silica componcons by dissobation of mimeral svicrurs, However, fusther iscrease in g W
activation tame duln't produce slgal theane eesils | 18]

FA: Raw fly anh. MFA-1$ 13 & meshamically sctivatod fly ash, MSF-20: Chemically sctivated (ly avh under
micruwave hesting foe 20 min, MST 40: Chemically nctivated By el uader paomwave hexting for 30 man:

The powder XRD of the taw, MPA-1 9 30d MSF ssples have sbown melise (3A)0,92500. ) phases #1647,
28 and 262 whale 20.73%, 2655, 40.65° and 49.95" contirms the presence of

quarts ($10-) phases = ropresented
n Figore 2 {al). The effect of 135 b ball milling of FA has redoved crysullite sine from 33 10 29 nm [16] while scid
sctvaton under diclectne hestiag from 20 10 30 min has increared amorphoos contest and redoced crystailioe size W

reparted (o the liseramare signifring the effectivenms of pW hesting with kow power sapply (4, 5]
The FTIR spectrs of taw FA asd MEA-15 in Figure 3a shows o broad hand with & memam centered ot
mmdm»-uu-m”‘unnd-demﬂauau‘Mn

congurd 10 FA due 1o ixcteased groups and adsorbed waser molecules on the s face. Irmtead of remastiny
rewiding i broadness of band The mcressed silica in mulled and scid sctivased saumples
charsoserized by an mtense band in the mmpe of 1000-1300 et obwerved due to sxymmetiic SHO-S) sretchung which
Ieprescits & bigher AUl froms 1042 o' (MPAALS) towards 1048 oo’ (MST-20) wisd 1061 com ' (MSF-40). The
promotion m stvphowe wlics percenmge 18 MSE catabysis enhanced wrface ares snd moeiead popalatios of ssrface
Irydrom vt grogs vesponible Sor the improved sarfoce reactivity of the samgles

Chom Sct Rev Lert 2018, 4¢14), $61-570 Asticle CSOL20460% bl
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Figure 4 (n) Pyrafing sdeorbod §TIR speirs of (1) MST20 (i) MSF <40 sl (0) Regenerssod MSF 40 untalyw

SEM mucrographs of raw FA in Flgurs SA revesled differeme shaped, relatively smooth sarface hallow
cenosphieres [21], wheress SEM image of MFA-13 (Figure SH) shows structural beeak down of large pamicles and

d war face rowgh dee 1 ball milbing SEM umages of MSF 40 revenled moroased large priatmoss mies due
1o partiol dissolutson of alunsino-silicine phases during scid tresmsent as shown in [igane 5C.

: ’ ' )
Vigare $ SEM nuc OF(A) A (1) MEACES (C) MSFA0.

Chem Sci Rev Lew 2015, 4(14), 361-570 Atticle CSD1204603 e
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EJJect af reactant msdar tatio

The willuesse Wl oo eano of salicybe achl and phenot on cousersbon s of salicylic soud was mimsitored it i fierest
molar rutios from 11 10 1:3 by incoessing the smosit of phemnl omly. Haweywr. due s wilsbaliny resericnons bigher
coscenratom studier with salicyiic auid vosld e be conduciwit [77] As shown m Table 2. on iocrvasing molar rano
of salicylic send b phened from 128 b 112, muanemmem comversion (08 %) s 80 % yickl of salal wirs sbuined The
ubove resulie vhiow that the yield of prabuct ihceessed with meressing e miler ratio of salicyTic aced 40 phenol This
iy dwe 10 (he wversible numare of the evierificaion resciion, with 1he increase i mdiar e sahicy b scul o
phenal leuds v n sbift of thee equatibiunm v the divection of salpl evter production. Hawever. further inorvasing molar
o 1o 11, decrowse b padd e if the sl wan obserend due Spheny | ether fry-peoduct) formution fivored by
md[‘mﬂlul

Table 2 Effecr of modar o of salicyhic ausd phenod on copversivn (%) of salicybe soid w

‘ sual wver MSF 40 cnalyw
e phay S wiaod
11 F3 “Q
1 “ n
12 ™ %0
13 » B

Rescnon condinons under macrowsve wosdiaton. Temgerstos = 120 °C. Time = 10 mug salicybie aesd MSF S0
catalyst woight rution S 1 Fower = 100W; Py, ~ ON

Etfeer uf Sulicylic wcid w MSE-40 weight ruti

The salieytic scid 1o MSF.40 wexght ratio on comversion of salicylic acid wan moniored by varying the amosnt of
catalyst under optamised rrsction conditions an shows i Table 3. Weight ratio of §1 gave masinwm converson of
KX %% of salycylic soid annbuted 10 svaitabibty of sufficsent amount of catalytic active sites. O flrther increase in the
semout of catalyst vo flarther change t convension %, was cbworved.

Table 3 Ffecs of Salicybie sewd 1o MSF-#) weight ratin on comversion (%) of alicylic scid w

Resction condithons under microwave irradiation: Temperature = 120 °C; Time = 10 min; malar mtio (Sahicybe acid:
Penol) = 12: Power = 100W, P = ON

Proposed wechanivm iof walel formation svor an acidic site

Chewm Sct Rev Lett 2015, 4(14), 361.570 Atticle CS01204605 563
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Gwoes

tusther bends W fortmation of salod with sulssequest remeval of watet as # bypediet. Micrraves heat eutly (e
reactamty wimch avend the verhesting of the wwuction walls and help W acivmse the yeedd vl the podect snd smeimine
the nide product formation sy shown in Scheme 2

The spent MS) 40 catalyst wan regencroied by slmple nsovwave regencrstion method sl reasnt m
ativity wpte 4% pemtbon cyile giving conversion SN of salacylic ackd. The pyrilioe sdrbed FTIR of the reusedd
catabywt afler fourth reschon cycde i given m Figure 40 shows smilar acadic sies with that of fresh catalyst sgmifies
fhue acvive sites remisioed smffected by micrownves duting the reactien. The significam Gecrmuse in conversion wa
reduscad alber fonath reanction Cyche due 10 Mickage of active sdes of the ralyet by e deposition ol Gitwisacooes
maserial 23]

O e

Fronsl ke b (o bd
Schome 2 Proposed mechansis puthway of aucrowave-usimied esenficanion of miicybo scul wah penol over
MAF-40 catalymt

The proseist reseurch work provides an encrgy effieut marowave aver tnadetional thermal for
wekd sctivation of FA under low processing time. Mechanseal nctnation of FA iocreased sarface area by
down larger parscies while acid treatment under imcrowave he further increused vrface ares, sikcs coment and

noticeable extent,

mmwmu:mmm e in-core heating i @ cleas,
fust and insevative wource for (mpriwing the sarficial properties of FA und provides cost effective pushway (or
ceganic transformations wah high conversion and bettor selectivity.
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